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Dedication 
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Preface 
~~ 

Socrates said he was the midwife to his listeners, i.e., he made thmz reflect 
better concerning that which they already knew and become better 

conscious of it. If we only knew what we know, namely, in the use of 
certain words and concep-ts that are so subtle in application, we wouU be 

astonished at the treasures contained in our knowledge. 
~L KANT, "Vienna Logic" 

Like Socrates, knowledge engineers and systems analysts play the role of midwife 
in bringing knowledge forth and making it explicit. They display the implicit 
knowledge about a subject in a form that programmers can encode in algorithms 
and data structures. In the programs themselves, the link to the original kn'!wledge 
is only mentioned in comments, which the computer cannot understand. To make 
the hidden knowledge accessible to the computer, knowledge-based systems and 
object-oriented systems are built around declarative languages whose form of 
expression is closer to human languages. Such systems help the programmers and 
knowledge engineers reflect on "'the treasures contained in the knowledge". and 
express it in a form that both the humans and the computers can understand.· 

Knowledge representation developed as a branch of artificial intelligence-the 
science of designing computer systems to perform tasks that would normally require 
human intelligence. But today, advanced systems everywhere are perfomung tasks 
that used to require human intelligence: information retrieval, stock- market trading, 
resource allocation, circuit design, virrual reality, speech recognition, and machine 
translation. As a result, the AI design techniques have converged with techniques 
from other fields, especially database and object-oriented systems. This book is a 
general textbook of knowledge-base analysis and design, intended for anyone whose 
job is to analyze knowledge about the real world and map it to a computable form. 

LOGIC, ONTOLOGY, AND COMPUTATION. Knowledge representation is a 
multidisciplinary subject that applies theories and techniques from three other 
fields: . 

1. Logic provides the formal structure and rules of inference. 

2. Ontology defines the kinds of things that exist in the application domain. 

XI 
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3. Computation supports the applications that distinguish knowledge represen-
tation from pure philosophy. 

Without logic, a knowledge representation is vague, with no criteria for determin­
ing whether statements are redundant or contradictory. Without ontology, the 
terms and symbols are ill-defined, confused, and confusing. And without comput­
able models, the logic and ontology cannot be implemented in computer programs. 
Knowledge representation is the application of logic and ontology to the taSk of 
constructing computable models for some domain. 

The readers of this book should have some experience in analyzing a problem, 
identifying the kinds of things that have to be represented, and mapping them to a 
computable form. This level of experience can be expected of computer science 
students. Yet because of the interdisciplinary nature of the subject, the book contains 
considerable material on philosophy and linguistics. Therefore, it is also suitable for 
philosophy and linguistics students who have some background in artificial intelli­
gence or computer programming. While writing the book, I have used early drafts in 
graduate-level courses in computer science at Polytechnic University and in the 
program on Philosophy and Computers and Cognitive Science at Binghamton 
University. 

ExERc1sEs. At the end of each chapter, the exercises introduce topics that .. 
illustrate, supplement, and extend the main presentation. Instead of emphasizing 
symbol manipulation, the exercises address the problems of analyzing informal 
specifications and selecting an appropriate ontology for representing them. In 
effect, the "word problems," which usually give high-school algebra students the 
most difficulty, are closer to the central issues ·of knowledge representation than the 
purely technical problems of manipulating symbols. Answers and hints for a 
representative sample of the exercises are included at the end of the book. 

All of the major knowledge representations are discussed, analyzed, and related 
to logic: rules, frames, semantic networks, object-oriented languages, Prolog, Java, 
SQL, Petri nets, and the Knowledge Interchange Format (KIF). The two basic 
notations used for logic are predicate calculus and conceptual graphs. Predicate 
calculus is the traditional logic notation that students must know in order to read 
the literarure of AI and computer science. Conceptual graphs are a two-dimensional 
form of logic that is based on the semantic networks of AI and the logical graphs 
of C. S. Peirce. Both notati~ns are exactly equivalent in their semantics, _and 
instructors may choose to use either or both in lectures and exercises. 

Examples in this book are illustrated in several languages, but no prior knowl­
edge of any of them is expected. The emphasis is on the semantic principles 
underlying all languages .mther than the syntactic details of particular languages. 
Although computer exercises can help to show how the theory is applied, this book 
can be used without any special computer accompaniment. 
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ORGANIZATION. Chapter 1 introduces logic through a historical survey, rang­
ing from Aristotle's syllogisms to the modern graphic and algebraic systems. The 
details of the predicate calculus and conceptual graph notations are summarized in 
Append.ix A. For snidents who have little or no backgroWld in logic, the instructor 
can spend extra time on Chapter 1 and Append.ix A to use this book as an 
introduction to logic. For more advanced students, .the instructor can cover Chap­
ter 1 quickly and spend more time on the topics in later chapters. 

Chapter 2, which is the most philosophical in the book, introduces ontology, 
the study of existence. Ontology defines the categories of things that are expressed 
in the predicates of predicate logic, the slots in frames, the tables of a database, or 
the classes of an object-oriented system. Logic is pure form, and ontology provides 
the content that is expressed in that form. Depending on the interests of students 
and the instructor, this chapter can be surveyed briefly or covered in depth. 

Chapter 3 introduces the principles of knowledge representation and their role 
in adapting logic and ontology to the task of constructing computable models of 
an application domain. It shows how logic and ontology are embodied in a variety 
of computational languages. This chapter is central to computer applications, but 
it can be surveyed for students of linguistics or philosophy. 

Chapter 4 presents methods for representing dynamically changing processes 
and events. Petri nets and dataflow graphs are introduced as supplementary nota­
tions, which can be translated either to conventional programming languages or to 
logic in the predicate calculus or conceptual graph notations. Petri nets serve as a 
bridge between the procedural programming techniques and the declarative logic­
based approach that is emphasized in the other chapters. 

Chapter 5 shows how purpose and context affect knowledge representation and 
the various theories of modal and intentional logic. These theori~ are applied to 
the encapsulated objects of 0-0 systems and to the design of interacting agents. This 
chapter has the most detailed logical development, but much of it can be skipped 
for students whose background in logic is weak. 

Chapter 6, on "knowledge soup," stresses the limitations of logic. It discusses 
the vague, uncertain, unanalyzed, and often inconsistent mix of fac:tS, opinions, and 
rules of thumb that people have in their heads. It presents the techniques for 
reconciling logic to the unpredictable, continuously variable aspects of reality. 
These techniques are not rejections oflogic, but methods for adapting logic to the 
complexities of the real world. 

Chapter 7 discusses the problem5 of knowledge sharing and the ongoing efforts 
rdated to the ANSI and ISO projects on ontology and conceprual schemes. It 
illustrates critical issues in using logic~based techniques to facilitate communication 
and interoperability of heterogeneous computer systems. 

The first section of every chapter is more introductory and less technical than 
the remaining sections, and the first paragraph of every section gives a quick 
overview of the rest. Therefore, readers can survey any chapter by reading just the 
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first section and the first paragraph of each remaining section. While skimming 
through a chapter, readers should glance at the illustrations to get an overview of 
the topics that are covered. , 

CAsT OF CHARACTERS. Science is a human subject, developed by people 
who step on each other's toes at least as often as they stand on each other's 
shoulders. The five philosophers to whom this book is dedicated have been admired 
and trampled more than most. Their theories and practices are among the best 
available examples of how logic and ontology can be applied to the representation 
of knowledge in science, business, and everyday life. For a testimonial to their 
influence, note the references to them in the index of this book. 

As Peirce said, every scientist is deeply indebted to a "community of inquirers" 
whose contributions, criticisms, and collaboration are.essential to the devdopment 
of the science. While writing this book, I benefited enormously from the overlap­
ping communities in which I participated. Among them are my students and 
colleagues at SUNY Binghamton and Polytechnic University; the members of the 
ANSI and ISO working groups on conceptual schemas, ontologies, and the CG 
and KIF standards, which were chaired by Sandra Perez, Tony Sarris, John Sharp, 
and Baba Piprani; and the FANTA project at IBM, which included Fan Hsu, Bob 
Spillers, and Martin van den Berg. 

My greatest debt is to the community of the conceptual graph workshops and 
the International Conferences on Conceptual Structures. Since I don't have the 
space to list all the participants, I'll just list the organizers of the conferences and 
the editors of the proceedings: Michd Chein, Walling Cyre, Harry Ddugach, Judy 
Dick, Peter Eklund, Gerard Ellis, John Esch, Jean Fargues, Mary Keder, Bob 
Levinson, Dickson Lukose, Guy Mineau, Bernard Moulin, Marie-Laure Mugnier, 
Tim Nagle, Heather Pfeiffer, Bill Rich, Leroy Searle, Bill Tepfenhart, Eileen Way, 
and Rudolf Wille. I gratefully thank them and everyone mentioned in the proceed­
ings they edited, which are listed in the bibliography of this book. 

My community also includes many people whose contributions are not ade­
quatdy represented in the above lists: Jaime Carbonell, Norman Foo, _Benjamin 
Grosof, Mike Genesereth, Nicola Guarino, Ed Hovy, Fritz Lehmann, John 
Mc£arthy, Michad McCord, Robert Meersman, Julius Moravcsik, Mary Neff, 
Paula Newman, Paul Rosenbloom, Peter Simons, Doug Skuce, Cora Sowa, and 
Wlodek Zadrozny. Finally, I thank the editors and staff of Brooks/Cole for their 
patience in waiting for this book to be finished in December for more Decembers 
than I would like to admit. 

JohnE Sowa 
Croton-on-Hudson, New York 



CHAPTER ONE 

Logic 
~~ 

The very first lesson that we have a right to demand that logic shall teach 
us is, how to make our ideas clear; and a most important one it is, 

depreciated only by minds who stand in need of it. To know what we 
think, to be masters of our own meaning, will make a solid foundation for 

great and weighty thought. 
CHAlU.ES SANDERS PEIRCE, ·How to Make Our Ideas C/,ear• 

1.1 Historical Background 

The words knowledge and representation have provoked philosophical controversies 
for over two and a half millennia. In the fifth century B.C., Socrates stirred up some 
of the deepest controversies by claiming to know very little, if anything. By his 
relentless questioning, he destroyed the smug self-satisfaction of people who claimed 
to have knowledge of fundamental subjects like Truth, Beauty; VU'tlle, and Justice. 
By recreating Socrates' dialectical process of questioning, his student Plato estab­
lished the subject of epistemology- the study of the nature of knowledge and its 
justification. Epistemology, in those days, was literally a matter of life and death. For 
his alleged -impiety in questioning cherished beliefs, Socrates was condemned to 
death as a corrupter of the morals of Athenian youth. 

TERMINOLOGY. Plato's student Aristotle shifted the emphasis of philosophy 
from the nature of knowledge to the less controversial, but more practical problem 
of representing knowledge. His monumental life's work resulted in an enqclopedic 
compilation of the knowledge of his day. But before he could compile that knowl­
edge, Aristotle had to invent the words for representing it. He established the initial 
terminology and defined the scope oflogic, physics, metaphysics, biology, psychol­
ogy, linguistics, politics, ethics, rhetoric, and economics. For all those fields, the 
terms that he either coined or adopted have become the core of today's international 
technical vocabulary. Some of them, such as category, metaphor, and hypothesis, are 
direct borrowings from Aristotle's Greek. Others, such as quantit:y, quality, genus, 

"' 
I 
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species, noun, verb, subject, and predicate, are borrowings of Latin words that were 
coined for the purpose of translating the Greek. The English word quality, for 
example, comes from Cicero's word qualitas. Cicero explained that he coined the 
word as a translation of the Greek poiotes (what-kind-ness), which "among the 
Greeks is not a word of the common people, but of the philosophers" (Academict{e 
Q!taestiones l, 6, 24). Today Aristotle's words have been so thoroughly absorbed. 
into English that category is a common term on TV quiz shows and quality is more -
often used by salesmen than by philosophers. 

SYLLOGISMS. Besides his systematic terminology for representing knowledge, 
Aristotle developed logic as a precise method for reasoning about knowledge. He 
invented the syllogism as a three-part pattern for representing a logical deduction. 
Following is an example of a syllogism taken from Aristotle's Posterior Analytics 
(98b5): 

If all broad-leafed plants are deciduous, 
and all vines are broad-leafed plants, 
then all vines are deciduous. 

The basic pattern of a syllogism combines two premises to derive a conclusion. In 
this example, "all broad-leafed plants are deciduous" is called the major premise; "all 
vines are broad-leafed pl~ts" is called the minor premise; and "all vines are decidu­
ous" is the conclusion. Although this example uses words in a natural language, 
Aristotle presented most of his syllogisms in a highly formalized style, as in the 
following quotation from the Prior Analxtics (25b38):. 

For if A is predicated of every B and B of every C, it is necessary for A to be 
predicated of every C (for it was stated earlier what we mean by the words of 
every [kata pantos]). Similarly, if A is predicated of n9 B, and B of every C, it 
is necessary that A will apply to no C. 

With his patterns for syllogisms, Aristotle introduc_ed the first use of variables in 
history. But he did mµch more than give a few examples. He presented many pages 
of systematic analyses with formal rules of ieference- rules for converting one 
pattern into another while preserving truth. In th_e above quotation, Aristotle used 
terms like kata pantos in a technical sense, which he had to explain even for native 
speakers. Modern symbolic logic uses symbols like V instead of words like kata 
pantos, but many programming languages and rule-based expert systems still follow 
Aristotle's practice of using stylized natural language with variables. 

SCHOLASTIC l.oGIC. The medieval Scholastics named and classified Aris­
totle's syllogisms to make them easier to remember. They assigned the vowels A, I, 
E, and 0 to the four basic types of propositions: 
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A: Universal affirmative. All a is b. 
I: Particular affirmative. Some a is b. 
E: Universal negative. No a is b. 
0: Particular negative. Some a is not b. 

The letters A and I come from the first two vowels of the Latin word af]irmo (I 
affirm), and the letters E and 0 come from the word nego (I deny). These letters 
form the beginning of an elaborate scheme of mnemonics for the valid patterns of 
syllogisms. The first pattern is named Barbara, since the three N.s in "Barbara" 
indicate three universal affirmative propositions: 

A: All broad-leafed plants are deciduous. 

A: All vines are broad-leafed plants. 

A: Therefore, all vines are deciduous. 

The pattern Celarent has the vowels E, A, E: 

E: Nothing absent minded is an elephant. 

A: All professors are absent minded. 

E: Therefore, no professor is an elephant. 

The pattern Darii has the vowels A, I, I: 

A: All trailer trucks are eighteen wheelers. 

I: Some Peterbilt is a trailer truck. 

I: Therefore, some Peterbilt is an eighteen wheeler. 

And the:pattern Ferio has the vowels E, I, 0: 

E: No Corvette is a truck. 

I: Some 'Chevrolet .. is a Corvette. 

0: Therefore, some Chevrolet is not a truck. 

Barbara, Celarent, Darii, and Ferio are the four basic'patterns, which make up the 
first figure. Another fifteen patterns are derived from them by rules of conversion, 
which change the order of th~ terms or the types of statements. The patterns 
Barbara and Darii are the basis for the modem rule of inheritance: by Barbara, the 
property of being deciduous is inherited from the supertype Broadl.eafedPlant tt> 
the subtype Vine; by Darii, the property of being an Eigh~een Wheeler is inherited 
from the type Trailer Truck to some instance of a Peterbilt. I.n the patterns Celarent 
and Ferio, a negative universal proposition implies that two categories are mutually 
exclusiv~ such as Corvette and Truck or AbsentMinded' and Elephant. By .the 
conclusion of Celarent, the types Professor and Elephant must also be mutually 
exclusive. By Ferio, the type Chevrolet cannot be a subtype ofTruck, although there 
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could be some overlap: some, but not all Chevrolets may be trucks. The rules 
Celarent and Ferio are used to check for inconsistencies in a type hierarchy. 

The most popular textbook in the Middle Ages, which presented all the roles 
and mnemonics, was the Summulae Logicales by Peter of Spain, who later became 
Pope John XXL But the Scholastics did much more than summarize and codify 
Aristotle's logic. They introduced mariy innovations in the application oflogic to 
language, and their work on modal and temporal logic contains insights that have 
only recently been rediscovered. During the Renaissance, however, the study of 
logic became unfashionable, and being a logician was no longer a promising career 
path for a future pope. 

SEMANTIC NETWORKS. Besides the linear notations for logic, researchers in 
artificial intelligence have developed graphic notations called semantic networks. The 
first semantic network appeared in the margin of a commentary, On Aristotle's 
Categories, by the philosopher Porphyry in the third century A.D. It was a small tree 
with Aristotle's categories arranged by genus (supertype) and species (subtype). The 
medieval logicians developed it into a more detailed hierarchy, which they called the 
Tree of Porphyry (Figure 1.1). Following is Porphyry's description of the hierarchy: 

Substance, for instance, is the single highest genus of substances, for no other 
genus can be found that is prior to substance. Human is a mere species, for 
after it come the individuals, the partiCu.lar humans. The genera that come after 
substance, but before the mere species human, those that are found between 
substance and human, are species of the. genera prior to them, but are genera 
of what comes after them. 

The features that distinguish different species of the same genus are called 
dijferentiae. Substance with the differentia material is Body and with the differentia 
immaterial is Spirit. The technique of inheritance, which is used in AI and object­
oriented systems, is the process of merging all the differentiae along the path above 
any category: Living Thing is defined as animate material Substance, and Human 
is rational sensitive anim:rte material Substance. Aristotle's method of defining new 
categories by genus and dijferentiae is fundamental to AI systems, to object-oriep.ted 
systems, and to every dictionary from the earliest days to the present. 

AUTOMATED REAsoNING. In the thineenth century, the Spanish poet, phi­
losopher, and missionary Ramon Lull invented the first mechanical devices for 
automated reasoning. At that time, logic and theology were flourishing, and Lull 
sought to combine both of them in a system he called the Ar.r Magna (Great Art). In 
the book De Nova Logica, Lull illustrated his art with the tree of nature and logic, 
which is reprinted on the cover of this book. The trunk ofl:he tree supports a version 
of the tree of Porphyry, extended with Ens (Being) as the supertype of Substance. 



I.I HISTORICAL BACKGROUND 

Supreme genus: SUBSTANCE 

~ ---------Differentiae: material 

'---
immaterial -......_ 

Subordinate genera: BODY 

~ --------
SPIRIT 

Differentiae: inanimate -......_ animate 

------Subordinate genera: MINERAL LIVING 

~ --------Differentiae: insensitive -......_ sensitive 

------Proximate genera: PLANT ANIMAL 

~ ---------Differentiae: ration al irrational 

--------- -......_ Species: HUMAN BEAST 

Individuals: 
//\~ 

Socrates Plato Aristotle etc. 

FIGURE 1.1 Tree of Porphyry; translated from a version by Peter of Spain (1239) 

The ten leaves on the right are labded with ten types of questions that may be asked: 
Whether? What? From what? Why? How much? What kind? When? Where? How? and 
With what?To answer the questions, the leaves on the left are labded with letters of 
the alphabet, which are keyed to sectors on disks with rotating circles. Figure 1.2 
shows one of his disks with three concentric circles. The outer circle is labded with 
the letters B through K; the next circle is labded with nine attributes of God -
Goodness, Magnitude, Duration, Power, Wisdom, Will, Strength, Truth, and 
Glory; and the inner circle is labded with the corresponding adjectives. 

The circles of Lull's disks were made· of metal or parchment that could be 
rotated to generate all possible combinations of the attributes. The alignment in 
Figure 1.2, for example, indicates that God's goodness (Bonitas) is good (Bonum), 
magnitude is great, duration is las~. and so on. If the circle of attributes were 
rotated one sector clockwise, the new alignment would indicate that God's good­
ness is great, magnitude is lasting, and duration is powerful. In one of his books, 
Lull presented a hundred sermons based on combinations he generated with his 
rotating circles. Besides theology, which was "closest to his heart," he constructed 
disks for philosophy, law, medicine, and the four clements (fire, air,_ water, and 
earth). 

To supplement the disks, Lull added tables, trees, and other diagrams based on 



CHAPTER ONE LOGIC 

FIGURE 1.2 One of Ramon Lull's disks with rotating circles 

Aristotle's categories and syllogisms. To link the circles and diagrams, he used letters 
of the alphabet for cross-references. As he rotated the circles to generate combina­
tions, Lull checked the diagrams to test whether each combination was logically 
permissible. In effect, Lull anticipated the most bask and inefficient AI algorithm: 
Generate and Test. With only two or three circles, the number of combinations is 
manageable. But Lull's largest disk, his Figura Universalis, had 14 concentric circles 
with 16 sectors each. Since the number of possible combinations increases expo­
nentially, Lull must have encountered one of the first combinatorial explosions in 
history: 1614 is over 72 quadrillion. 

MA:niEMATI:CAL LOGIC. In the seventeenth century, Go~ed Wilhelm 
Leibniz served as a diplomat for the dector of Mainz and the duke of Brunswick, 
but he is best known for his highly creative innovations in mathematics, logic, and 
philosophy. In mathematics, he and Isaac Newton independently invented the 
differential calculus, but the modern notatiqn follows Leibniz rather than Newton. 
In technology, Leibniz designed and built the first mechanical calculator that could 
do multiplication and division. II\ logic, he used mathematics to formalize the 
patterns of syllogistic reasoning. He was also inspired by the binary patterns in the 
Chinese I Chfng (Book of Changes), which he adapted to form the first system of 
binary arithmetic. In philosophy, he introduced the notion of possible world and 
used it to clarify the concepts of modality, identity, and continuity. His definition 
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of modality in terms of possible worlds is still used today in the semantics for modal 
logic, which adds operators for possibility and necessity to the basic logic. 

Leibniz was intrigued by the combinatorial possibilities in Lull's Ars Magna, 
but he wanted to establish a better mathematical foundation. For his Universal 
Characteristi.c, Leibniz assigned prime nunibers to the primitive concepts and 
multiplied them to derive the numbers for each composite concept. As an example, 
let 2, the first prime number, be assigned to the supreme genw Substance. Then 
assign the following primes to each of the differentiae in Figure 1.1: 

material = 3 
animate = 7 
sensitive = 13 
rational = 19 

inuna terial = 5 
inanimate = 11 
insensitive = 17 
irrational = 23 

Since Body is material Substance, its number would be 6, the product of 2 for 
Substance times 3 for material. Similarly, the number for Mineral would be 
2X3Xll, or 66, and the number for Human would be 2X3X7Xl3Xl9, or 
10,374. Besides representing the categories, Leibniz also defined operations for 
reasoning about them. T~ test whether category A is a subtype of B, Leibniz would 
divide B by A; since 10,374 for Human is exactly divisible by 6 for Body, every 
human must be a body; but since 10,37 4 for Human is not divisible by 66 for 
Mineral, no human is a mineral. 

Leibniz's encoding works best for syllogisms of type Barbara, with their three 
universal affirmative {type A) statements. In the syllogism about vines, the three 
statements could be verified by the following computations: 

The number for "broad-leafed plant" is divisible by the number for "deciduous." 
The number for "vine" is divisible by the number for "broad-leafed plant." 
Therefore, the number for "vine" is divisible by the number for "deciduous." 

By applying this technique to particular affirmative (type I) statements, Leibniz 
could also repr~ent the pattern Darii. But this encoding has a serious limitation: 
multiplication can only represent conjunction; it cannot represent negation, dis­
junction, or implication. Leibniz later replaced his single numbers with a pair of 
positive and negative numbers for each concept, but he never found a way to 
represent all the logical operators and rules of inference. 

T-BOX AND A-BOX. Leibniz's partial success was still impressive: even without 
a complete system for making assertions, he had discovered a powerful method for 
defining terms. For modem AI systems, Ron Brachman and his colleagues (1983) 
made a distinction between the terminological reasoner {T-box) for defining terms and 
the assertional reasoner (A-box) for ma.king assertions about those terms. As a T-box, 
Leibniz's products of primes formed a kind of hierarchy called a lattice. The two 
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syllogisms that he supported, Barbara and Darii, are the basic rules of inheritance in 
a terminological hierarchy. His lattice of nrimbers even supports muki ple inheritance, 
which allows a term lD inherit properties from more than one supertype. Today, 
lattices with multiple inheritance arewiddy used in AI and object-oriented systems. 

Leibniz's goal was to reduce reasoning to mathematical computation. But as 
these examples illustrate, the numbers quickly become rather large. With only 4 
differentiae, the number for Human is 10,374 and for Beast 12,558. A more 
detailed subdivision of categories would lead to much longer numbers and tedious, 
error-prone calculations. Leibniz, however, ~ equal to the task since his mechani­
cal calculator could do multiplication and division. A few years earlier, the philo­
sopher Blaise Pascal had invented a mechanical calculator to do addition and 
subtraction. Pascal's motivation was to hdp his father with accounting problems in 
business, but Leibniz saw that accounting machines could also be used for mechani­
cal reasoning - an insight that should entitle him to be called the grandfather of 
artificial intelligence. 

BOOLEAN ALGEBRA. A major breakthrough in formalizing assertional logic 
was the Investigation into the Laws of Thought by George Boole (1854). Like Leibniz, 
Boole used arithmetic as a modd for logical operations. But unlike Leibniz, Boole 
used numbers to represent truth values rather than categories. Instead of large 
numbers like 546 for the category Animal or 10,374 for Human, Boole needed only 
two small numbers, 0 for false and 1 for true. Besides multiplication for repre­
senting the conjunction and, Boole used addition for the disjunction or and minus 
for the negation not. As an example, let p represent the proposition The sun is 
shining and let q represent It is raining. Then the logical combinations. of those 
propositions would be represented by arithmetic: 

• p X q represents The sun is shining, and it is raining. 
• p + q represents The. sun is shining, or it is raining. 
• - p represents The sun is not shining. 

The operator X behaves like multiplication restricted tD the two values 0 and 1: if 
both conjuncts µe true, lXl is also l; if either or both are false, OXO, lXO, and 
0X1 are all false or 0. For the definition of+ and - , Boole had to modify the usual 
arithmetic definitions in ~rde'r to avoid results less than 0 or greater than 1. 
Therefore, he defined - 1=0 and - O= 1. For disjunction, he chose the exclusive 
or, for which 1+1 =O. The logical sump+ q would mean Either the sun is shining 
or it is raining,. but not both at the same time. 

TRUTH TABLES. The American philosopher Charles Sanders Peirce made a 
nuinber of extensions and modifications to Boolean algebra. He organized the 
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FIGURE 1.3 Peirce's truth tables for Boolean algebra 

operators in truth tables, such as Figuxe 1.3, which shows the results for logical and, 
or, not, and if-then. The four tables in Figure 1.3 may be read in the same way as the 
addition and multiplication tables for ordinary arithmetic: the values 0 and 1 along 
the left of each table represent the possible values of the first operand; the values 
along the top represent the values of the second operand. Since not is a monadic 
operator, it takes one operand; all the others are dyadic operators, which take two. 

Peixce's multiplication table for and is the same as Boole's: for any two propo­
sitions p and q, pX q can only be true when both p and q are true; in all the orqer 
combinations, pX q is false. The addition table, however, differs in the lower right 
comer. Instead of Boole's exclusive or, Peixce chose the inclusive or, which is true if 
either p or q or both are true: 1 + 1 = 1. The not operator in the third table is the 
same as Boole's: -1=0 and -0=1. 

The if-then operator in the fourth table is another of Peirce's innovations. He 
observed that if p implies q, then the consequent q is true whenever the antecedent 
p is true, but q might also be true for other reasons independent of p. Therefore, 
the truth value of p must always be less than or equal to the truth value of q. Figure 
1.3 shows that the truth table for the if-then operator, also called material implica­
tion, is the same as the table for the S operator: OSO, OSI, and lSl are all true; 
but ISO is false. As the symbol.for implication, Peirce preferred to write-< instead 
of S. His main reason was that the symbol s suggests a compound of the < and 
= operators, but the connected symbol -< suggests a single, indivisible operation. 

FREGE's Begriffischrift. Instead of following Aristotle in basing logic on lan­
guage, the German philosopher Gottlob Frege (1879) set out "to break the domi­
nation of the word over the human spirit by laying bare the misconceptions that 
through the use oflanguage often almost unavoidably arise concerning the relations 
between concepts." With his Beg;riffischrift (concept writing), Frege developed the 
first system of predicate calculus or predicate iogic. Figure 1.4 shows the four primi­
tives in Frege's notation: assertion, negation (not), implication (if-then), and uni­
versal quanci£cation (for every). 

f--p l"P Lq ~P(x} 
p 

assert p not p If p then q for every x, P(x) 

FIGURE 1.4 Four primitives in Frege's Begriffischrift 
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Although Frege used his Begriffochrift to make pioneering contributions to the 
foundations of mathematics and logic, no one else ever ad.opted it. One ofits main 
drawbacks was the awkward mapping to natural language. Before the following 
sample sentences can be mapped to Frege's notation, they must be paraphrased in 
a form that uses only the primitives of Fi~e 1.4: 

1. Every ball is red. 
For every x, if x is a ball then xis red. 

2. Some ball is red. 
It is false that for every x, ifx is a ball, then x is not red. 

3. Every cat is on a mat. 

For every x, if x is a cat, it is false that far all~ if y is a mat, then x is not on y. 

The three paraphrased sentences can then be mapped to the diagrams in Figure 1.5. 
The first paraphrase is commonly used in predicate logic, but the other two 
contortions are unread.able. Frege chose implication as the primary connective in 
order to simplify his rules of inference, but that choice made most of the other 
representations more complex - a typical trade-off between ease of computation 
and ease of representation. 

ALGEBRAIC NoTATION. Modern systems of predicate calculus are based on 
the algebraic notation developed by C. S. Peirce m. 1883. Unlike Frege, who used 
only the cup symbol as a quantifier, Peirce started with two distinct symbols: L for 
repeated or (logical' sum); and II for repeated and (logical product). Peirce called 
these two symbols quan'tifiers. He observed that the logical sum L)'" is 1 if there exists 
at least one trUe P,, and that the logical product IIJ>" is 1 only if every P,, is true. 
Therefore, Peirce calledL the existential quantifier and II the universal quan'tifier. In 
Peirce's notation, the three sentences of Figure 1.5 can be stated more simply: 

1. For every x, if x is a ball then x is red.· 
II,,(ball,, -<red). 

2. There exists an x, where x is a ball and x is red: 
L,,(ball,:red.). 

3. For every x, if x is a cat, 'then there exists a y which is a mat and x is on y: 
II,,( cat" -<IIy(mar,·on~). . 

1--. "' .-r- red(x) 
' ~ LbaU(x) 

Every ball is red. 

h-. x ,....,._,.... red(x) 
' I "-;,/ L'._ ball(x) 

Some ball is red. 

~on(x~) 
L__'.::mat(I') 

cat(X) 

Every cat is on a mat. 

FIGURE L5 Representing three sentences in Begnffischrift 
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Frege's compatriot Ernst Schroder was aware of the Begriffischrift, but he didn't like 
the notation. Instead, he adopted Peirce's notation for his three-volume Vorlesungen 
uber die Algebra der Logik. Later the Italian mathematician Giuseppe Peano adopted 
the notation from Schroder, but he changed the symbols, since he wanted to mix 
mathematical and logical symbols in the same formulas. Peano began the practice 
of turning letters upside-down or backward to represent the logical symbols: 

• Existential quantifier. The letter E for existence turned backward becomes 3 
for there exists. 

• Implication. The letter C for consequence turned backward becomes :::J for 
if-then. 

• Disjunction. The letter v from the Latin velbecomes v for or. 
• Conjunction. The'v turned upside down becomes A for and 
• Negation. The tilde - or curly minus sign is used for not. 
• Equivalence. The equal sign = with an extra line becomes = for if and only if 

With these symbols, Peano's notation has exactly the same form as Peirce's notation 
of 1883. Following are the three sentences of Figure 1.5 in Peano's form: 

1. For every x, if x is a ball, then x is red· 
(x)(ball(x) :::J red(x)). 

2. There exists an x, where x is a ball and x is red· 
(3x)(ball(x) /\ red(x)). 

3. For every x, if x is a cat, then there exists a y which is a mat and xis on y: 
(x)(cat(x) :::J (::ly)(mat(y) A on(x,y))). 

Bertrand Russell adopted this notation from Peano for the Principia Mathematica 
(Whitehead & Russell 1910), which became the basis for most work on logic up 
to the present. Note that Peano enclosed universally quantified variables in paren­
theses without marking them with a special symbol He couldn't do much with the 
letter 0 for omnis, but the German logicians later took the A for al le and turned it 
upside down to form the universal quantifier V. 

Appendix A.I presents a survey of predicate calculus. Readers who have not 
had a course in logic or who would like a quick review should read that section. 
Exercises 1.1 through 1.6 can be done now. 

1.2 Representing Knowledge in Logic 

In his work on logic, Leibniz tried to invent a universal language based on mathe­
matical principles. His goal was to make it precise enough to "rectify our reason­
ings" and general enough to represent and settle all "disputes among persons." 
Although Leibniz never reached that goal himself, the modern versions oflogic are 
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capable of representing any factual information that can be stated precisdy in any 
language, natural or artificial. Natural languages display the widest range of knowl­
edge that can be expressed, and logic enables the precisely formulated subset to be 
expressed in a computable form. Perhaps there are some kinds of knowledge that 
cannot be expressed in logic. But if such knowledge exists, it cannot be represented 
or manipulated on any digital computer in any other notation. The expressive 
power of logic includes every kind of information that can be stored or pro­
grammed on any digital computer. 

PROPOSITIONAL LOGIC. As an illustration of the issues in translating lan­
guage to logic, consider a sample sentence in English that could be mapped to 
various notations for logic: 

Every trailer truck has 18 wheels. 

The simplest knowledge representation language is propositional logic, which is 
a modem variation of Boolean algebra. In propositional logic, the sentence about 
trailer trucks can ~e represented by a single letter: 

P· 
This· is the simplest possible way of representing the sentence, but it cannot 
represent any details about the trailer truck, the wheels, the number 18, or their 
interrelationships. That loss of detail may be an advantage in some applications 
where the main concern is not the internal structure of propositions, but the 
patterns of implications between them. For those applications, the absence of 
distracting detail makes propositional logic an attractive choice of representation. 

SUBJECT AND PREDICATE. To show the internal structure of a proposition, 
the sentence must, be broken down into smaller parts that can be represented 
separatdy. For his syllogisms, Aristotle divided the sentence into two parts: the 
subject and the predicate. In the example of Darii from Section 1.1, the trailer truck 
sentence could be used as the major premise: 

A; All trailer trucks are eighteen wheders. 

I: Some Peterbilt is a trailer truck. 

I: Therefore, some Peterbilt is an eig~teen wheder. 

In each statement, the phrase before the verb, such as "all trailer trucks," is the 
subject; the rest of the sentence, which includes the verb and its object, is the 
predicate. The connection between the two premises is established by having the 
term trailer truck, which is called the middle term, appear in the subject of one 
premise and the predicate of the other premise. Then the conclusion is derived by 
combining the two remaining terms, called the extremes. 
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Before the premises and conclusion of the syllogism can be translated to 
predicate logic, their ~ntactic form must be rearranged. One of the peculiarities 
of predicate logic is that the linking verb is or are must be represented differently 
in statements of type A and statements of type I. The universal quantifier V is used 
with the implication:::::>, but the existential quantifier 3 is used with the conjunc­
tion/\:. 

A: For every x, if x is a trailer truck, then x is an eighteen wheeler. 

(Vx)(trailerTru.ck(x) :::::> eighteenWheder(x)). 

I: There exists an xwhich is a Peterbilt and a trailer truck. 

(3x)(Peterbilt(x) /\. trailerTruck(x)). 

I: There exists an x which is a Peterbilt and an eighteen wheeler. 

(3x)(Peterbilt(x) /\ eighteen Wheeler(x)). 

The syntactic difference between predicate logic and natural language has long been 
a point of contention amo~g philosophers. Some, such as Frege and Russell, have 
had a low opinion of ordinary language. Frege believed that predicate logic lays bare 
the "misconceptions" that arise through the use of language. Others, ho~r, 
believe that language has its own inherent logic. Hans Kamp, foc example, has 
developed discourse representation structures, which support a more direct mapping 
between natural languages and logic. 

Besides the issues of human factors, which are notoriously difficult to quantify, 
different knowledge representations may support different rules of inference, whose 
performance is easier to measure in a computer implementation. With the syllo­
gism, the conclusion can be derived from the premises in one step. But with 
predicate logic, the corresponding proof takes six steps. To improve performance 
for such inferences, many AI systems implement inheritance as a special rule of 
inference that can derive the conclusion of a syllogism in just one step. 

CHOICE OF PREDICATES. The division of a sentence into subject and predi­
cate is an imponant step, but more detail is needed to show how the wheels are 
related to the truck and how the n~ber 18 is related to the :yvheels. An important 
advantage of predicate logic over Aristotle's syllogisms is the ability to support the 
analysis and repr-esentation of a proposition at any level of detail. Any feature of a 
sentence that happens to be significant can be emphasized by an appropriate choice 
of predicates. The number 18, for example, could be shown explicitly by replacing 
the predicate eighteen Wheeler(x) with a dyadic or two-place predicate that relates 
a vehicle x to a number n:. 

numberOfWheels(x,n) The number of wheels of xis n. 
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With this replacement, the first premise of the syllogism becomes 

01 x)(trailerTruck(x) ::::> numberOfWheels(x,18)). 

The complete formula may be read For every x, if xis a trailer truck, then the number 
of wheel.s of x is 18. 

In the predicate numberOfWheels(x,n), the variable x refers to a truck, n refers 
to a number, but no variable refers to the wheels. Inside the predicate name, the 
character string "Wheels" is a helpful mnemonic for the human reader, but it has 
no more meaning than a cryptic abbreviation like W Similarly, the string ''Truck" 
in the predicate trailerTruck(x) has no meaning of its own, and there is no way to 

relate trailer trucks to dump trucks or any other kind of trucks. If such distinctions · 
are important for some application, a more detailed· selection of predicates is 
necessary: 

truck(x) 
trailer(x) 
wheel(x) 
part(x,y) 
set(s) 
count(s,n) 
member(x,s) 

xis a truck. 
x is a trailer. 
xis a wheel. 
x has y as part. 
sis a set. 
The count of elements in s is n. 
xis a member of the set s. 

With this choice of predicates, the trailer-truck formula becomes 

01x)((truck(x) /\ (3y)(trailer(y) /\ part(x,y))) 
::::> (3s)(set(s) /\ count(s,18) 

/\ 01 w)(member(w,s) ::::> (wheel(w) /\ part(x,w))) )). 

This formula may be read For every x, if xis a truck and there exists a y where y is a 
trailer and x has y as part, then there exists an s wheres is a set arid the count of s is 18 
and for every w, if w is a member of s, then w is a wheel and x has was part. 

LOGIC AND ONTOLOGY. The amount of detail implicit in the trailer-truck 
sentence illustrates Kant's observation that "we would be astonished at the treasures 
contained in our knowledge." But almost any sentence taken from a daily newspa­
per, when analyzed in detail, would lead to as many subtle _issues. The analysis 
suggests several points about logic and ontology: 

1. Predicate logic is harder to read than the original English Every trailer truck has 
18 wheel.s. The difficulty is partly caused by the greater amount Of detail, since 
the English reading of the formula is just as bad. 

2. Much of the distracting detail comes from the variables that link various parts 
of the formula. For the phrase 18 wheel.s, the variables s and w associate the 
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quantifiers (3s) and ('it w) with the predicates set( s), count(s, 18), member( w,s), 
wheel(w), and pan(x,w). 

3. Logic itself is a simple language with only a half-dozen basic symbols. The level 
of detail depends on the choice of predicates, which, strictly speaking, do not 
belong to logic. Instead, they represent an ontology of all the relevant things that 
exist in the subject matter or application. Different choices of predicates 
represent different ontological commitments. 

4. The predicates in an ontology may be divided in two classes: the domain-de­
pendent predicates such as truck(x), trailer(x), and wheel(x), which are specific 
to a particular application; and the more general domain-independent predicates 
such as part(x,y), set(s), count(s,n), and member(x,s), which may be used in 
many different applications. 

These issues are relevant to every knowledge representation language. The distinc­
tion between logic and ontology is especially important. Some notations blur the 
distinction by incorporating some predicates as built-in features of the language 
itself, often with special symbols such as XEs for member(:X,s) or J@n for count(s,n). 

REPRESENTING Music. Although logic is the most precise and the most 
fundamental of all declarative languages, it is by no means the only one. New 
notations, both graphic and linear, are constantly being invented in every field of 
science, engineering, business, and art. Musical notation, for example, has a history 
as long as logic. The mathematical relationships between the notes and scales were 
discovered by Pythagoras and his followers in ancient Greece. The modern notation 
with notes, staves, and clefs was developed by medieval monks working next door 
to the ones who were busily copying the textbooks on logic. Yet musical notation 
and other specialized notations are not competitors, but supplements to logic. Each 
of them represents a sub~t of logic with a built-in ontology tailored to a particular 
domain of interest. 

As an example, Figure 1.6 shows a sample melody, called "Frere Jacques" in 
. French or "Brother John" in English. At the beginning of the first· line, the key 
signature indicates one sharp for the key of G; the time signature 4/4 indicates 4 
beats per measure with the quarter note having a duration of one time unit. The 

,, t : J J j J I J_ J j J I F r r I F r r I 

1,1 rJ U J J I U U J J I J J J I J J J I 
FIGURE ·x.6 A sample melody to be represented in predicate logic 
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vertical bars divide the melody in 8 measures, with a total of 32 notes. The vertical 
position of each note on the staff indicates a tone, designated by a letter from A 
through G (the letter may be qualified by a sharp or flat ~ or by a number that 
indicates the octave). The shape of the note indicates duration: one time unit or 
beatfor a quarter note; two units for a half note; or half a unit for an eighth note. 
The horizontal position of each note indicates that it is sounded after the one on 
the left and before the one on the right. These features, which represent the 
elements of an ontology for music, can be translated to logic supplemented with 
three predicates: 

tone(x,t} 
dur(x,d) 
next(x,y) 

Note x has tone t. 
Note x has duration d. 
The next note after xis y. 

To represent all 32 notes in the melody, the corresponding formula in predicate 
logic would require 32 variables, each with an existential.quantifier. For each note, 
there would be three predicates to indicate its tone, duration, and successor. 
Following are the beginning and ending lines of the formula that represents the 
information in Figure 1.6: 

(3x1) (3.xi) C3X3) ... C3X3:z) 
(tone(x1,G) A dur(x1,l) A next{x1,Xi) A 

tone(.xi,A) A dur(.xi,l) A next(.xi,X3) A 

tone(X3,B) A dur(X3,l) A next(X3,xJ 
A ••• A tone(X32,G) A dur(X32,2)). 

The complete formula would start with 3 2 existential quantifiers and continue with 
32 lines of predicates. The last line is shorter than the others because the last note 
does not have a successor. · 

Any musician would prefer to read music in the familiar notation of Figure 1.6 
than in the translation to predicate calculus. But a translation to logic is a step 
toward implementing a program for analyzing the music or synthesizing it digitally. 
Logic is an ontologically neutral notation that can be adapted to any subject by 
adding one or more domain-dependent predicates. The full musical notation has 
many more features than those shown iri Figure 1.6. Loudness, for example, is 
usually represented by abbreviations like mffor mezzoforte (medium loud). That 
feature could be represent~ by a predicate mf(t,_,t:z), which indicates that a mezzo­
forte passage extends from time t,. to ti· But loudness is a continuously varying 
feature that is only roughly approximated by an abbreviation mf ~r predicate 
mf(t,_,ti). Subtle gradations in volume, ~g, and phrasing make all the difference 
between a performance by Jascha Heifetz and the kid next door practicing the 
violin. Neither the musical score nor the logical formula represents those differ­
ences; each captures or omits exactly the same information. 
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ExxsTENTIAL-CoNJUNCTIVE LOGIC. Another observation about the transla­
tion gets to the essence of what logic can contribute: the only logical operators used 
in the formula are the existential quantifier 3 and the conjunction/\. As a musical 
score becomes more detailed and complex, new kinds of predicates like mf(!j_,t) 
may be needed, but the universal quantifier V and the other Boolean operators are\ 
never used. The subset of logic with only 3 and /\ is called existential-conjunctive or 1 

EC logic. It is a common subset for translating, relating, and analyzing the special-:' 
ized notations of many different fields. It is also the subset use'd to represent all the· 
information stored in commercial database systems, both relational and object­
oriented. EC logic is therefore an extremely important subset, but it has one serious 
limitation: it cannot represent any generalizations, negations, implications, or 
alternatives. For that, the operators V, -, ::i, and v are necessary. 

An example of a useful generalization is the principle that certain intervals are 
difficult to sing and should be avoided. In particular, the interval of three whole 
tones, called a tritone, is considered so dissonant that it was called the diabolus in 
musica in the Middle Ages. In the key of C, the tritone is the interval from B to F 
or from F to B; in the key of G, it is the interval from F# to C or from C to F#. 
The next formula rules out the transition from B to F: 

(Vx)CVy)((tone(x,B) /\ next(x,y)):::) -tone(y,F)). 

This formula says that for every x and y, if the tone of xis B and the next note after 
x is y, then the tone of y is not F. More rules like this would be needed to rule out 
the transition from F to B, from C to F#, and so on. A more general rule could be 
stated in terms of another predicate called tritone. " 

tritone(x,y) Tone x and tone y form a tritone. 

Then only one formula is needed to rule out all of the combinations: 

(V x)CV y) CV z) CV w) 
( (next(x,y) /\ tone(x,z) /\ tone(y, w)) 

:::) -tritone(z, w)). 

This formula says that for every x, y, z, and w, if the next note after xis y, the tone 
of xis z, and the tone of y is w, then z and w do not form a tritone. Rules like this 
cannot be stated in traditional musical notation because they use the operators V, 
::i, and-. 

DEFINITIONS. The song "Frere Jacques" is intended to be sung as a round, in 
which a second voice begins the melody when the first voice i:eaches measure 3. 
With three voices, the third would begin the melody when the first reaches measure 
5 and the second reaches measure 3. The resulting 96 notes would require a very 
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long formula in logic. To reduce the size of the formula, it is possible to define a 
predicate Frere(x), which represents the 32-note melody: 

Frere(x) = (3aj ~ ... (3X3:J 
(tone(x,G) /\ dur(x1,l) /\ next(x1,.aj /\ 
tone{.x:z,A) /\ dur(.x:z,l) /\ next(.x:z,,xs) /\ 
tone(X3,B) /\ dur(X3,l) /\ nex:t(X3,xJ 
/\ ... /\ tone(X32,G) /\ dur(X32,2)). 

This definition corresponds to a subroutine or a macro in programming languages. 
The variable x, which is not governed by a quantifier in the body of the definition, 
is called the formal parameter. The other 31 variables correspond to local variables 
in a subroutine. With this predicate, the three-voice round can be represented by 
the following formula: 

(3x)(3y)(3z)(start(x,O) /\ Frere(x) /\ 
start(y,8) /\ Frere(y) /\ start(z,12) /\ Frere(z)). 

This formula uses a new predicate start(x,t), which would be defined to mean that 
note x starts at time t. The formula may be read There exist an x, a y, and a z, where 
x starts at time 0 and Frere(x), y starts at time 8 and Frere(y ), and z starts at time 12 
and Frere(z). 

The three variables x, y, and z, which are governed by quantifiers at the 
beginning of the formula, correspond to global variables in programming lan­
guages. Each occurrence of the Frere predicate has 31 local variables that are 
governed by quantifiers inside the definition. When the definitions are expanded, 
the loc:il variables must be renamed to avoid duplications. The variables in the 
expansion of Frere(y) could be renamed )'2,. .• ,)32, and those in Frere(z) could be 
renamed z.z., ... , ~2• The methods ~f renaming variables when a definition is 
expanded are analogous to the programming techniques used for expanding in-line 
subroutines or macros. 

1.3 Varieties of Logic 

The version of predicate calculus described in Sections 1.1 and 1.2 is usually 
called classical first-order logic. It is by far the most widely used, studied, and 
implemented version of logic. What is remarkable about classical FOL is that its 
inventors, Frege and Peirce, ·started from widely divergent assumptions with very 
different notations, but they converged on systems that were semantically identical 
and could derive exactly the same theorems. Despite the differences, the notations 
are logically equivalent: any statement in one of them can be mapped to a state­
ment in the other that is true or false under.the same circumstances·: Yet not all 
systems of logic are equivalent. At large AI conferences, many sessions are devoted 
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to a variety of systems called logics that vary from classical FOL along six possible 
dimensions: 

1. Syntax. The most obvious, but in some respects the least important way that 
logics differ is in notation. Some variations are as trivial as the replacement of 
Peirce's symbols L and -< with Peano's symbols 3 and ::J or with character 
strings like "exists" and "implies." Others change the entire structure, such as 
Frege's Begriffechriftin comparison to the Peirce-Peano algebraic notation. For 
humans, such differences can have a major impact on readability, learnability, 
and usability. For computers, they may affect the complexity and efficiency of 
the theorem provers. For natural language parsers, they may simplify the 
mapping between language and logic. But in terms of ex:pressi~e power, the 
syntactic differences are irrelevant Frege's Begriffischrift, Peirce-Peano algebra, 
and many versions of semantic networks in AI can express the same proposi­
tions in logically equivalent ways. 

2. Subsets. More fundamental than the notational variations are constraints on 
permissible operators or combinations of operators. Aristotle's syllogisms, for 
example, are limited to four basic statement types (A, I, E, and 0), which can 
express only a small subset of the possible statements in full first-order logic. 
Propositional logic, which includes Boolean operators but no quantifiers, ex­
presses a different subset of FOL. By adding more operators for combining 
Aristotle's statement types, the Scholastics developed a somewhat larger but still 
limited subset. 

Whereas the medieval logicians started with a limited subset and did their 
best to increase its expressive power, many modern logicians deliberately limit 
the expressive power of FOL to a more easily computable subset. The Prolog 
language, for example, is based on the Hom-clause subset of FOL, which does 
not permit disjunctions in the conclusion of an implication. That restriction 
makes Prolog fasi: enough to be a practical programming language. Other 
restrictions improve the performance of terminological logics or definitional 
logics, which are used for defining and classifying concepts in a generalization 
hierarchy. 

3. Proof theory. Instead of restricting the permissible combinations of operators, 
some versions of logic restrict or extend the permissible proofs. Intuitionistic 
logic and relevance logic rule out proofs that might introduce extraneous infor­
mation, such as the principle that any proposition whatever can be derived 
from a contradiction. Nonmonotonic logics allow the proof procedures to intro­
duce default assumptions if they are consistent with what is currently known. 
Access-limited logics restrict the number of times a proposition can be used in a 
proof, the most common version, called linear logic, allows a proposition to be 
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used only once. Some natural language- parsers use linear logic as a heuristic 
device for enswing that every piece of information in a sentence is used once 
and only once. One version of linear logic is equivalent in expressive power to 
Petri nets, which are discussed in Chapter 4. 

4. Model theory. Instead of modifying the notation, operators, or proofs, some 
versions of logic modify the denotation or truth value of a statement in terms 
of some model of the world. Classical FOL is a t:wo-valued logic with the truth 
values 1 and 0 or true and false. A three-valued logic includes an intermediate 
value unknown for statements whose denotation cannot be determined. One 
of the most popular versions of multivalued lo?)c is fozzy logic, which uses the 
same notation as classical FOL, but with an infinite range of certainty factors 
from 1.0 for certainly true to 0.0 for certainly false. Strictly speaking, the truth 
values and certainty factors are not part of the logic itself, but of the model 
theory that relates the logic to the world. 

5. Ontology. An uninterpreted logic has no predefined predicates for representing 
any subject; its only symbols are quantifiers, Boolean operators, and variables. 
A person who starts with an uninterpreted logic has complete freedom, but also 
total responsibility for defining all the predicates and axioms for representing 
everything that exists in the application domai.I].. To provide building blocks for 
defining the domain-dependent entities, some versions of logic supplement 
FOL with an ontology of built-in predicates and axioms. Mathematicians 
usually adopt the ontofogy of set theory as a basis for defining the foundations 
of mathematics. Time is another fundamental entity, whose ontology is built 
into the notation and rules of temporal logics and dynamic logics. 

6. Metalanguage. Language about language is called metalanguage. Classical FOL 
can be used as a metalanguage for defining, modifying, or extending any 
version of logic, including itsel£ A context-ftee grammar, for example, is a 
version of Horn-clause logic used as a metalanguage for defining the syntax of 
languages. In general, every grammar is equivalent to some subset of FOL used 
as a metalanguage. In all of computer science, metalanguages are used as design 
languages, specification languages, debugging languages, and help facilities. 
Every one of them can be defined as some subset of logic. 

These six dimensions of variation can be mixed in any combination. A version of 
fuzzy Prolog could be defined as a restriction of FOL to the Hom-clause subset 
with a modified proof theory and model theory. and with metalanguage for express­
ing certainty factors. 

TYPED LOGIC. Predicate calculus has been widely criticized as unreadable, 
but some notational engineering can be done to improve it. A common improve-
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ment is to replace most of the monadic or one-place predicates by labels on the 
variables. Instead of the predicate trailerTruck(x), for example, a type label or sort 
label would be appended to the variable xin the quantifier (V x:TrailerTruck), which 
may be read for every x of type trailer truck or simply for every trttiler truck x. 
Following is the syllogism Darii expressed in typed predicate logic: 

A:. For every trailer truck x, xis an eighteen wheeler. 

V x: Trailer Truck) eighteen Wheeler(x). 

I: There exists a Peterbilt x, which is a trailer truck. 

(3x:Peterbilt)trailer Truck(x). 

I: There exists a Peterbilt x, which is an eighteen wheeler. 

(3x:Peterbilt)eighteen Wheeler(x). 

This version is more concise because it avoids the extra implications that accom­
pany every universal quantifier. Those implications are still present in the equiva­
lence rules for translations between the typed and untyped versions of logic. let t 
be any type label that corresponds to a monadic predicate t(x), and let P(x) be any 
predicate or expression that contains a free variable x. Then the following typed and 
untyped formulas are defined to be equivalent 

• Universal (Vx:t}P(x) = (Vx)(t(x) :::> P(x)). 

• Existential (3x:t)P(x) = (3x)(t(x) /\ P(x)). 

Typed logic helps reduce the chance of errors by including the implication in the 
universal quantifier (Vx:f). Forgetting that implication is a common mistake by 
novices, but even people who know better sometimes omit it. 

When the formula contains multiple quantifiers, the advantage of typed logic 
becomes more pronounced. For the 18 wheels, the quantifier (3s:Set) specifies the 
set s of wheels. For the members of the set, the operator E can also be included in 
the quantifier (V wes), which may be read for every w .in the set s. With these 
features, the formula would become 

(V x:TrailerTruck)(3s:Set)(s@l 8 /\ ('y' wes)(wheel(w) /\ part(x,w))). 

This formula may be read For every trttiler truck x, there exists a sets, where the 
count of sis 18, and for every wins, w is a wheel and x has was part. 

The option of defuung new· types can also enhance readability. A frequently 
used type or predicate such as trailerTruck may be defined by an equation like the 
following: 

TrailerTruck(x) = truck(x) /\ (3y:Trailer)part(x,y). 
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In English, A trailer truck x is a truck for which there exists a trailer y and x has as 
party. 

LAMBDA CALCULUS. Besides the basic operators and quantifiers, a system of 
logic requires some method for defining new relations. The traditional method, 
which was used in the previous example, is to write an equation with the name on 
the left and the defining expression on the right: 

NewName(x) = Defini.ngExpression(x). 

The left side of the equation specifies the name of a predicate or type such as 
trailer Truck, and the right side is an expression that defines it. The variable x, which 
links the two sides, is called the formal parameter. Such equations are convenient 
for defining named types or predicates, but they cannot be used to define types that 
have no names. Unnamed types and predicates are especially useful for the inter­
mediate expressions that are generated by macro expansions and translations from 
one language to another. 

As a systematic method for defining and evaluating functions and relations, the 
logician Alonzo_ Church (1941) invented the /,ambda calculus. In Church's notation, 
the name could be written by itself on one side of an equation; on the other side, 
the Greek letter A. would be used to mark the formal parameter: 

TrailerTruck = (A.x)(truck(x) A (3y:Trailer)part(x,y)). 

With this notation, the name is completely separated from the defining expression, 
which could be used in any position where the name is used. In particular, a lambda 
expression could be used as the type label of a quantified variable: 

CV z: (A.x)(truck(x) A (3y:Trailer)part(x,y)))eighteen Wheeler(z). 

This formula may be read Every truck z for which there exists a trailer y and has y as 
part is an eighteen wheeler. An equivalent, but more natural reading is Every truck that 
has a trailer as part is an eighteen wheeler. Both of these English readings translate the 
1fm.bda expression to a restrictive relative clause. In fact, lambda expressions are often 
used as a systematic representation for relative clauses in natural language. 

To suppon the lambda notation, Church defined rules of lambda conversion for 
expanding and contracting the expressions. ·One of the central results of the lambda 
calculus is the Church-Rosser theorem, which says that a nest of multiple lambda 
expressions may be expanded or contracted in any order and the results will always 
be equivalent. In effect, the lambda calculus treats functions and relations as .first­
class data -types, which can be manipulated and processed like any other kind of data. 

Logically, type labels may be considered a more readable way of writing 
monadic predicates. They also suppon special rules of inference that can simplify 
proof procedures. The rule of inheritance, which is a derived rule of inference for 
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I Trailei:Truck: V 1--9-1 Wheel: {*}@18 I 
FIGURE 1.7 Conceptual graph for "Every trailer truck has as pan 18 wheels." 

typed logic, allows subtypes to inherit all the properties of their supenypes. By 
simplifying the notation, typed logic improves readability fur humans; by the rule 
of inheritance, it improves performance for computers; and by providing a transla­
tion for relative clauses, typed logic with lambda calculus simplifies the mapping to 
natural languages. 

CONCEPTUAL GRAPHS. Although typed Variables can simplify formulas, the 
variables themselves are part of the problem. The original English sentence Every 
trailer truck has 18 wheels has no variables, but the typed or untyped formula has 
three variables x, s, and w. A graph notation can eliminate variables by showing 
connections directly. The first and simplest graph logic is the system of existential 
graphs developed by C S. Peirce, who had also invented the algebraic notation for 
predicate logic. The system of conceptual graphs (Sowa 1984) is a combination of 
Peirce's logic with the semantic networks used in AI and computational linguistics. 
The conceptual graph in Figure 1.7 shows how the graph notation preserves the 
connectivity of the original English sentence. 

In a conceptual graph, the boxes are called concepts, and the circles are called 
conceptual relations. On the left of each concept box is a 't)lpe field, which contains 
a t;ype label like TrailerTruck or Wheel On the right is a referent field, which may 
contain a name, a quantifier like V, or a plural specification like {*}@18. Concep­
tual relations show how the referents of the concepts are related. In Figure 1.7, the 
concept [TrailerTruck: VJ represents the phrase every trailer truck; the concept 
[Wheel: {*}@18] represents 18 wheels; and the relation (Part) represents has as part. 
Altogether, the graph may be read Every trailer truck has as part 18 wheels. 

The type label Trailer Truck is not a primitive, and it can be defined separately; 
as in Figure 1.8. The symbol *x relates the newly defined type TrailerTruck to its 
genus or supertype Truck, which is the type label of the concept marked by the 
symbol ?x. The dijferentia or defining graph says how a trailer truck differs from any 
other kind of truck. In Figure 1.8, it says that Trailer Truck is a subtype of Truck 
that has as part a trailer. 

Besides the graph notation, there is an equivalent linear notation for conceptual 
graphs that takes less space on the page. In the linear form, the boxes are represented 

type TrailerTruck(*x) is 

~ 
FIGURE LS Definition of the type label TrailerTruck 
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by square brackers, and the circles are represented by parentheses. Following is the 
linear form of Figure 1.7: 

[TrailerTruck: V]~(Part)~[Wheel: {*}@18]. 

Since conceptual graphs are a version of typed logic, lambda expressions can also 
be used to define type labels. The following equation is logically equivalent to the 
type definition in Figure 1.8: 

TrailerTruck = [Truck: A]~(Part)~[Trailer]. 

The symbol A. in the referent field of a concept designates that concept as the formal 
parametc;r; the type label Truck is the supertype of the newly defined type Trailer­
Truck. As in typed predicate logic, the _lambda expression may be used in place of 
a type label: 

[[Tnick: l]-7(Part)-7[Trailer]: ~J-7(Part)-7[Wheel: {*}@18]. 

This graph may be read Every truck that has a trailer has 18 wheels. As before, lambda 
expressions in the type field map to restrictive relative clauses in English. 

Like the English sentence, the conceptual graph does not represent the variables 
x, w, and s explicitly, but they are i_mplied by the structure of the graph. When the 
graph is translated to predicate logic, each concept is assigned a variable whose type 
is specified by the type label of the concept. The conceptual relations map to 
predicates with one argument for each arc attached to the circle. Figure 1.7 would 
map to the formula in typed predicate logic:. 

('<fx:TrailerTruck)(3s:Set)(s@18 /\ ('<fwa)(wheel(w) /\ part(x,w))). 

The information in the concept [TrailerTruck: '<f] is encoded in the quantifier 
('<fx:TrailerTruck). The plural form in [Wheel: {*}@18] requires two variables: a 
variable sin (3s:Set), which represents the set of wheels as a whole; and a variable 
win ('<f wes), which ranges over each wheel in the sets. The qualifier @18 maps to 
s@lS. Finally, the relation Part become8 the predicate part(x,w). The scope of 
quantifiers in the graph determines the nesting of the predicates. 

Conceptual graphs also simplify the mapping from the English statement of 
the syllogisms. Following is the syllogism Darii in conceptual graphs: 

A; Every trailer truck is an eighteen wheeler. 

[TrailerTruck: VJ - - - [EighteenWheeler]. 

I: Some Peterbilt is a trailer truck. 

[Peterbilt]- - -[TrailerTruck]. 

I: Some Peterbilt is an eighteen wheeler. 

[Peterbilt]- - -[EighteenWheeler]. 
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The dotted line is a cureference link, which corresponds to the English word is. By 
the CG rules of inference, which are discussed in Chapter 5, a concept with a 
universal quantifier can be joined to any existentially quantified concept of the 
same type; after the join, the \/ symbol is erased. Therefore, the first two premises 
can be joined to produce 

[Peterbilt]- - -[TrailerTruck]- - -[EighteenWheeler]. 

The dotted lines indicate that all three of these concepts are coreferent:. they refer to 
exactly the same entity. The corresponding graph may be read Some Peterbilt is a 
trailer 'tr'Uck, which is an eighteen wheeler. By the rules of inference, the middle 
concept can be erased to form the conclusion: 

[Peterbilt]- - -[EighteenWheeler]. 

Conceptual graphs were originally designed to simplify the mapping to and from 
natural languages, but they have also been implemented in efficient theorem 
provers and search engines. / 

KIF. The Knowledge Interchange Forma.t (KIF) is a version of typed predicate 
logic that was designed by Michael Genesereth, Richard Fikes, and their colleagues. 
Its primary purpose is to serve as an interchange language between heterogeneous 
knowledge bases and databases. Unlike conceptual graphs, which were designed for 
a direct mapping to and from narural languages, KIF was designed for ease of 
mapping to and from computer languages. To accommodate the limitations of 
various implementations; KIF uses a restricted character set without special symbols 
like 'ef or /\. Following is the trailer truck sentence in KIF: 

( forall ( ?x trailer_truck) 

(exists (?s set) 

(and (count ?s 18) 

(forall (?win ?s) (and (wheel ?w) (part ?x ?w))) ))) 

This statement may be read For all x oftype trailer truck, there exists a sets, where the 
count of sis 18, and fur all w in s, w is a wheel and x has was par.t. Since KIF does 
not distinguish upper- and lowercase letters, the two parts of the type label Trailer­
Truck are separated by an underscore in the KIF form trailer_truck. 

ANSI standards for conceptual graphs and KIF have been defined by the 
NCITS T2 committee on Information Interchange and Interpretation (NCITS 
1998a,b). The two standards have been developed in paralld so that any informa­
tion represented in one can be automatically translated to the other. The two 
languages, however, have different strengths that make them suitable for different 
applications: to make it easy to parse by computer, KIF has a simplified synrax and 
restricted character set; conceprual graphs have a more readable notation for 
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humans and a more direct mapping to and from natural languages. Chapter 7 
discusses the use of KIF and CGs in knowledge sharing; Appendix A summarizes 
their syntax, as presented in the ANSI standards. 

MODAL LOGIC. Aristotle designed his original syllogisms to represent facts 
about the current state of the world, but he later extended the syllogisms to 
accommodate a class of verbs called modal auxiliaries. Those verbs are not used to 
talk about the way the world is, but about the way it ma~ can, must, should, would, 
or couldbe. Aristotle assumed two basic modes: necessity, typically expressed by the 
~erb must or by the adverb necessarily; and possibility, expressed by the verb can or 
by the adverb possibly. For symbolic logic, Peirce (1906) combined Aristotle's two 
modes with existential graphs to form the first modern version of quantified modal 
logic. 

The philosopher Clarence Irving Lewis (1918), who was strongly influenced 
by Peirce, introduced the diamond symbol 0 for representing possibility in the 
algebraic notation. If pis any proposition, then Op means pis possibly true. For 
necessity, a box D pis used to mean pis necessarily true. Either symbol, 0 or D, can 
be taken as a primitive, ~d the other can be defined in terms of it: 

• A statement is necessarily true if and only if it is not possibly false: 

Dp=-0-p. 

• A statement is possibly true if and only if it is not necessarily false: 

Op=-D-p. 

Besides these definitions, many other axioms have been discussed since the time of 
Aristotle and the Scholastics. Three basic axioms form a version of modal logic 
called System T: 

• Anything that is provable is necessarily true: if p is a theorem, then D p. 
• Anything that is necessarily true is true: Dp::::>p. 
• If it is necessarily'true that p implies q, then if p is necessary, q is also necessary: 

D(p::::>q) ::::i (Dp::::>Dq). 

An important thoorem of System T is that anything true is possible: JOO p. This 
theorem, like the axioms, are patterns or schemata for deriving an arbitrary number 
of new axioms and theorems by substituting any formula for the variable p. 

System T does not include axioms for iterated modalities, such as ODOp, which 
says that p is possibly necessarily possible. Such mind-boggling combinations sd­
dom occur i.p. English, but they may arise in the intermediate stages of a proo£ To 
relate iterated modalities to simple modalities and to one another, Lewis and Lang-
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ford (1932) defined two additional axioms, called S4 and S5, which may be added 
toSystemT: 

• 54. If pis necessary, then pis necessarily necessary: Dp::::>DDp. 

• SS. If pis possible, then pis necessarily possible: OpDO p. 

For quantified modal logic, Ruth Barcarr Marcus proposed the folloWing axiom, 
which has become known as the Barcan formula: 

• BF. If for every x, P(x) is necessarily true, then it is necessary that for every x, 
P(x): .br (Vx)DP(x) ::::> D(\fx)P(x). 

For different applications, various combinations of axioms may be assumed. A 
version with fewer axioms is said to be weaker, and a version with more axioms is 
said to be stronger. System T combined with axioms S4, SS, and BF is one of the 
strongest versions of modal logic, but it is often too strong. Exercise 1.16 discusses 
a version called deontic logic, which is weaker than System T. 

In database theory, modal logic is important for distinguishing constraints from 
contingent facts. Any statement that is stored in a database, either rdational or 
object-oriented, is assumed to be true. But it is only contingently true, because it 
could just as well be false. An example of a contingent fact is Al.ice is the mother of 
Bob. Before Bob was born, that statement was not true, but its absence did not 
create any inconsistencies in the database. A constraint, however, is a necessarily 
true statement, such as Every person has a mother. As soon as Bob is entered in the 
database, that constraint, together with the axiom Dp::ip, would require that space 
be reserved for mentioning Bob's mother. Even if her name were unknown, her 
existence would be implied. 

Unlike classical FOL, for which all the major variations are exactly equivalent in 
expressive power, there is an open-ended number of modal logics. They have beep. 
designed to express the n:uances of verbs like need, ought, hope, fear, wish, believe, 
know, expect, and intend. For reasoning about time, temporal logic can be considered 
a kind of modal logic by interpreting the D symbol as always, and 0 as sometimes. 1 

Without D or 0, a temporal statement pis assumed true at the current time now. The 
axiom Dp::i pwould mean Jf pis always true, then pis true now. The theorem p::iOp 
would mean Jfp is true now, then itis sometimes true. Another version of temporal logic 
represents the time t explicitly: always is represented by a universal quantifier 
(Vt: Time); and sometimes is represented by an existential (3 r. Time). In a courtroom, 
lawyers often use an explicit representation for time. Instead of asking a witness Did 
you see the suspect? they will say Did there come a time when you saw the suspect? 

HIGHER-ORDER LOGIC. The medieval Scholastics distinguished two kinds 
of lo@.cal terms: first intentions include words that refer to concrete things, and 
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second intentiom ref er to linguistic entities like properties and propositions. Peirce 
(1885) adopted the Scholastic terminology when he introduced quantifiers in 
predicate calculus: first-intentional logic restricts the quantifiers to concrete indi­
viduals; second-intentional logic allows the quantifiers to range over relations and 
propositions. Later, Ernst Schroder replaced Peirce's word intention with the Ger­
man Ordnung, which Whitehead and Russell translated back into English for the 
modern terms firsf-order and second-order logic. 

The basic version of logic that has been described in this chapter is first-order 
because the quantified variables have been restricted to nonlinguistic or first-inten­
tional entities. Typed and untyped predicate calculus, conceptual graphs, and KIF 
are equivalent ways of representing classical FOL. These notations can be extended 
to higher-order logic (HOL) by allowing the quantifiers to range over relations or 
predicates as well as simple individuals. As an example of second-order logic, the 
following formula represents the axiom of induction for arithmetic: 

• For every predicate P, if P is true of 0, and for every integer n, P(n) implies 
P(n+ 1), then P is true for every integer: 

0fP:Predicate)((P(O) A ('v'n:Integer)(P(n) :::::> P(n+l)) :::::> ('v'n:Integer)P(n)). 

This formula is second order becaus~ the quantifier 'v'P ranges over predicates rather 
than simple individuals. It is the only axiom for arithmetic that requires more 
power than first-order logic. Higher-order logic may be defined as a metalanguage 
extension to FOL supplemented with an ontology for relations: second-order logic 
includes an ontology for all possible relations among simple individuals; third-order 
logic includes an ontology for all relations of relations; and an ontology for arbitrary 
HOL would include all possible relations of relations of relations. 

METALANGUAGE.. In textbooks, natural language supplemented with vari­
ables is used to define, describe, and explain every branch of logic, mathematics, 
and computer science. To distinguish the describing language or metalanguage from 
the described language or object language, some convention is necessary to mark the 
two levels. Quotation marks are the primary sign that language is being used as 
metalanguage, but the following words about language also indicate metalanguage: 

• Nouns: word, phrase, sentence, statement, symbol variable, expression, formula, 
concept, idea, notion 

• Verbs: define, describe, represent, _mean, prove, translate 

• Adjectives: true, false, uncertain, corre~ provable, equivalent 

Any sentence that uses one or more of these words is a metastatement about some 
language. As an example, consider the following sentence: 

The sentence "It is true that Tom is tall" means the same as "Tom is tall." 
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The quotation marks indicate metalanguage, but the word true in the first 
quoted sentence indicates that it is also a metastatement. Therefore, the containing 
sentence must be metametalangu.age. This paragraph, which discusses a metametas­
tatement, would therefore be metametametalanguage. There is no limit to the 
number of levels of language about language or logic about logic. 

Textbooks of mathematics distinguish the metalevel from the object level by 
using two syntactically different languages: a natural language like English for the 
metalanguage and an algebi;aic notation for the object language. In logic, however, 
the same syntax can be used at both levels as long as some convention is adopted 
to mark the levels. In conceptual graphs, the two levels are separated by a concept 
box called a context. In predicate calculus, the object-level formula is enclosed in an 
argument of some predicate, such as the description predicate dscr(x,p), which says 
that the entity xis described by the proposition p. Robert Kowalski (1979, 1994, 
1995), one of the pioneers in logic programming, has repeatedly demonstrated that 
such a two-level combination of first-order logic at the object level and the meta­
level provides a powerful and elegant solution to a wide range of pr_oblems. 

1.4 Names, Types, and Measures 

When iogic is applied to mathematics, the constants are numerals, .which serve as 
the nanies of numbers. But when logic is applied to a broader range of topics, many 
more data types are needed: the constants may be names of people and things, 
names of types of things, or names of the measures of things. Many errors in 
knowledge representation result from confusing names, types, and measures with 
the things themselves. The following syllogism illustrates a confusion of names and 
types: 

Clyde is an elephant. 
Elephant is a species. 
Therefore, Clyde is a species. 

In classical terms, this syllogism is fallacious because of a nondistributed middle term. 
In the first premise, the term an elephant refers to a particular individual named 
Clyde. In the second premise, the word elephant refers to the entire species or type. 

Actors and basketball players who are in a position "to name their own salary" 
are not likely to choose a proper name like Fred. They are more likely to select a 
measure like 20 million dollars. People in such enviable positions clearly distinguish 
names and measures, but more literal-minded computers may make mistakes: 

Every salary is distributed in a paycheck. 
Tom and Sue.receive the same salary. 
Therefore, Tom and Sue receive the same paycheck. 
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A statement that two people earn the same salary should mean that the measures or 
amounts are the same, but each of them receives a separate paycheck. A failure to 
observe this distinction is a common source of bugs in computer programs. For this 
example, Tom and Sue would probably notice the problem quite soon, but some­
times the implications of such bugs spread quietly and corrupt an entire datab~e. 

NAMES AND TYPES. When learning logic, students usually represent the sen­
tence Tom likes Sue by the formula like(Tom,Sue). Then they generalize that tech­
nique tci represent the sentence Cats like fish by the formula like(cats,fish). The error 
'in this generalization is caused by the difference between proper names, which 
denote particular individuals, and common nouns, which denote types. The com­
mon nouns cat and fish must be represented by type labels in typed logic or by 
monadic predicates in untyped logic. In typed logic, the sentence Cats like fishwould 
become 

('lix:Cat)('liy:Fish)like(x,y). 

This formula may be read For every cat x and fish~ x likes y. 
The rule that proper names map to constants while common nouns map to 

types or predicates works fairly well for most applications. But it imposes some 
restrictions: in first-order logic, the variables can only refer to individual entities; 
they cannot represent types or predicates. One way to ease that restriction is to 
introduce Type as a second-order type. Then any variable of type Type could refer 
to types as its value. To relate an entity x to its type t, a dyadic predicate kind(x,~ 
could be used. Then the sentence about cats and fish would become, 

('lix)('liy)((kind(x,Cat) /\ kind(y,Fish)) =i like(x,y)). 

This formula says that for every x and y, if x is a kind of cat and y is a kind of fish, 
then xlikes y. In this example, the kind predicate relates xand y to the type constants 
Cat and Fish. With a type variable t, the next formula states the further genei;aliza­
tion that cats like eVt:ry instanee of any subtype of fish: 

('r;/x:Cat)('liy:Entity)('lit:Type) 
((t<Fish A kind(y,~) =i like(x,y)). 

This formula may be read For every cat x, every entity~ and every type t, if t is a 
subtype of fish and y is a kind oft, then x likes y. 

HIGHER-ORDER TYPES. The distinction between names and types provides 
a way of solVing the puzzle about Clyde the dephant. In the sentence Clyde is an 
elephant, the absence of an article preceding the word Clyde suggests a proper name, 
which is placed in the referent fidd of a concept. Since Clyde's type is not specified, 
the default type•, which is the top of the type hierarchy, may be used. The result 
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is the concept [T': Oyde]. The indefinite article in the phrase an elephant indicates 
som_e individual of type Elephant, which would be represented by the concept 
[Elephant]. The word is corresponds to a coreference link between the two con­
cepts: 

[•: Clyde]- - -[Elephant]. 

The coreference link that connects the two concepts shows that they both refer to 
the same individual. The first concept says there exists something named Clyde, the 
second one says there also exists an dephant, and the dotted line indicates that the 
two individuals are the same. In predicate calculus, coreference is represented by an 
equal sign: 

(3x:Elephant)x= Clyde. 

Without an article, the common noun elephant does not refer to a single individual. 
In the.sentence Elephant is a species, it is used as a name of the type: 

Type: Elephant]- - -[Species]. 

This graph, which may be read The "type Elephant is a species, is a higher-order 
statement about types. The types Type and Species are second-order types whose 
instances are fust-order types like Elephant, whose instances are ordinary individu­
als like Clyde. The CG maps to the following formula: 

(3x:Species)(type(Elephant) /\ x=Elephant). 

These CGs and the formulas derived from them capture the meaning of the English 
sentences without permitting the incorrect inference that Clyde is a species. 

The distinction between names and types arises in many areas of database and 
knowledge base design. An important example is the representation of colors, 
shapes, and sizes. Figure 1.9 shows three conceptual graphs for representing the 
English phrase a red ball In the first one, the monadic conceptual rdation (Red) is 
attached directly to the concept [Ball]. It corresponds to the following formula: 

(3x:Ball)red(x). 

This formula says that there exists a ball x, which is red. Although this repre­
sentation· is simple, it is awkward for both database design and natural language 
semantics. 

~-

~ 
FIGURE 1.9 Three possible ways of representing "a red ball" 



CHAPTER ONE LOGIC 

The second graph shows a more systematic way of representing natural language 
sentences: all content words - nouns, verbs, adjectives, and adverbs - are repre­
sented by separate concepts. The noun ball maps to the concept [Ball], the adjective 
red maps to the concept [Red], and the relationship between them maps to the 
attribute relation (Attt). When translated to typed logic, both concept nodes map to 
existential quantifiers ~d the Attr relation becomes a dyadic predicate: 

(3x:Ball) (3y:Red)attr(x,y). 

This formula says that there exist a ball x and an instance of redness y where the 
attr predica_te relates x to y. 

For database design, the third graph is the most convenient. The characteristic 
relation (Chrc) links the concept of a ball to the concept [Color: Red], whose type 
label is a second-order type Color, and whose referent is a first-order type Red. That 
graph maps to the following formula: 

(3.x:Ball)(color(Red) /\ chrc(x,Red)). 

This formula says that there exists a ball x, Red is a color, ·and x has Red as a 
characteristic. In general, Attr relates an entity to a first-order attribute, such as red, 
large, or heavy; Chrc relates an entity to a second-order characteristic like color, size, 
or weight. In English, attributes are usually represented by adjectives and charac­
teristics by nouns. 

Higher-order types occur in every system of classification. For cars, Make and 
Model are second-order types, whose instances are first-:arder types like Ford and 
Mustang, whose instances are particular cars. Other second-order types include the 
biological ranks from Species to Kingdom. Their instances are first-order types: 
[Kingdom: Animal], [Order: Mammal], [Genus: Pelis], and [Species: FelisCatus]. 
The types Rank and Characteristic are third-Order types, whose instances are 
second-order types like Species and Color: 

First order: 
Second order: 
Third order: 

The ball is red. 
Red is a color. 
Color is a characteristic. 

. Yojo is a felis catus. 
Pelis catus is a species. 
Species is a rank. 

Beyond third order, the common English words become scarce, but new technical 
terms can be invented indefinitely, as in the concepts [ThirdOrderType: Rank] and 
[FourthOrderType: ThirdOrderType]. Chapter 7 shows how lambda expressions 

.:ban be used to translate between knowledge representations that use types of differ­
'·1 ' ent order. -
I 

SURllOGAYES. The rule of substituting equals for equals, which is commonly 
used in mathematics, creates problems with names, since one entity may have 
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multiple names or aliases, and multiple entities may have the same name. Following 
is a typical paradox: 

Sam bdieves that Dr. Jekyll is a gentleman. 
Dr. Jekyll is Mr. Hyde. 
Sam does not bdieve that Mr. Hyde is a gentleman. 

By the principle of substituting equals for equals, the character string "Dr. Jekyll" 
might be substituted for "Mr. Hyde" in the third sentence. But that would lead to 
the contradiction that Sam both bdieves and does not believe that Dr. Jekyll is a 
gentleman. 

In database systems and object-oriented systems, aliases are avoided by using 
special identifiers called surrogt#es, which uniqudy designate the external objects. 
For the U.S. government, the official surrogate for a person is a social security 
number. In the Lisp language, the function called GENSYM is guaranteed to 
generate a unique symbol whenever it is called. Many AI systems use it to generate 
surrogates for entities that exist outside the computer system. 

If surrogates are considered the primary identifiers, names. are demoted to the 
status of characteristics that are no more fundamental than weight or hair color. To 
relate a ~urrogate s to a name n, a dyadic predicate hasName(s,n) may be used: 

believe(Sam, (3s)(hasName(s,"Dr. Jekyll")/\ gentleman(s))). 
(3s)(hasName(s,"Dr. Jekyll") /\ hasName(s,"Mr. Hyde")). 
-believe(Sam, (3s)(hasName(s,"Mr. Hyde") /\ gentleman(s))). 

The paradox no longer exists because there is no rule of inference that allows the 
strings "Dr. Jekyll" and "Mr. Hyde" to be substituted for one another. In his 
personal computer, Sam may have two different surrogates associated with the same 
person; but when the scandal about. Dr. Jekyll.appears in the morning newspaper, 
Sam can update the database to correct his earlier mistake. The temporary mis­
match between the database and the real world may cause some misunderstandings, 
but it doesn't create any logical paradoxes. 

UNIQUE NAMING CONVENTION. For theorem provers, a unique naming con­
venh.on is often adopted to simplify the proof procedures: if two constants a and b 
have a different spdling, then a=fa bis assumed. KIF has two kinds of constants: for 
one kind, uniqueness is assumed; for the other: kind, either a= b or a=fa bis possible. 
In conceptual graphs, ordinary names are not assumed to be unique, but special 
symbols called individual markers, which are written with the symbol# followed by 
an integer,. are assumed to be unique. Individual markers serve as surrogates that 
uniqudy identify the individuals that are cataloged in a conceptual system. The 
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following graph says that the person cataloged as individual #5395 has a charac-
. . "D Jekyll" tensoc name r. : 

[Person: #5395]~(Chrc)-HName: "Dr. Jekyll"]. 

By the process of name cuntraction, this graph may be abbreviated by a single 
concept [Person: Dr. Jekyll #5395]. If an individual is only mentioned once, it 
might not be cataloged. The following graph says that there exists someone (not 
otherwise identified) who has the name Dr. Jekyll: 

[Person]~(Chrc~~[Name: "Dr. Jekyll"]. 

By name contraction, this graph could be abbreviated [Person: Dr. Jekyll]. Before 
Sam hears about the scandal in the morning news, his database might contain the 
following graphs: · 

[Person: #5395]-t(Chrc}-t[Name: ~Dr. Jekyll•] [Gentleman: #5395]. 

[Person: #16432]-t(Chrc}-t[Name: ~Mr. Hyde"] ~ [ [Gentleman: #16432]]. 

The first graph says that the person cataloged as #5395, whose name is Dr. Jekyll, 
is a gentleman. The second says that the person cataloged as #16432, whose name 
is Mr. Hyde, is not a gentleman. When Sam hears the news, he can update the 
database to cause the separately cataloged information to be merged. At that point, 
the system would discover a contradiction about the individual #5395. Sam would 
then reevaluate his opinions about Dr. Jekyll, and the assertion [Gentleman: #5395] 
would be deleted. 

Since surrogates are unique only within a particular computer system, commu­
nication between systems still depends on printable names with their potential 
ambiguities. For convenience in finding data across the World Wide Web, com­
puter systems depend on Universal Resource Locators (URLs), which are recognized 
by all the computers connected to the Internet. But those identifiers only designate 
resources that can be stored and accessed by computers. There are no URLs for 
things that cannot be flattened out and stored on a computer disk, such as dogs, 
trees, and people. For such things, the surrogates serve as local substitutes within a 
database. But the task of matching the surrogates to the physical objects cannot be 
done wholly within a computer or even a network of computers. There must be 
some sense organs - human or robotic - that can relate the internal identifiers to 
the physical world. 

Rn-RESENTING MEASURES. Measures are even more ambiguous than names. 
Two rods may have the same length even though they occupy different locations; 
two rooms may have the ·same temperature even though they contain different 
molecules of air; two jars may have the same volume even though they enclose 
distinct regions of space; and two people may earn the same amount even though 
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they rece~ve different paychecks. The following graph says that Tom and Sue each 
earn a salary whose amount is $30,000: 

[Person: Tom]t-(Agnt)t-[Ea.J:IJ.]-4(Thme)-4[Salar:y: @ $30,000]; 
[Person: Sue]t-(Agnt)t-[Earn]-4(Thme)-4[Salar:y: @ $30,000]. 

The first line says that the person Tom is the agent of earn, which has a theme 
(Thme), which is a salary whose amount is $30,000. The second line says that Sue 
also earns a salary of $30,000. The symbol @ in the referent field of a c~ncept 
indicates that the following symbol . is a measure of the referent, not its name or 
surrogate. In predicate calculus, that graph would become 

(3x,y:Earn) (3z, w:Salary) 
(Person(Tom) /\ Person(Sue) /\ 
agnt(x,Tom)"A thme(x,z) /\ hasAmount(z,$30,000) /\ 
agnt(y,Sue) /\ thme(y, w) /\ hasAmount(w,$30,000) ). 

The graph and the formula assign separate concepts or variables to Tom's salary and 
Sue's salary, but both salaries happen to be measured by the same amount. 

Neither the graph nor the formula makes it clear that the two salaries are 
distinct. To avoid any misunderstanding, the expression z:I= w could be added to the 
formula, or a relation (:;a!:} could be drawn between the corresponding concepts. 
Another way to show distinct salaries is to put different individual markers in their 
referent fields: 

[Person: Tom]t-(Agnt)+-[Earnl-HThnie)-7[Salary: 4"78902 @ $30,000]; 

[Person: Sue]+-(Agnt)+-[Earn]--7(Thme)--7[Salary: 4"41337 @ $30,000]. 

Tom's salary and Sue's salary are identified by different individual markers, #78902 
and #41337, but their amounts are the same. In predicate calculus, the unique 
naming convention could be expressed in the principle that two distinct constants 
beginning with the symbol # must refer to distinct individuals. That principle 
would imply_ the inequality #78902 :;a!: #41337. 

The symbol @ in the referent field of a concept is not a primitive. It is derived 
by the method of measure contraction from a graph that represents the amount in a 
separate concept linked by the +amount relation (Amt): 

[Salary: @ $30,000] 

= [Salary]-4(Amtl-HMeasure: <30000, dollar>]. 

The expanded graph represents the measure $30,000 as an ordered pair of the 
number 30000 and the unit dollar. Such graphs can also be used to say that Tom 
and Sue earn the same .amount of salary without stating how much: 

[Person: Tom]+-- (Agnt) <-[Earn]--7 (Thme)--?[Salary]--7 (Amt) --7[Measure]<­

(Amt) <-[Salary] <-(Thme) <-[Earn]--7(Agnt)-t[Person: Sue]. 
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This graph may be read Tom earns a salary whose amount is the same as the sal.ary 
earned by Sue. In predicate calculus, the unknown measure can be expressed by a 
variables: 

(3x,y.Earn)(3z,w:Salary)(3s:Measure) 
(Peison(Tom) A Peison(Sue) A 

agnt(.x,Tom) A th.me(x,z) A hasAmount(z,s) A 

agot(y,Sue) A tbme\y,w) A hasAmount(w,s) ). 

The predicate hasAm.ounts, which relates so~e entity to its measure, corresponds 
to the Amt +relation in conceptual graphs. 

Macro expansions allow conceptual graphs to express various features of natural 
languages in a concise form without changing the semantics of the underlying logic. 
In the trailer-truck example, the concept for representing eighteen wheels uses two 
macros:{*} for the set and@ for the count of elements in the set: 

[Wheel: {*}@18) = 
[Set: *sJ-?(Chrc)-?[Count: 18] 

[ [[A.]-?(e)-?[?sJ: 'v'J- - -[Wheel] J. 

The expanded form can then be translated to the following formula in predicate 
calculus: 

·(3s:Set)(count(l8) A s@l8 A 

CV w:(J...x).xes)whecl(w)). 

When the @symbol is followed by a single nuniber such as 18, it expands to a 
concept of type Count with just the number in the referent field. But when it is 
followed by a number with a unit, such as $30,000 or 43.7 m, it expands to a 
concept of type Measure with the measure represented by an ordered pair <30000, 
dollar> or <43.7, meter>. · 

REPRESENTING MusxCAL ENrrrms. The potential confusions that arise with 
names of people and elephants become more subtle, but even more pervasive with 
invisible entities like tones, intervals, and durations. To illustrate those features, 
Figure 1.10 shows a conceptual graph that represents the third ~easure of "Frere 
Jacques" with two voices singing in harmony. Each of the ~even notes in the 
measure is represented by a separate concept [Nore]. Each note is attached to 
conceptual relations that correspond to the tone, next, and dur predicates: the Tone 
relation liclCs the concept of the note to a concept that indicates the type of tone; 
the Next relation links to the concept of the next note; and the Dur relation links 
to a concept of a time interval of the specified duration. Two ·notes that are sounded 
simultaneously are linked to the same concept. But at the end of the measure, the 
upper voice is a half note that lasts as long as the two quarter notes in the lower 
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FIGURE I.Io Conceptual graph for tWO voices singing in harmony 

voice. Therefore, the interval for the half note is linked by twO Part relations to the 
interVals for each of the quarter notes. of "Frere Jacques" with two voices singing 
in _harmony. 

Each concept box in Figure 1.10 represents something that exists: a note, an 
interval, or a type of tone. When the CG is rranslated. to predicate calculus, the 
corresponding existential quantifiers must be shown ttplicitly: 

(3x1,x,i,x3,x4>.x"s>"°6•'17=N ote) 
<3Y1•"1Y~Y4>Ys:Interval) 
(tone(x1,B) A dur(.x1,yJ /\ hasAmount(y1,lbeat) "next(.xv.aj /\ 
tone(x,i,C) A dur(x,i,y,) A hasAmount(r2>1beat) /\ next(x,i,X3) A 

tone(x3,D) A dur(-"3>]3) /\ hasAmount(y3'2beats) /\ 
tone(x4,G) /\ dur(x4>yJ A nexc(~.xs) A 

tone(.x:s.A) A dur(.x:s,y,) " next(.x:s.x;;) A . 

tone(-"'6,B) A dur{"'6>yJ A hasA.mount(y4, lbeat) A next(x6>x:,) A 

tone(x:,,G) A dur(x:,,y5) /\ hasAmount(r5,lbeat) A 

part(r3>yJ /\ part(>),ys) ). 

The quantifiers at the beginning of this formula specify x1 through x:, as notes and 
y 1 through y5 as intervals. What makes the formula difficult to read is not the 
quantifiers, but the proliferation of variables. In the graph, all the information 
about an entity is localized - either inside the concept box itself or in the relations 
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attached· directly to the box. But when the graph is mapped to a linear string, there 
is no way to preserve the locality of information: the variables that represent the 
links tend to get scattered throughout the formula. · 

Since Figure 1.10 is a direct translation from a musical score, it uses only the 
existential-conjunctive subset of logic. But logic, in both the graphic and linear 
notations, has much more expressive power for seating rules and generalizations 
about music. As an example, Figure 1.11 uses conceptual graphs as a metalanguage 
for Stating the definition of-a new relation called. Simul, which states that two notes 
are sounded simultaneously. .The graph may be read The relation Simul has a 
definition {Def), which is a lambda expression that relates a note .A.1 to a note Az, in 
which both notes occur during the same interval 

The definition oc simultaneity in Figure 1.11 shows why it is important to 

distinguish the interval from irs duration. Six of the seven notes in Figure 1.10 have 
the same dwation, but only two pairs are sounded exactly simultaneously. In 
predicate calculus, Figure 1.11 corresponds to the following definition: 

simul = (Ax,y.Note)(3z:Interval) 
(dur(x,z) I\ dur(y,z)). 

The Simul rdation can be used to state a rule for the harmonious resolution of 
a dissonance. If two notes sounded together happen to form a dissonant tritone, 
they can be resolved by having their successors move to a harmonious interval. In 
the key of G, the tritone of F# and C would be followed by the major third of G 
and B. In the key of C, the tritone of B and F would be followed py C and E~ To 
avoid having 10 state a separate rule for every ~ those rules can all be summarized 
by using the rdative names for the types of tones: Do, Re, Mi, Fa, So, I.a, and TI. 
Figure 1.12 shows a CG that says that if a note x of tone TI is sounded simultane­
ously with a note y of tone Fa, then the next note after x has tone Do and the next 
note after y has tone Mi. 

This rule illusrrates another feature of music: context-dependent aliases for the 
names of the tones. If the current key signature indicates a key of G, th.en Do is an 

If. 

Type: TI ote:*y~ 

Type: Do 

Type: Mi 

FIGURE I.II Definition of the Simul relation betWeen two notes 
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Type: TI Note:*y~ 

Type: Do 

Type: Mi 

PIGUU I.12. Rule for the harmonious resolution of a cfissonance 

alias for G and Mi is an alias for B. But if the current key is C, then Do and Mi 
are aliases for C and E. Such context dependencies, which often occur in knowledge 
representations, will be discussed further in Chapter 4. Following is the formula 
that corresponds to Figure 1.12: 

('v'x,y.Note)((simul(x,y) A tone(x,1i) A tone(/',Fa)):;, 
(3z,w:Note)(next(x,z) A tone(z,Do) A next(/',w) /\ tone(w,Mi)) ). 

This formula may be read For every note x and y, if x and y are simultaneous, the tone 
of xis Ti, and the tone ofy is Fa, then there existntJtes zand 14 where the next note after 
xis z, whose tone is Do, and the next note after y is 14 whose tone is Mi. 

1.5 Unity Amidst Diversity 

As th.is survey shows, many notations for logic have been invented over the years. 
But logic is much more than notation. To be a logic, a knowledge representation 
language must have four essential features: 

• Vocabulary. A logic must have a collection of symbols, which could be repre­
sented as characters, words, icons, diagrams, or even sounds. The symbols may 
be divided in four groups: the domain-independent logical symbols like 'rl or A; 
the domain-dependent ctmStants, which identify individuals, properties, or 
relations in the application domain or universe of discourse, the variables, whose 
range of application is governed by quantifiers; and the punctuation like com­
mas and parentheses that separate or group the other symbols. 

• Syntax. A logic must also have grammar rules or formation rules that determine 
how the symbols are combined to form the grammatical or well-fomzed sen­
tences. The rules could be stated in a conventional linear grammar, a graph 
grammar, or an abstract S'pltax that is independent of any concrete notation. 

• Semantics. To make meaningful statements, the logic must have a theory of 
reference that determines how the constants and variables are associated with 
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things in the universe of discourse. It must also have a theory of truth that is 
able to distinguish true statements from fu.lse Statements. .fa his fumous paper 
"The Concept of Truth in Formalized. Languages," Alfred Tarski (1935) intro­
duced formal models for representing the semantics of logic. But Aristotle and 
the Scholastic logicians devdoped informal theories of truth and reference that 
made similar distinctions, although not in as precisely Stated terms. 

• Jades of inference. To be more than a notation, a logic must include rules that 
determine how one pattern can be inferred from another. If the logic is sound, 
the rules of inference must preserve truth as determined by the semantics. 
However, nonmonotonk logics for plausible or default reasoning have rules 
that preserve consistency, but not necessarily cruth. 

These four criteria are general enough to include many different notations for logic. 
Besides the versions surveyed in this chapter, modern computer systems support 
logic-based programming languages like Prolog and diverse notations such as the 
frames and semantic netWorks of Al, the database query language SQL, and the 
Express language for describing engineering SttUcmres. Even though SQL and 
Express are not usually called logics, they have the semantics and expressive power 
of first-order logic. 

SEMANTICS oF PaoPosmoN.AI. loGic. The theory of truth tables defines 
the semantics of propositional logic. As an example, the following truth table shows 
that pAq is equivalent to its definition in terms of Frege's primitives -(p=>-q). Each 
of the four rows represents a possible pair of truth values for the variables p and q. 
Then the truth values of ~ch of the two expressions are computed in tenns of the 
truth values for p and q. For each row, the table shows that the expression pAq has 
the same truth value as -(p::r-q). 

p 

0 

0 

l 

l 

q 

0 

l 

0 

1 

0 

0 

0 

l 

-{~-q) 

0 

0 

0 

1 

The two expressions on the right side of the table are true for some combinations 
and false for others. An expression such as pv-p, which is true for every possible 
combination of truth values, is called a ttJUtology. 

Although truth tables support a systematic method for showing that two formu­
las are equivalent, their computational time grows exponentiallywith the number of 
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variables. With cwo variables p and q, this table has 22 or 4 rows. With S variables, a 
table would have25 or 32 ro\vs, and with 20 variables, itwouldhaveovera million 
rows. Many praccical problems require hundreds or even thousands of propositional 
variables. To verify the correctness of VLSI chips, which contain millions of transis­
tors, would require formulas with millions of variables. A network of all the comput­
ers in the world computing for the lifetime of the universe .could never compute the 
full truth tables for such problems. 

General proof procedures also require exponential ·amounts of rime in the worst 
case. However, the worst cases for proof procedures are usually different from the 
worst cases for truth tables. For truth tables, the computing time grows exponen­
tially with the number of variables, but only linearly with the complexity of the 
formulas. For proof procedures, the time depends on the complexity of the formu­
las, but not the number of variables. In many special cases, which are implemented 
in Prolog and rule-based expert systems, the proof procedures take polynomial 
rime. VLSI chips can be described with highly regular formulas, even though the 
number of variables in ~e formulas is very large. Many Su.ch chips have been 
successfully analyzed and verified with proof procedures. 

S'IA'.l'Us OP FOL. Among all the varieties of logic, classical first.-order logic 
has a privileged status. It has enough expressive power to define all of mathematics, 
every digital computer that has ever been built, and the semantics of every version 
of logic, including itsel£ Fuzzy logic, modal logic, neural networks, and even 
higher-order logic can be defined in FOL. Every textbook of mathematics or 
computer science attests to that face. They all use a natural l~cruage as the 
metalanguage, but in a form that can be translated to two-valued first-order logic 
with just the quantifiers '<:/ and 3 and the basic Boolean operators. Since textbooks 
use natural language to define everything in mathematics, the FOL translations of 
natural language must also be sufficient to define all of mathematics. 

Although Whitehead and Russell adopted higher-order logic for the Principia 
Mathematica, one of Whitehead's students, Willard Van Orman Quine (1937), 
demonstrated that first-o_rder logic plus the membership operator t; provides 
enough power to define all of set theory and the foundations of mathematics. 
Besides expressive power, first-order logic has the best-defined, least problematic 
modd theory and proof theory, and it can be defined in terms of a bare minimum 
of primitives: just one quantifier {either V' or 3) and one or two Boolean operators. 
Even subsets, such as Hom-clause logic or Aristotelian syllogisms, are more com­
plicated, in. the sense that more detailed. definitions are needed to specify what 
cannot be said in those subsets than to specify everything that can be said in full 
FOL. 

Since first-order logic has such great power, many philosophers and logicians 
such as Quine have argued strongly that classical FOL is in some sense the "one true 
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logic" and that the other versions are redundant, unnecessary, or ill-conceived. Some 
leaders in arcificial intelligence, such as John McCanhy, have also argued for first-or­
der logic as the primary; if not t;he only, system of logic for knowledge repre­
sentation. Besides discussing the philosophical issues, logicians have worked out the 
details for translating other logics to FOL. Tamas Gergely and Laszl6 Ory (1991), 
for example, show that FOL with explicit quantifiers over time is simpler and more 
expressive than most versions of temporal and dynamic logic. Maria Manzano 
(1996) shows how FOL can serve as the unifying language for defining and support­
ing an open-ended variety of extended logics. She gives explicit translations of 
second-order logic, modal logic, and dynamic logic to typed first-order logic. 

R.EUrmG VARIOUS LOGICS. The power of FOL and the prestige of its ad­
herents have not deterred philosophers, logicians, and computer scientiSts from 
developing other logics. In response to Quine, his longtime friend and equally 
eminent philosopher Rudolph Carnap (1947) wrote a book in defense of modal 
logic and its applications. For various purposes, modal logics, higher-order logics, 
and other extended logics have some desirable properties: 

• Fewer axioms. The axiom of induction, with its quantifier (':tP:Predicate), can 
only be eliminated by brute force - by replacing the variable P with a separate 
first-order axiom for every predicate that P might represent. Since there are 
infinitely many possible predicates, that strategy replaces one seccind-order 
axiom with an infinity of first-order axioms. Many logicians find an infinity of 
axioms to be more distasteful than the complexity of higher-order logic. 

• More natural translations. Without modal logic, an English sentence like It may 
rain would be translated to an awkward paraphrase: 0/ all the states of affairs in 
the set of causal successors of the present, there exists at least one in which it rains. 
In modal logic, the lengthy preamble about states of affairs would be replaced 
by a single symbol, 0. 

• More efftcient computation. By incorporating features of the ontology or meta­
language into special operators, such as the modal symbols 0 and 0, a complex 
logic can sometimes simplify knowledge representation. With this technique, 
much of the computation is transferred from the axioms to the rules of 
inference. This transfer may speed up deduction, since the rules of inference 
are morelikelyto be compiled, but the axioms are more likely to be interpreted. 

To computer scientists, these argunients sound like familiar trade-offs: specialized 
high~level languages versus generalMpurpose low-level languages, or efficient com­
pilers versus flexible interpreters. For different applications, different versions of 
logic may vary in readability, efficiency, and expressive power. The knowledge 
engineers should have the option of using logical notations that are tailored to the 
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applications, while the implementers can decide t~ compile them to other versions 
of logic or process them interpretively. 

EXERCISES 
While doing the following exercises, use Appendices A 1 and A2 as a summary of 
the predicate calculus and conceptual graph notations. At the back of the book are 
answers and hints for some, but not all of the exercises. 

1. Develop the Tree of Porphyry .further by adding more differenti.ae and sub­
categories for various kinds of minerals, plants, and animals. Assign a distinct 
prime number to each differenti.a and compute the number for each composite 
concept. Note that some differentiae may be reused in different branches of 
the tree: some plants and animals may both have scales, and some plantS and 
minerals may both be green. 

2. Leibniz's representation with prime nwnbers for differentiae led him to de­
velop a calculator that could speed up the operations of multiplication and 
division. On modem computers, Boolean ANDs and ORs of bit strings may 
be faster than multiplication and division. Design an alternate encoding for 
the Tree of Porphyry with bit strings instead of integers .. For each differentia, 
assign a bit string with a single 1 and all the rest 0. How would you compute 
the bit strings for each of the composite concepts? What operations on the 
bit strings would test whether one concept was a subtype or subcategory of 
another? How would you compute the lowest common supertype of two 
concepts? Or the highest common subtype of two concepts? 

3. Show that your encoding of categories as bit strings in Exercise 1.2 is isqmorphic 
to the encoding with products of primes in Exercise 1.1; i.e., show that the 
corresponding operations on the two different encodings al ways lead to the6ame 
supertypes, subtypes, lowest common supertypes, and highest common sub­
types. 

4. With N differentiae, each concept could be represented by a string ofN bits. 
How many bits would be needed for the concepts represented in the hier:Jchy 
you developed for Exercise 1.1? If the concepts were represented as products 
of primes, ho:w many bits would b~_needed for each concept? How would 
differences in the hierarchy affect the amount of storage space needed? 

5. Translate the three Begriffischrift diagrams in Figure 1.5 (page 10) to the 
equivalent algebraic formulas using only Frege's choice of operators-,:::>, and 
'\f. Then use ftie definitions of/\ and 3 in terms of Frege's operators to show 
that the formulas are equivalent to the Peirce-Peano versions given in Section 
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I. I. In doing the conversions, you may assume that any statement pis equiva­
lent to its double negation -p; i.e., two negations cancel each other out. See 
Append.ix A. I for further discuss.ion of methods for showing that two formulas 
are equivalent. 

6. Frege said that new symbols and abbreviations could be added to the Begriffe 
schrift in order to simplify the notation. Extend Frege's notation by defutlng 
three n:w symbols for representing A, v, and 3 in a style compatible with the 
Begriffochrift. Define those symbols as combinations of the basic primitives of 
Figure 1.4. Then using your new symbols, redraw the examples in Figure 1.5. 

7. Add a predicate tractor(x) meaning "xis a tractor" to the ontology discussed 
in Section 1.2. Besides variables, use constants like #77, as in part(x,#77) for 
"x has #77 as part." Use the equality x=y to say that x and y are the same. 
As an example, the following formula represents the sentence Tractor #71 is 
part of one trailer truck, and trailer #238 is part of a different trailer truck:. 

(3x)(3y)(trailerTruck(x) A tractor{#77) A part(x,#77) 
/\ trailerTruck(y) A trailer(#238) A pa.rt(y,#238) /\ -(x=y)). 

In typed predicate calc~us, the formula would be 

(3x,y: Trailer Truck) ( tractor(#77) /\ part(x,#77) 
A trailer(#238) A part(y,#238) A -(x=y)). 

Express the following English sentences in both typed and untyped predicate 
cal cul tis: 

a. Some trailer truck does not have tractor #71 as part. 
b. There is no trailer truck that is composed of tractor # 77 and trailer #238. 

c. Tractor #77 is not attached t:o trailer #238. 

d. It is false that there's a trailer truck with tractor #42 and not trailer #908. 

e. No trailer truck has two dijjefent tractqrs. _ 

NoTE: Do not introduce new predicates for words like composed or attached:, 
use only the predicates described in Section 1.2 and the new ones mentioned 
in thls exercise. In some cases, you may have to rephrase the English sentence 
in order to map it to predicate calculus; e.g., the last sentence could be 
expressed It is false that there exists a trailer truck that has tractors x and y that are 
not the same. 

8. Translate the five sentences in Exercise 1.7 to conceptual gµ.phs. In the linear 
CG notation, the sample sentence would become 

[Tractor: #77]+-(PartJ+-[TrailerTruckJ-(*J-(TrailerTruck]­
(Part)-?(Trailer: #238]. 
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Since the * relation is symmetric, the arrows that distinguish the two arcs of 
the conceptual relation may be omitted; in Append.ix B, the relations Of.fr and * are defined as synonyms. The hyphen at the end of the "first line indicates a 
continuation on the next line. . · 

9. Select a melody from some music book and traJJSlate it to predicate logic and 
conceptual graphs according to the method used in Sections 1.2 and 1.4. 

10. Translate the following Statements to modal predicate logic: 

a. It is necessary that every truck has wheels. 

b. Some trailer truck can have 16 wheels. 

c. If some "trailer truck can have two trailers, then it is possible that it does not have 
18 wheels. . 

11. Translate the three sentences in Exercise 1.10 to conceptual graphs. To rep­
resent Op. use a CG of the following form:· 

(Psbl)~[Proposition: (translation of p to a CG)]. 

The monadic Psbl relation represents possibility and the concept of type 
Siruation represents a siruation described by the nested CG, which is generated 
by translating p. For necessity, use the monadic Nees relation instead of PsbL 

12. Show that -0 p (impossible) is equivalent to 0-p (necessarily false) and that 
0-p (possibly false) is equivalent to -Op (not necessary). Use only the equiva­
lences for relating possibility and necessity given in Section 1.3 and the prin­
ciple that a double negation - may be inserted or erased in front of any 
proposition or subproposition. 

13. Using tb,c rules of inference of Appendix A.I, show that the formulapOp is a 
theorem of System T; i.e., it can be derived from the axioms and definitions. 

14. Axioms $4 and $5 are not theorems of System T, but their converses are. 
From the axiol!l8 and definitions of System T, prove that OOp::::>Dp and 
OOpOp. 

15. In System SS, which includes System T plus axioms S4 and SS, all the iterated. 
modalities can be replaced by single modalities. Prove that fact by showing 
that any iterated modality consisting of a sequence of 0 and 0 symbols is 
equivalent to just a si.rigle 0 or 0. 

16. In a version of modal logic called deontic logic, 0 pis interpreted p is obligatory, 
and 0 pis interpreted p is permissible. In a perfect world, all the axioms of System 
T would be true. But since people are sinners, some axioms and theorems of 
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System T cannot be assumed Which one is violated bya sin of omission? Which 
is violated by a sin of commission? 

17. Assume a version of temporal logic with the symbol 0 read al.ways and 0 
read sometimes. Then translate the axioms of System T and the axioms S4, 
S5, an~ B to English sentences. 

18. Tractors and trailers are long-lasting objects, but trailer tIUcks only come into 
existence whep a tractor and a trailer are hitched together. Express the fol­
lowing English sentences in temporal logic with the symbol 0 for al.ways and 
0 for sometimes:. · 

a. Sometimes, tractor #77 and trailer #238 are part of the same trailer truck. 

b. Sometimes, tractor #77 and trailer #238 are each part of different trailer trucks. 

c. Tractor #42 and trailer #908 are al.ways part of the same trailer truck. 

d. Whenever tractor #4 2 is part of a trailer truck, the trailer is #908. 

Non: To represent whenever, use a combination of 0 and::>. 

19. First-order logic with the typed quantifiers (V't:T.tme) for al.ways and 
{3t:Tune) for sometimes is more expressive than temporal logic with the 0 
and 0 symbols (Gergely & Ury 1991). Revise the ontology by adding an 
argument for time to the predicate part(x,y): 

part(.x,y,t) x has y as part at rime t. 

Then express the next five sentences in FOL with Time as a type: 

a. Sometimes, tractor #77 and trailer #238 are part of the same trailer truck. 

b. Sometimes, tractor #77 and trailer #238 are each part of different trailer 
trucks. 

c. Whenever tractor #42 is part of a trailer truck, the trailer is #908. 

d. No tractor is part of two different trlliler trucks at the same time. 

e. Some tractor is part of two different trailer trucks at different 'times. 

As stated, Sentences (d) and (e) cannot be expressed with the symbols 0 and 
0 because they explicitly mention time. Find English paraphrases of those two 

sentences that can. be translated to temporal logic with 0 and 0. Find another 
English sentence that can be represented in FOL with T'lllle as a type, but not 
in temporal logic with just 0 and 0. 

20. Translate the five sentences in Exercise 1.19 to conceptual graphs. To represent 
0 p for sometimes, use a CG of the following form: · 

[Time: {*}J+-(PTi.mJ+-[Situation: /*Translation of p to a CG */J. 
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This graph says that there exist some times, represented by the generic plural 
{*}, which are the poinrs in time (PTim) of ·the situation represented by the 
translation of p to a CG. To represent always, insert~ in the referent field, as 
in [Time: V]. To represent two situations that occur at different times, use a 
graph of the following form: · 

[Situation]+-(P'I'im) +-[Time]- <*l -[Time]-+(PTim)-+[Situation]. 

21. In Section 1.5, a truth table was used to verify the definition of A in terms 
of Frege's primitives - and :::>. Use that technique to show that pv q is equiva­
lent to (-p ):::>q. Truth tables can be used to verify all the eq uivalenccs for 
propositional logic stated in Appendix A. I. · 

22. The dyadic Boolean operators, which take two truth values as inpurs and 
generate one truth value as output, can be specified by the four possible 
outpurs in their uuth tables. In Figure 1.3 (page 000), for example, and is 
specified by 0001, or by 0111, and if-then by llOL Following is a list of the 
16 possible combinations and the corresponding operator symbols: 

0000 ConStantly false, F 
0001 Conjunction, A 

0010 Greater-than,> 
0011 Lefuide, L 
0100 Less-than, < 
0101 Rightside, R 
0110 Exclusive-or, Y or¢. 
0111 Disjunction, v 

1000 Nor or Sheffer-Stroke, ..,. or I 
1001 Equivalence, = 
1010 Not-rightside, 'fl. 
1011 Reverse implication,+- or a: 
1100 :t-:rot-leftside, :J!'. 
1101 Implication,::> or::$ 
llIONand, f'C 

1111 Constantly true, T 

Show that all 16 of these operators can be defined in terms of - and A; for 
example, p'::Jq can be defined as -(pA-q). For 6 of these operators, one of the 
inputs can be ignored; for example, pR.q can be defined as pAp, and pFq as 
pA-p or qA-q. 

23. In computer circuits, the two Boolean operators nand and nor are often used 
because they happen to be e3S'f to implement in transist0rs. In 1880, Peirce 
showed that either 1't or 'v' by itself could be used to define all 16 dyadic Boolean 
operators. For example, pv qcan be defined as (.p'v' q)v(p'v'q). Give the definitions 
ofall 16 operators in terms of'v'. Then give the definitions ofall 16 in termsoff't. 

24. Use the method of truth tables to show that the following formulas are tautolo­
gies: 

a. ((p-:;,_q) A (q=H)) ";;) (p-::J ~. 

b. (p;;J (q=:; ri) = ((pA q)-::::J r). 

c. ((p-::::J r) A (q=i s))-:;, ((pA q) '::J (rA s)). 
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Since formulas a and b have three variables (p, q, and 7', their truth tables must · 
have 8 rows. Formula c, which Leibniz called the Praeclarum Theorema (splen­
did theorem), would have 16 rows. Modem theorem-proving techniques can 
show that formula c is a tautology in about seven or eight steps, each of which 
is simpler than. one line of the truth table. 

25. Select some univ:ersally quantified sentences from the hotd reservation exam­
ple in Appendix C, and form syllogisms with each of those sentences as the 
first or major premise. For example, the following syllogism of type Darii has 
a major premise taken from rhe hotd reservation example and a minor premise-· 
that might be derived from a question asked by a guest: 

A:. All guestS in rooms that charge a primary room \must check out when the 
guests in the primary room check out. 

I: Some children are guests in rooms that charge a primary room. 
I: Therefore, some children must checkout when the guests in the primary 

room _check out. 

Write at least one syllogism in each of the four patterns, Barbara, Celarent,' 
Darii, and Ferio. Sometimes it may be necessary to rephrase the original 
sentence to make it fit the syntactic pattern of the syllogism. 

26. The four statement types (A, I, E, and 0) can only represent one quantifier per 
sentence. Statements with two or more quantifiers or with dyadic rdations such 
as part(x,y) can be.expressed in predicate logic, but not in those four statement 
types. Following is a typical inference that i:annot be exp.ressed in an Aristotelian 
syllogism because it uses a dyadic relation and requires more than one quantifier. 

• Every horse is an arilinal. 
\'\/ x:Horse)animal(x). 

• Therefore, every part of a horse is part of an animal. 
(':/ x:H9rse) (3 y.Animal) ('v' z:Entity) 

(part(z,x) :::> part(z,y) ). 

The conclusion may be read For every horse x, there exists an animd} such that 
for every enti-ty z, if x has z as part, -then y has z as part. Translate these two 

· · formulas in typed logic to untyped logic. Then translate them to conceptual 
graphs. In the CG form, be sure to show the scope of quantifiers correctly. 

27. Find some sentences in the hotd reservation example (Appendix C) that 
cannot be expressed as type A. L E, oc 0 statements because they require 
more th.an one quantifier or more than one argument on a predicate. Translate 
those sentences to predicate calculus or conceptual graphs. 
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28. Section 1..3 included a liSt of nouns, verbs, and adj~ctives that typically occur 
in metalanguage about languages, natural or artificial. Find six sentences in 
th.is chapter that contain one or more of those words. Find six more sentences 
containing those words in other sources, such as newspapers, magazines, nov­
els, poetry, advertising, and computer manuals. Are all of those sentences 
me~ statements about an aspect of some language? What other words 
might be. added to the list of terms that signal metal~auage? 

29. Review the discussion of higher-order types in Section 1.4. Then find other 
second-order types that are instances of CharacteriStic. Do any fourth-order 
or higher types occur in natural languages? Feel free to consider two-. or 
three-word terms,· as well as single words . 

.30. Represent the following English phrases as single concepts; then expand the 
concepts to graphs of two concepts linked by the Chrc relation: person Sue-, 
25 centiliters of wine; 5 books, a cup of sugar, philosopher Aristotle; three cats. 
Then tranSlate the expanded graphs to predicate calculus . 

.31. Draw a conceptual graph to represent the sentence Some box has a length of 
5 inches, which is the same as 12.7 centimeters. Then uanslate the graph to 
predicate calculus. 

32. A sentence like Bill earns twice as much as Tom leaves many concepts and 
relations implicit. To represent it as a CG, assume that it means the same as 
the sentence Bill earns a salary whose amount is twice the amount of the salary 
that Tom e4rm. Use a dyadic relation Twice, whose firSt arc is attached to a 
concept whose referent is either a number or a pair, such as <30000, dollar>, 
and whose second arc is attached to another concept whose number part is 
twice as large as the first. Then translate the CG for that sentence to predicate 
calculus. 

3.3. Words like cup can be used either to describe a particular physical object or 
to specify a unit of measure. As a measure, the following CG represents the 
sentence Sue drank a cup of coffee. 

{Past)-+( (Person: SueJf-(Agnt)f-[DrinkJ-
(Ptnt)~[Coffee: @ l cup]]. 

In this graph, the monadic relation Past marks the past tense, the dyadic 
relations Agnt and Pmt mark the agent and patient of drinking, and @ 1 cup 
represents the measure of coffee, not its container. As a physical object, the next 
CG represents Sue drank the coffee in the cup: · 

(Past)~( [Person: SueJf-(Agnt)f-[Drink]-
(Ptnt)~[Coffee: #]-+(In)'"'.tcup: #)]. 
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The symbol # in the referent field of a concept represent:S the definite article 
the. Modify these graphs to represent the next three sentences: 

a. Sue drank half a cup of coffee. 
b. Sue drank half as much Coffee as there was in. the cup. 
c. Sue drank half of the coffee in the cup. 

Assume that the measure half cw be represented by the fraction 1/2 and that 
computational half c:MJ. be represented by a dyadic relation Half~ 

NOTE: the past tense and the definite article the are context.-dependent features 
that cannot be translated directly to predicate calculus. They are discussed 
further in Chapters 4 and 5. 

34. The linguist Barbara Partee observed. that the following sentence seems to 
imply that ninety is rising: The temperature is ninety. and it is rising. Represent 
that sentence as a conceptual graph using measure contraction; then draw the 
expanded graph. As in Exercise 1..33, use the symbol# in the referent field 
of a concept to represent the article the. Does the expanded graph imply that 
the amount 90° is rising? Why or why not? 

35. The following sentence is an example ofEnglish used as a metalanguage to talk 
about logic: Two distinct individual markers denote distinct entities. Tran.slate that 
sentence to typed predicate logic using the types Entity and IndividualMarker 
and the dyadic predicate denote(m,x), where mis of type IndividualMarker and 
xis of type Entity. 

36. The metalevel statement in Exercise 1.36 is a conunon assumption used to 
simplify the representation in databases and knowledge bases. Suppose a data­
base contains information about a thousand distinct entities, each denoted by a 
distinct surrogate or individual marker. Without that metalevel assumption, 
how many first-order statements would be needed to ensure that all the entities 
are distinct? If you happen to know a particular database or knowledge base 
!~cu.age such as SQL, how would you state that assumption in that language? 
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Ontology 
~~ 

Find a scientific man who proposes to get along without any 
metaphysics ... and you have found one whose doctrines are thoroughly 
vitiated by the crude and uncriticized metaphysics with which they are 

packed. we must philosophize, sai.d th~ great naturalist .Aristotle - if only 
to avoid philosophizing. Every man of us has a metaphysics, and has to 

have one; and it will influence his life greatly. Far better, then, that that 
metaphysics shoul.d be criticized and not be allowed to run WOle. -

CHAR1.l!S SANDERS PEIRCE, "Notes on Scim.-tific Philosophy." CP I.129 

2.1 Ontological Categories 

In logic, the existential quantifier 3 is a notation for asserting that something exists. 
But logic itself has no vocabulary for describing the things that exist. Ontology fills 
that gap: it is the study of existence, of all the kinds of entities - abstract and 
concrete - that make up the world. It supplies the predicates of predicate calculus 
and the labels that fill the boxes and circles of conceptual graphs. The two sources of 
ontological categories are observation and reasoning. Observation provides know­
ledge of the physical world, and reasoning makes sense of observation by generating 
a framework of abstractions called metaphysics. 

A choice of ontological categorie.s is the first step in designing a· database, a 
knowledge base, or an object-oriented system. In database theory the categories are 
usually called domains, in AI they are called types, in object-oriented systems they 
are called classes, and in logic they are called t:ypes or sorts. "Whatever they are called, 
the selection of categories determines everYthing that can be represented in a 
computer application or an entire family of applications. Any incompleteness, 
distortions, or restricd.ons in the framework of categories must inevitably limit the 
generality of every program and database that uses those categories. 

QmNE's CRITERION. The philosopher Willard Van Orman Quine observed 
that the fundamental question of ontology can be expressed in three words: "What 
is there?" It can be answered in just one_ word: "Everything." Yet that answer, as 

-5I 
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comprehensive as it is, lacks detail. As a test for determining what kinds of things 
constitute that all-inclusive "everything," Quine proposed his most famous slogan: 
"To be is to be the value of a quantified variable." That slogan is a criterion for 
dimnguishing the ontological categories that are implicit in a knowledge repre­
sentation: 

So I have insisted down the years that to be is to be the value of a variable. 
More precisely; what one takes there to be are what one admits as values of one's 
bound variables. The point has been recognized as obvious and trivial, but it 
has also been deemed unacceptable, even by readers who share my general 
philosophical outlook Let me sort out some of the considerations. 

The artificial notation '3x' of existential quantification is explained merely 
as a symbolic rendering of the words 'there is something x such that'. So, 
whatever more one may care to say about being or existence, what there are 
taken to be are assuredly just what are taken to qualify as values of 'x' in 
quantifications. The point is thus trivial and obvious. 

It has been objected that what there is is a question of fact and not of 
language. True enough. Saying or implying what there is, however, is a matter 
of language; and this is the place of the bound variables. (Quine 1992) 

As Quine's critics have noted, his criterion says nothing about what actually exists; 
it can only uncover the implicit assumptions in a statement that has already been 
made. Those who object to it would prefer some guidelines for the kinds of 
statements that should be made. For the purpose of this chapter, Quine's criterion 
can be used as a test to determine the ontological co~mitments in a particular 
reprcsentation. But further analysis is necessary to give the knowledge engineer 
some guidelines about what to say and how to say it. 

MICROWORLDS. Philosophe~ usually build their ontologies from the top 
down. They start with grand conceptions about everything in heaven and earth. 
Programmers, however, tend to work from the bottom up. For their database and 
Al. systems, they start with limited ontologies or micr()UJorlds, which have a small 
number of concep~ that are tailored for a single application. The bl.ocks world, with 
its ontology of blocks and pyramids, has been popular for prototypes in robotics, 
planning, machine vision, and machine learning. David Warren and Fernando 
Pereira (1982) designed a somewhat larger, but still highly simplified microworld 
of geographical concepts for the Char-80 question-answering system. The hierarchy 
in Figure 2.1 shows the Chat-80 categories, which were used for several related 
purposes: for reasoning, they support inheritance of properties from supertypes to 
subtypes; for queries, they map to the fields and domains in the database; and for 
language analysis, they determine the constraints on permissible combinations of 
nouns, verbs, and adjectives. Yet Figure 2.1 is specialized for a single application: 
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FIGURE ::z..x Geographical categories in the Chat-80 system 

rivers and roads are considered subtypes of lines; bridges, towns, and aim.rips are 
treated as single poihrs. 

For Chat-80, the restrictions illustrated in Figure 2.1 simplified both the 
analyzer that intexpreted English questions 'and the inference engine that computed 
the answers. But the simplifying assumptions that were convenient for Cbat-80 
would obscure or eliminate details that might be essential for other applications. 
Reducing entire towns to single points, for example, would make the database 
unusable for land-use planning. For an airstrip, a pilot would need to know the 
lelli:,o-th and orientation before landing a plane. For steering a ship, the captain must 
think of a river in three dimensions, since it'S depth at various distances from the 
bank is critical. Different applications may classify the same objecr.s in very different 
ways, and an ontology that is ideally optimiud for one appli~ti.on may make 
knowledge sharing and reuse difficult or impossible. 

The Cbat-80 ontology represents a typical microworld designed for a single 
application. Such specialized domains have often been used in successful programs, 
both in research prototypes and in commercial database systems. The principal 
adyantage of a limited domain is ease of a:naiysis, design, and implementation. Its 
weakness, however, is the difficulty of sharing and reusing data and programs in 
other applications. An ontology of pares for an invcntocy program, for example, 
might omit all the detail that is needed for designing and using the parts. Recent 
emphasis on enterprise integration (Petrie 1992) requires shared ontologies that can 
support applications across all areas of a business, includiµg engineering, manufac­
ruring, accounting, and sales. Limited ontologies will always be useful for single 
applications in highly specialized domains. But to 'share knowledge with 9ther 
applications, an ontology must be embedded within a more general framework. 
Philosophy provides that framework: its guidelines and top--levd categories form 
the superstructure that can relate the details of the lower-level projeas. 
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FIGURE 2.2 Top-l~d categories in an early version ci the Cyc ontology 

CYc CA'.I'EGOlUES. To overcome the limitations of small domains, Doug 
Lenat and his colleagues have been developing the Cyc fystem, whose ultimate goal 
is to accommodate all ofhuman knowledge. Its very name is taken from the stressed 
syllable of the word encyclopedia.. Figure 2.2 shows two dozen of the most general 
categories at the top of the Cyc hierarchy. Beneath the top levels are all the concept 
types used in the rules and facts of the Cyc knowledge base. 

Figure 2.2 is a snapshot of an early stage in the evolution of the Cyc knowledge 
base {Lenat & Guha 1990). Since then, the knowledge engineers have extended the 
Cyc hierarchy to over 100,000 concept types with about a million faets and axioms. 
Although Figure 2.2 is no longer a definitive statement of the current stage of Cyc, 
it illustrates the kind of logical, philosophical, and computational questions that 
are discussed throughout this book: 

• The most general category called Thing has no properties of its own, and 
whether it is called Thing, Entity, or T is a matter of taste. The first significant 
question concerns the differentiae that distinguish the next three categories 
under Thing: IndividualObject, Intangible, and RepresentedThing. By what 
criteria could any given concept be placed under one of those three branches? 
How would a knowl~e engineer use those criteria in system design? 

• In discussing their categories, Lenat and Guha explained that Represented­
Thing is the complement of IntemalMachineThing; i.e., it includes Indivi­
dualObject and all intangibles other than the things internal to the machine 
that Cyc is running on. In later revisions, Guha (1991) added contexts and 
metalevels, whic:h have enabled Cyc to reflect on its own representations. As a 
result, the category RepresentedThinghas become coextensive with Thing. The 
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issues concerning contexts and met:alevels are discussed further in Chapter 5 of 
this book. 

• In treating collections as .intangible, the authors explained "We can't conceive of 
a collection having~. so every TangibleObject must also be an Individual­
Object." As an example, they distinguish TheSetOfl'ansOfFredsCar, which is 
"intangible, imperceivable," from The5tructuredlndividualThatlsFredsCar, 
which is tangible and perceptible. Yet one can see a flock ofbirds flying across the 
sky. Why should a flock be perceptible, but a set imperceptible? This example 
raises questions about different kinds of collections, which are discussed further 
in Section 2.6. 

• As . an example of the categoxy CompositeTangible&IntangibleObject, the 
authors mention the person GeorgeBush as a composite of a tangible object 
GeorgeBushsBody and an intangible object GeorgeBushsMind. Another exam­
ple is a videotape, whose tangible part is a strip of coated plastic and whose 
intangible part is the information it contains. These issues, which were debated 
by Plato and Aristotle, are central to the encoding of abstract information in 
physical entities. 
Process is under IndividualObject, and TangibleObject is under Process. In 
Cyc, the objects Fred and GeorgeBush are classified as processes with a starting 
point at birth and a stopping point at death. But are Process and Object 
coextensive? If not, what differentiates them? Thes'e issues concern the repre­
sentation of processes, events, change, causality, and evexy kind of time depend­
ency. 

Questions like these have been asked about every ontology that has been proposed 
by anyone from Aristotle to the present. More questions can be asked about Cyc 
than abciut most other systems because the Cyc project is ro 41Ilbitiqus that the 
developers have been forced to address evexy issue of knowledge representation. To 
fucil.itate collaboration with other research a:nd development groups, they keep the 
CUil'ent version of their top several thousand categories on the World Wide Web 
(http:/ /www.cyc.com). 

2.2 Philosophical Background 

The Cyc distinction between tangible objects and intangible information structures 
is one of the oldest in the history of philosophy. In the sixth century B.C., the Greek 
philosopher Heraclitus maintained that all things flow (panta '.hez), as in hls famous 
saying, "One cannot step twice into the same river." But Heraclitus also emphasized 
the intaiigible logos- translated variously as word, speech, or reason:. "all things 
(panta) come inro being acc.ord.ing to this logos." The Greek concept of logos, which 
can also be translated account, reckoning. or even compu-ta#on, is broad enough to 
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encompass all the abstractions of mathemat;ics and metaphysics. A few centuries 
after Heraclitus, St. John the. Evangelist wrote "'In tl;i.e beginning was the logos, and 
the logos was with God, and God was the logos. It was in the beginning with God. 
All things (pant11.) came into beingtliroughit, and without it nothing that has come 
to be came into being" (1,1-3). St. John and Heraclitus used the same words logos, 
panta, and gignomai (come to be). What they meant by those words, however, has. 
been a matter of debate for centuries. 

The fragments of HeraclitU.s are as cryptic as those of his contemporaries in 
India ~d China: Gautama Buddha, Confucius, and Lao-Tzu. In fact, some of the 
Statements ofLao-Tzu about the Tao (usually translated as thew~ bear a striking 
resemblance to what Heraclitus and St. John said about the logos. Following is the 
beginning of Chapter 42 of tl:ie Book of the Tao: 

The Tao gave birth to the One; 
The One gave birth to the Two; 
The Two gave birth to the Three; 
And the Three gave birth to the ten thousand things. 

Those earlY- insights, as puzzling as they may be, have had a major infl{rence on the 
history of philosophy in both east and west. A century later, Plato adopted Heracli­
tus's distinction between the ever--changing flow of all things and the intangible 
logos that detennines that flow. In analyzing the concepts underlying the logos, Plato 
proposed the intangible, unchanging mathematical forms or ideas as the true reality, 
which is reflected in the changeable, illusory flow of physical things. 

AluSTon.E's CA:r.EGORIES. Aristotle accepted Plato's distinction, but reversed 
the emphasis: he considered the physical world to be the ultimate reality and treated 
the forms as abstractions derived from s~ory experience. In the Categories, the first 
'!'treatise in his collected works, he presented ten basic categories for classifying any­
thing that i:na.y be said or predicated about anything: Substance (ousia), Quality 
(poion), Quantity (poson), Relation (pros tz), Activity (poiein), Passivity (paschein), 
~Having (echein), Situatedness (keisthat), Spatialit:Y, ~(pou),_ai:d Temporality (pote). The 
/jTree of Porphyry (Figure 1.1), which was the first attempt to organize Aristotle's 
ilcategories in a hierarchy,· shows only the subtypes under Subsrance. The Viennese 
I philosopher Franz Brentano (1862) organized all ten categories as the leaves of a 
single tree (Figure 2.3) whose branches are labeled with other terms taken from 
Aristotle's works: Being (to on), Accident (symbebekos), Property (pathos), Inherence 
(enyparchonta), Directedness (pros tode), Containment (ta en tinz), Movement 
(kinisis), andlntennediacy (metaxy on). 

For the category labels in Figure 2.3, most of the Greek terms have several 
possible tran~tions. In choosing labels, Aristotle took advantage of a feature of 
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PIGURE 2.3 Brentano's tree of Aristotle's categories 

Greek, which allows any word or phrase to be used as a noun when the definite 
article the (to) is placed in front. Since most other languages lack that flexibility, 
some of the translations are barbarisms like situatedness or words like containment, 
which could more literally be expressed as the in-something-ness. The English terms 
in Figure 2.3 are a compromise among a literal expression of Aristotle's Greek, the 
traditional Latin-based translations, and the current terminology in logic, philoso­
phy, and linguistics. The choice of Iabds, however, is less important than the 
distinctions that Aristotle discovered and that Brentano organized more systemati­
cally than most other commentators. Those underlying discinccions are fundamen­
tal to all versions of knowledge representation. 

KAN-r's CATEGORIES. In the Critique of Pure Reason, Immanuel Kant (1787) 
presented the first major challenge to Aristotle's system of categories. In devising 
his categories, Kant started with the logically possible ways of combining relation-
ships in a proposition or judgment. · 

. . 
There arise exactly the same number of pure concepts of the understanding 
which apply a priori to objectS of intuition in general, as there are logical 
functions in all possible judgments, because those functions completely specify 
the underst:mding and determine all its faculties. Following Aristotle, we shall 
call these concepts categories, for our primary purpose is ~ ,same as his, 
notwithstanding the great difference in manner of execution. (A:.79, B: 105) 
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Kaut organized his table of categories, like his table of judgments, in four groups 
of.three: 

Q.UANTITY Q.UALITY RELAnON MODALin: 

Unity Reality Inh.erence Possibility 
Plurality Negation Causality Existence 
Totality Limitation Community Necessity 

Kant considered th.is table a principled framework for organizing the categories, not 
a rejection of all the work that had been done within Aristotle's framework: 

If one has the original and primitive concepts, it is easy to add the derivative 
and subsidiary, and thus give a complete picture of the family tree of the pure 
understanding. Since at present, I am concerned not with the completeness of 
the system, but only with the principles to be followed, I leave this supplemen­
tary work for another occasion. It can easily be carried out with the aid of the 
ontological manuals, for instance, by placing under the category of causality 
the predicables of force, activity, passivity; under the category of community 
the predicables of presence, resistance; among the categories of modality the 
predicables of origin, extinction, change, etc. (A.:82, B:l08) 

In continuing this discussion, Kant seriously widerestimated the amowit of effort 
required to complete his tree of concepts: "From the little I have said, it will be 
obvious that a dictionary of pure concepts with all the requisite explanations, is not 
pnly possible, but easy to complete" (A:83, B:l09). Whenever a philosopher or 
{mathematician uses words like "'easy" and "obvious," that is a sure sign of difficulty. 
Kant used those words several times in the course of a page or two; after two 
hundred years, his easy task is still unfinished. 

TRIADS. The symmetry of Kaurs table with four groups of three categories 
could have been the result of chance, of his esthetic preference, or of some deeper 
principle. Kant believed that the triadic pattern resulted from something more 
fundamental than chance or wte: 

In every group, the number of categories is always the same, nam.dy, three. That 
is remarkable because elsewhere all a priori division of concepts must be by 
dichotomy. Furthe~more, the third category always arises from a combination 
(Verbindung) of the second category with the first. Thus totality is pl~ty 
considered as unity; limitation is reality combined with negation; community 
is the causality of substances reciprocally determining one another; finally, 
necessity is the existence that is given by possibility itsel£ It muse not be 
supposed, however, that the third category is merely a derivative, and not·a 
primary concept of the pure understanding. For the combination of the first 
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and second categories in order to produce the third requires a special act of the 
widerstanding, which is not identical with those which produce the first and 
second. (B:llO) 

Th.is brief comment raises more questions than it answers. For each of the four 
triads, Kant suggested a different "act of the understanding" for combining the first 
and second categories to produce the third. If the act is different in every case, then 
the symmetry of the categorial system is flawed. But if there is some deeper 
principle common to all four triads, then that principle is more fundamental than 
the categories themselves. 

The German philosophers who followed Kant searched for a deeper explana­
tion of the triadic patterns. Some of thern applied the word thesis to the first 
category; antithesis to the second, and synthesis to the third. Those Greek words 
sound impressive, but the word synthesis is no more explicit than Kant's word 
Verbindung, which has several meanings ranging from connection to combination. 
In chemistry, both words synthesis and Verbi:ndung are used to describe how two 
substances combine in a chemical reaction. Different molecules combine in differ­
ent ways, but in each case, the theories of chemistry prediet the method of 
combination from the internal .struaure of the molecules themselves. A complete 
theory of categories should likewise show how the internal structure of the concepts 
determines their method of combination. 

The mOSt ambitious development of the triadic approach was by Georg Wil­
helm Friedrich Hegd ( 1831), who wrote a mammoth tome divided and subdivided 
in patterns of three. In explaining his method of deriving the third from the first 
and second, Hegel used the verb aufoeben, which liter.illy means to raise up, but 
with the further implication that the third supersedes the first two: 

Aufoeben has a twofold meaning in the language: on the· one hand it means co 
preserve, to maintain, and equally it also means tO cause to cease, to put an end 
to. Even preserve includes a negative element, namely, that something is re­
moved from its immediacy and so from an .existence which is open to external 
tendencies, in order to preserve it. Thus w'hat is aufgehoben is at the same time 
preserved; it has only lost its immediacy, but is not on that account annihilated. 

In continuing this discussion, Hegel took d~light in finding ambiguous words, 
which "have in themselves a speculative meaning." Throughout his book, he 
emphasized. the contradictions he found among his categories and considered them 
the basis fqr generating new categories to replace or "aufheben" the old ones. 

Uofortunately, Hegel chose to call his book TheSdenceofLogic. Thattitleinvited 
scathing criticism from logicians, who seized upon, the contradictions to point o:ut 
how fur from logic it had strayed. At the end of a 16-page discussion of Hegel, 
Bertrand R;ussell (1945) concluded "the worse. your logic, the more interesting the 
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consequences to which it gives rise." Despite itS flaws, what makes Hegel's book 
interesting is irs wealth of categories based on triads. As a generative principle, 
however, his verb aujhebenis even more problematic than combine or synthesize. 

PEmCE's CATEGORIES. Like most logicians, Peirce found Hegel's logic repug­
nant, but he was just as intrigued by the patterns of triads in the categories of Kant 
and Hegel In his lectures of 1898, he said that in his youth he had been "a 
passionate devotee of Kant": 

I believed more implicitly in the tw0 tables of the Functions of Judgment and 
the Categories than if they had been brought down from Sinai .... But Kane, 
as you may remember, calls attention to sundry relations between one category 
and another. I detected some additional relatiox;s between those categories, all 
but-forming a regular system, yet not quite so. Those relations seemed to point 
to some larger list of conceptions in which they might form a regular system 
of relationship. After puzzling over these matters very diligently for about two 
yeaIS, I rose at length from the problem certain that there was something wrong 
with Kant's formal logic. 

Afr.er extensive analysis, Peirce had concluded that some, but not all of Kant's triads 
reflected three more basic categories, which he called Firstness, Secondness, and 
Thirdness: 

First is the conception of being or existing independent of anything else. 
Second is the conception of being relative to, the conception of reaction with, 
something else. Third is the conception of mediation, whereby a first and a 
second are brought into relation. (1891) · 

In distinguishing his triads from Hegel's, Peirce emphasized the equal starus of all 
three categories and rejected the idea that "Fll'Stness and Secondness must somehow 
be aufgehoben" (CP 5.91). 

In Kant's system, the clearest illustration of Peirce's principle is the triad under 
the heading Relation, which corresponds to the three categories under Property in 
Brentano's tree of Figure 2.3: 

1. Inherence characterizes entities by their intrinsic qualities, independent of 
anything else. In Brenrano's tree, it includes qualities such as shape and color 
and quantities such as size, length, and mass. 

2. Causality is represented by dyadic relations between cause and effect. Bren~ 
tano's category of Directedness is more general th.an causality, since it also 
includes dependencies that are not usually considered causal. · 

3. Community ( Gemeinscha.fe, according to Kant, is the "reciprocity between 
agent and patient" (Wechselwirktmg zwischen dem Handelnden und Lei.detzdm). 
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In Peirce's tenns, it is the mediation "whereby a first and a second are brought 
into rdacion." Under Containment or in-something-:ness, Brentano put Spatial­
ity and Tcmporality, which are the two kin s of "something" in which a 
community is contained. 

As Kant observed, most concepts are subdivided by dichotomy. It is therefore 
significant that Brentano's only triad corresponds to the Kantian triad that most 
clearly illustrates Peirce's principle. 

Peirce's principl,e is a metalevel distinction for generating new categories byl 
viewing entities from different perspectives. A category of Firstness is determined[ 
by qualities inherent in something, Secondness by a relation or reaction directecf 
toward something else, and Thirdness by some mediation that brings multiple 
entities into relationship. Formally, the three kinds of categories are characterized 
by the minimum number of entities that must be involved in their definition. The 
first can be defined by a monadic predicate P(x), which describes an entity x by its 
inherent qualities, independent of anything external to x. The second requires a 
dyadic relation R(x,y), which describes some reaction between an entity x and an 
independent entity y. The third requires an irreducible triadic relation M(x,y,z), 
which describes how an entity x mediates two entities y and z. Peirce maintained 
that it is not necessary to go beyond three, because Fourchness, Fifthness, and 
higher-order relations can be defined in terms of triads. 

As an example, the type Animal can be defined by qualities inherent in the 
individual. The type Pet, however, is defined in relation to some human being. 
What makes an animal into a pet is a mediating relationship that resembles a 
contract: As the fox said to Saint-Exupery's Little Prince, "Yoµ become responsible, 
forever, for what you have tamed." The responsibility on the human's part and the 
trust on the animal's part constitute the mediating contract that binds them 
together. Aspects of the three categories appear in the vocabulary of every domain: 

1. An individual can be recognized as a: human being or as a subtype, such as man 
or woman, by sensory impressions (Fxrsrness), independent of any external 
relationships. The type label Woman characterizes an individual by properties 
that can be recognized without regard to any relationships to other entities. 

2. The same individual could be classified relative to many other thlligs, as in the 
concept types Mother, Attorney, Wife, Pilot, Employee, or Pedestrian. A clas­
sification by anY._ of those types depends on an extcmal relationship (Second­
ness) tci some other entity, such as a child, client, husband, airplane, employer, 
or traffic. 

3. Thirdness focuses on the mediation that bringsrhe first and second into relation. 
Motherhood, which comprises the act of giving birth and the subsequent period 
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of nunuring, relates the mother and the child. The legal system gives rise to the 
roles of attorney and client. Marriage relates the wife and the husband. Aviation 
relates the pilot to the airplane. The business enterprise relates the employee to 
the employer. And the activity of walking on a street that is dominated· by 
vehicles relates the .pedestrian to the ongoing traffic. 

Peirce's principle is used throughout this book to generate triads of categories: in 
Section 2.4, it is used to classify three ways that adjectives can modify nouns; 
in Section 2.7, to distinguish three kinds of granulari'ty in describing or measuring 
objects; in Section 5.4, to clasWy contexts as acrual, modal, or intentional; and 
in Section 6.6, to classify signs in nine categories generated by the product of two 
triads. 

HusSERL's CATEGORIES. Like Peirce, Franz Brentano had made a deep study 
of Aristotelian and Scholastic philosophy. He broadened the Scholastic notion of 
intentionality to a concept that was close to Peirce's mental mediation or Thirdness. 
Under Brentano's influence, Edmund Husserl, a mathematician who rumed to 
philosophy, brought intentionality to the forefi-ont of ontology: 

• Husserl's Logical Investigations (1900) ~ould more properly be called Ontological 
Investigatbms. He criticized Schroder's treatment of logic as a mere calculus 
without any content: Instead, Husserl developed a "logic of ideal content" in 
the s.ix pares of his investigations: meaning and expression; genus and species; 
partS and wholes; the role of grammar in combining meanings; intentional 
experiences and their contents; and knowledge in terms of meaning intention 
and meaning fulfillment. The topics of these studies are central to knowledge 
representation in AI and natural language semantics. 

• In Ideas (1913), Husserl developed phenomenology as a branch of philosophy 
that emphasizes intentionality as the mechanism that directs attention to the 
object of perception. Although he never used the terms, Husserl came tanta­

lizingly close to Peirce's distinction of Fl.I'SOless, Secondness, and-Thirdness. For 
Firsmess, he adopted the Greek word noema (thought, concept, or percept), 
which is the abstract content or meaning (Sinn) of a perception. Through an 
analysis and description of the noemata, Husserl said "we acquire a definite 
system of predicates ... and these predicates in their modified _conceptual sense 
determine the content of the object-nucleus of the noima in question" (Section 
130). His term for Secondness .iS noesis, which is the process of recognizing an 
object according to some noema. His Titlrdness is intentionality, which is the 
mental mediation that directS the noema to its object in the process of noesis. 
Formally, the recognition of an object x by a nolma N is the application of a 
predicate P(x), which implies N(x). 
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Husserl also distinguished independent or self-sufficient (selbstandit) entities from 
dependent entities whose existence depends on some other entity . .As an example, a 
rose is independent because it continues to exist when detached. from the rosebush. 
The rose petals are also independent since they continue to exist when detached 
from the flower. But the roses shape, color, size, and weight are dependent entities 
that cannot exist apart from the flower. This distinction is related to Peirce's triad: 
Firstness is independent, Secondness depends on one other entity, and Thirdness 
depends on a multiplicity of entities, among which it serves as a mediator. The last 
clause is crucial: the mediator creates new relationships among the entities it 
depends on. \ 

WmnBEAD's CATEGORIES. After collaborating with Bernand Russell on 
logic, Alfred North Whitehead developed an ontology that combined the insights 
of some of the greatest philosophers, both ancient and modem. In the book Process 
and Reality, he agreed with Heraclitus that "the flux of things is one ultimate 
generalization around which we must weave our philosophical system." But he 
considered the other ultimate generalization to be the "permanences amid the 
inescapable flux," which Plato cried to capture in his eternal, unchanging Platonic 
forms: 

Plato found his permanences in a static, spiritual heaven, and his flux in the 
entanglements of his forms amid the fluent imperfections of the physical 
world .... Aristotle corrected his Platonism into a somewhat different balance. 
He was the apostle of "substance and attribute," and of the classificatory logic 
which this notion suggests. But on the other side, he makes a masterly analysis 
of "generation." Aristotle in his own person expressed a useful protest against 
the Platonic tendency to separate a static spiritual world from a fluent world 
of superficial experience. (p. 209) 

Although Whitehead never mentioned Peirce, his eight "categories of exist­
ence" constitute two Peircean triads, supplemented with two extra categories for 
generating combinations. To classify "the ultimate faces of immediate actual expe­
rience," Whitehead defined categories for actual entities, prehensions, and nexits, 
which make up a triad of physical Firstness, Secondness, and Th.irdness: 

1. For Firstness, Whitehead used the term actu4l entities for objects and processes 
that can exist independent of anycltlng else. They "are the final real things of 
which the world is made up. There is no going.behind actual entities to find 
anything more real. They differ among themselves: God is an acru3.l entity, and 
so is the most trivial puff of existence in far-off. empty space." (p. 18) 

2. For Secondness, he used the term prehension for "concrete fa.ct of relatedness." 
He explained "that every prehension consists of three factors: (a) the subject 
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which is prehending, namdy, the actual entity in which that prehension is a 
concrete dement; (b). the datum which is prehended; (c) the subjective form 
which is how that subject prehends that datum." (p. 23) 

3. For Thirdness, Whitehead adopted the Latin word nexus (plural nexits), which 
represents an instance of connecting or binding together two or more actual 
entities: ·~ entities involve each other by reason of their prehensions of 
each other. There are thus real individual facts of the togethemess of actual 
entities, which are real, individual. and particular, in the same sense in which 
actual entities and the prehensions are real, individual and particular. Any such 
particular fact of togetherness among actual entities is called a nexus." (p. 20) 

AD. actual entity cari exist by itsd£ A prehension is a directed relation or reaction 
between twO entities. A nexus is a bundle of two or more prehensions; it mUSt 
therefore include at: least three entities. In Kant's terms, a nexus is the Verbindung 
that binds a prehending entity and a prehended entity in a community. In Bren­
tano's aruilysis of Aristotle's categories, a nexus corresponds to Containment or 
In-something-ness. The words of Kant, Brentano, Peirce, and Whitehead express 
different, but related aspects of Tiiirdness: community, reciprocity, containment, 
togethernesS, and mediation. 

~des the three physical categories, Whitehead maintained "All else is, for our 
experience, derivative.abstraction." He classified the abstractions in the categories 
of eternal objects, proposi#ons, and subjective forms, which constitute a triad of 
abstract Fll'stness, Secondness, and Thirdness: 

1. Whitehead's eternal objects correspond to Plato's forms, but with Aristotle's 
"correction" that the forms are derivative abstraetions rather than the ultimate 
reality. He maintained that an eternal object is a "pure potential" that can only 
be described by it:S manner of "ingression" or instantiation in acrual entities. A 
circle, for example, is an abstraction that can be realized or instantiated in a 
particular physical object, such as a dinner plate. Whitehead would say that the 
potentiality of the circle is realized in the dinner plate, thereby contributing a 
definite form to the baked clay that becomes the plate. 

2. For Proposition, both Whitehead and Peirce were strongly influenced by Plato: 
"The logos comes to us by the interweaving (sym plokt) of the forms with one 
another" (Sophist 259E5). For a simple proposition like cat(Yojo), the form 
named Cat is predicated of a single entity named Yojo. For a more complex 
proposition like Yojo is chasing a mouse, the synrax of a Conceptual graph 
"interweaves" the fonns named Cat, Chase, and Mouse with the relations 
Agent and Theme: 

[Cat: Yojo]f-(Agnt)f-[Chase]~(Th.tne)~[MouseJ. 
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The concepts and relations are the warp and woof of the proposition. In the · 
English sentence or the formula in predicate calculus, the weaving is still 
visible, but the pattern is blurred: 

(3x:Cat)(3y:Chase)(3z:Mouse)(x=Yojo /\ agnt(y,x) /\ thme(y,z)). 

To form the proposition, Whitehead said "The actual entitles involved are 
termed the logical subject, and the complex eternal object is the predicate.'' In 
this example, the complex pattern is predicated of three entities: Yojo, a mouse, 
and an act of chasing. 

3. As abstract Thirdness, Whitehead's subjective forms correspond to the meruating 
intentions of Peirce and Husserl He maintained "that there are many species 
of subjective forms, such as emotions, valuations, purposes, ad.versions, aver­
sions, consciousness, etc." As a synonym for subjective form, he also used the 
term private matter of fact. 

Whitehead's other cwo categories are principles for generating new categories: his 
Category 7 of multiplicities is made up of "pure disjunctions of diverse entities"; 
and Category 8 of contrarts is a source of distinctions that detennine how entitles 
are related in a prehension. Whitehead said "The eighth category includes an 
indefinite progression of categories, as we proceed from con'trasts to con'trttsts of 
contrasts and on indefinitely to higher grades of conttaSts." 

HEIDEGGER'S CATEGORIES. Husserl's most famous student, Martin Heideg­
ger, shifted the emphasis of phenomenology toward culture and the way it imparts 
meaning to human practices and artifacts. In h;s major book Sein und Zeit (Being 
and Time), Heidegger distinguished tw0 basic categories: the Vorhandene (present­
at-hand) and the Zuhandene {ready-to-hand). Heidegger's Vorhandene entities are 
independent of human intentions; their characteristics (Firstness) have not been 
shaped or modified by human needs or desires. The Zuhandene entities, which are 
artifacts desigp.ed for some human purpose,. are embodiments of Secondness. The 
culture in which the Zuhandme things are used is the Thirdness that explains their 
Secondness. Like Peirce and Husserl, Heidegger considered the mediating effect of 
Thirdness to be the primary source of meaning. The Zuhandene (Secondness) 
derive meaning from the culture (Thirdness). The Vorharldene (Firsmess) do not 
owe their existence to humans, but hwnan intentionality may project meaning or 
interpretation upon them. Examples include the emotions expressed in songs and 
poems about the moon, the scars, the oceans, and the mountains. 

Although Heidegger did not explicitly identify Firsmess, Secondness, and 
Thirdness as generative categories, his writings are filled with examples of triads that 
correspond to Peirce's distinctions. In criticizing the Aristotelian and Scholastic 
distinction between essentia (Firstness) and exist:entia (Secondness), Heidegger 
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(1975) identified a third mode of being human, Dasein, which "knows about irse!f 
and knows that it differs from other beings." In addition to the four explicit triads 
in Kant's categories, Heidegger discovered other examples in Kant's writings: 

Kant enwnerates three elements of man's determination: animateness, human­
ity, and personality. The first determination, animateness, distinguishes man as 
a living being in general [Firsmess]; the second determination, humanity, as a 
living and at the same time a rational being [Secondness]; the third determina­
tion, personality, as a rational being and at the same time a responsible, 
accountable being [Third.ness]. (1975, p. 1.31) 

Heidegger developed his philosophy without any awareness of Peirce's categories, 
but in the last few months of his life, he ~oan intently reading a translation 
of Peirce's works into German (Gray 1977). In his introduction to that uans­
lation, the German philosopher Karl-Otto Apel (1975) showed how Peirce's phi­
losophy, although strongly grounded in logic, avoided the split that later 
developed between the logic-based analytic philosophy and the Continental phi­
losophy of phenomenology and existentialism. European philosophers such as 
Umberto Eco (1979, 1990) have been using Peirce's work as a basis for reconciling 
the two traditions. 

CATEGORIES OF EMonoNs. To make computers more responsive to human 
needs and attitudes, AI researchers have been developing techniques for recogni7.ing 
and mimicking human emotions. Systems ranging from Roger Schank's MARGIE 
(1975) to Lenat and Guha's Cyc (1990), have included emotions in their basic 
ontologies. In classifying emotions, the psychiatrist Silvano Arieti (1978) developed 
a three-way partitioning that has strong similarities to Peirce's categories: 

1. First-order or protoemotions are triggered by the immediate experience of exter­
nal stimuli or inner bodily statuS. They include tension, appetite, feai; rage, and 
satisfaction. 

2. Second-order emotions depend on cognitive processes that evoke images asso­
ciated with first-order emotions: an.-<lecy, anger, wishing, and security. Whereas 
fear is a response to immediate danger, anxiety is a reaction to remembered, 
imagined, or expected danger. As a second-order emotion, anxiety may occur 
at a time and place far removed from the source of the original fear. 

3. Third-order emotions involve complex conceptual processes that depend heav­
ily on past experiences and future expectations: love, hate, joy, and sadness. 
Although they are ultimately derived from- first-order experiences, die third­
order emotions are so heavily transformed by conceptual processing that the 
connections may require years of psychoanalysis to trace. 
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As immediate experiences, the protoemotions are examples of Firsmess. As reac­
tions to a cognitive state, the second-order emotions are examples of Secondness. 
The third-order emotions are the mediating Thirdness; they are richly intercon­
nected systems ofi.niages and feelings that motivate language, thought, and action. 
Love, for example, depends on feelings that are inextricably intertWined with 
memories, hopes, wishes, and fantasies. Psychiatrists have long been working to 
unravel the complex interdependencies of emotions, but Arieti cautions, "To dis­
cuss adequately what we know about them, which is little in comparison to what 
remains to be known, would fill many books." 

2.3 Top-Level Categories 
Aspects of Peirce's three-way distinction or trichotomy were &scovered by philoso­
phers ranging from Aristotle and the Scholastics to Kant, Hegel, and Whitehead. 
Even older is the dichotomy between what Heracliros called physis (nature) and logos 
(word, reason, or speech). In Lull's tree of nature and logic (on the cover of this book), 
the trunk and branches represent nature, and the leaves represent logic. More re­
cently, Quine (1981) illustrated the distinction with the following anecdote: 

Send a man into another room and have him come back and report on its 
contents. He comes back and agitates the air for a while, and in consequence 
of this agitation we learn about objects in the other room which are very unlike 
any agitation of the air. Selected traits of objects in that room are coded in traits 
of this agitation of the air. The manner of the coding, called language, is 
complicated and far-fetched, but it works; and dearly it is.purely structural, at 
least in the privative sense of depending on no qualitative resemblances be­
tween the objects and the agitation. Also the man's internal state, neural or 
whatever, in which his knowledge of the objects in that room consists, presum­
ably bears none but struccural relations to those objects; structural in the 
priVa.tlve sense of there being no qualitative resemblances between the objects 
and the man's internal state, but only some sOrt of ·coding, and, of course, 
causation. And the same applies to our own knowledge of the objects, as gained 
from the man's testimony. (p. 176) 

As Quine's example illustrates, stiucrural information is embodied in physical 
matter, but its essence can be transmitted without the matter. Vibrating air, elec­
tromagnetic waves, or pulsating neurons may use matter and energy to convey 
information, but the information itself is independent of the matter or the energ}r. 

Information is measured in binary digits or bits, which are abstractions from 
the matter used to encode them. The number of bits depends only on the complex­
ity of the information scrucrure, not on its meaning. In developing information 
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the0ry as a ~ematic way of counting the bits, Claude Shannon (1948) ignored 
meaning -completely: 

The fundamental problem of communication is that of reproducing at one 
point either exactly or approximately a message selected at another point. 
Frequently the messages have meaning; that is they ref er to or are correlated 
according to some system with certain physical or conceptual entities. These 
semantic aspects of communication are irrelevant to the engineering problem. 

Although irrelevant to information transmission and storage, the semantic aspects 
are fundamental to knowledge representation. The central focus of ontology is the 
classification of the "physical or conceptual entities" that Shannon deliberately 
ignored. 

SYNTHESIS. The tree in Figure 24 is a synthesis of the philosophical insights 
ranging from Heraclitus to Peirce and Whitehead The top symbol T is a neutral 
representation for the universal -type. Since evexything that exists muse be an instance 
of T, a pronounceable synonym for T is Entity, which comes from the Latin- ens 
(being). Beneath T is a two-way split betWeen the category Physical for anything 
consisting of matter or energy and the category Abstract for pure information 
StrUctures~ The third level divides Physical and Abstract in triads according to 
Peirce's distinction ofFirstness, Secondness, and Thirdness. The resulting categories 
have a strong resemblance to Whitehead's first six categories of existence. 

Although the categories in Figure 2.4 have been adopted from Whitehead, they 
are defined in terms of Perrce's distinction: Prehension is Physical Secondness; 
Nexus is Physical Thirdness; and Proposition, which Peirce and Whitehead defined 
equivalently, is Abstract Secondness. The other three are one-word simplifications 
ofWhitehead's terminology: Acruality for Physical Firstness corresponds to acrual 
entity; Form for Abstract Fir5tness· is shorter and more traditional than eternal 
entity; and Intention for Abscract Thirdness is a concept that Peirce and Husrerl 
used in approximately the same sense as Whitehead's subjective form. Th~ philoso­
phers who inspired Figure 24 can no longer comment on how those categories may 
capture or distort their insighcs; the ultimate justification for this or any other 
system of categories must be its applicability to language and reasoning about the 
world 

CONTRASTS, DISTINCIIONS, AND CA:rEGoRIES. All perception begins with 
contrasts: light-dark, up-dom, hard-soft, loud-quiet, sweet-sour. Such contrascs, 
which Whitehead classified in his Category 8, are the source of distinctions for 
generating the categories of existence: "What are ordinarily termed relat-Wns are 
abstractions from contrasts. A rdation can be found in many contrasts; and when 
it is so found, it is said to relate the things contrasted" (1929, p. 228). The concrasi:s, 
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Actuality Prehension Nexus Form Proposition Intention 

FIGVRE :2-4 Top-level categories of an ontology 

which rdate the categories and determine whether a particular entity belongs to one 
or another, are more fundamental than the categories themselves. 

Contra.Sts may be expressed in discrete distinctions or continuous gradations, 
such as a spectrum of color; range of pressure; degree of sweetness; or variation in 
sound intensity, pitch, duration, and rhythm. The contrast in sound intensity, for 
example, is the basis for loudness, which can be codified as a dichotomy of loud 
and quiet; as a trichotomy ofloud, mediwn, and quiet; or as a continuous range of 
variation. The distinctions and gradations are conceptual interpretations of the 
perceptual contra.Sts; they are expressed by the words of language or the predicates 
oflogic. Whitehead also emphasized contrasts of contrasts: the conceptual interpre­
tation of one experience can be contrasted with the interpretation of other experi­
ences to generate higher-levd distinctions and more complex conceptualizations. 

The distinctions correspond. to Leibruzs primitives, which may be combined to 
generate the categories. The six categories at the bottom of Figure 2.4 are generated 
by the product of a two-way distinction-and a three-way distinction. The combina­
torial method always generates highly symmetric struaures, but a tree such. as Figure 
2.4 is not rich enough to display the foll symmetry. By the WJ:'f it's drawn, the tree 
imposes an ordering: it happens to show the two-way distinction as prior to the 
three-way distinction. Yet that choice is arbitrary, and either distinction could be 
placed first. Other srrucrures, such as the graph·and the matrix-in Figure 2.5, display 
the combinations without suggesting that either distinction is more fundamental. 

The graph on the left of Figure 2.5 is the product of two distinctions. When 
applied to the top level T, Heraclirus's dichotomy of physis ~d logos generates the 
categories Physical and Abstract. Peirce's trichotomy applied to the top level gener­
ates three categories, Independent, Relative, and Mediating: 

1. Independent is the category of Whitehead's actu.al eritlties and eternal forms as 
characterized by inherent qualities or Firstness. In logic, independent entitles 
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FIGURE 2.5 A graph and a matrix for displaying the categories of Figure 2.4 

can be represented by a type label or monadic predicate such as circle(x), 
potato(x), or elephant(~, which describes some aspect of xwithout taking into 
account anything external to x. 

2. Relative includes Whitehead's physical prehensions and abstract propositions, 
both of which can be represented by dyadic predicates. A prehension is a 
physical relative that relates a prehending entity x to a prehended entity y. A 
proposition is an abstract relative that relates a form x to an entity y described 
by x. The proposition that the sun is ciroilar means that the form of a circle 
can be used to characterize an entity in the sky. 

3. Mediating corresponds· to Peirce's Thirdness, which includes Whitehead's 
physical nexiis and subjective forms. As an example, an architectural drawing 
is an independent entity that consistS of pencil marks on paper. It can be 
described by a monadic predicate whose truth or falsity is determined by the 
pattern of marks without regard to their meaning. As a relative entity; the 
pattern of the drawing reflects the structure of some building. It may be 
expressed by a dyadic relationship between the form of the pencil marks and 
the physical structure. As a mediating entity, the drawing is a plan for a 
contractor or builder· who translates the pattern of marks to a strucrure of 
wood, steel, and concrete. The plan x guides a builder y in the construction of 
a building z. This irreducible triadic relation cannot be expressed by a conjum:· 
ti.on of dyadic relations. (See Exercises 2.6 and 2.7.) 

The graph on the left of Figure 2.5 illustrates multiple inheritance, where each 
category on the third level inherits propenies from two different categories on the 
preceding level The matrix on the right shows another way of representing multiple. 
inheritance: each of the six categories inside the boxes is .a combination of the 
distinctions listed on the top or on the left. The mathematical techniques of graph 
theory and matrix algebra allow any number of dimensions to be represented. But 
as the number of distinctions increases, the fine print and criss-crosSing lines cin 
make any notation unreadable. 
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CoNTINUANTs AND OccunE.NTs. Whitehead agreed with Heraclitus that 
all things are in flux, but some things undergo rapid change, while others remain 
comparativdy stable. To accommodate objeets in a process-based ontology, he 
distinguished enduring objects, which have a stable identity over some period of 
ti.me, from the constantly perishing occasions, whose successive stages may not 
resemble one another. An enduring object is called a continuant, and a process or 
event, which does not have enduring characteristics, is called an occurrent. The 
distinction is determined by the way the entity is identified: 

• A continuant has stable attributes or characteristics that enable its various 
appearnnces at different times to be recognized as the same individual. 

• An occurrent is in a state of flux that prevents it from being recognized by a 
Stahle set of attributes. Instead, it can only be identified by its location in some 
region of space-time. · .. 

Every appearance of an object is a new event of th~ same type. As an example, White­
head (1920) said "You cannot recognize an event; because when it is gone, it is gone. 
You may observe another event of analogous character, but the actual chunk of the life 
of nature is inseparable from its unique occurrence. But a character of an event can be 
recognized. We all know that if we go to the Embankment near Charing Cross we 
shall observe an event having the character which we recognize as Cleopatr:is Needle. 
Things which we thus recognize I call objects." Cleopatr:is Needle is the object (con­
tinuant) that explains why each ofits appearances (occurrents) have the same shape. 
A baby's ddight in playing the game of peek~a-boo results from the recognition that 
each appearance of Mommy's face is a sign ofber continued existence. 

VIEWPOINT. The physical/abstract distinction is independent of the ob­
server's viewpoint, but the-continuant/occurrent distinction depends on the choice 
of time scale. On a scale of minutes, a glacier is a continuant, and an avalanche is 
an occurrent. But on a scale of centuries, the glacier is a process whose character 
may be transformed beyond recognition. The changes in a person's facial feacures 
are slow enough that friends can recognize an individual as "the same" over the 
course of a lifetime. Yet each person gains and loses molecules with every bite of 
food and every .breath of air. In about seven years, most of the molecules in the 
human body have been replaced. A hwnan being, who has a stable identity at a 
macro levd, may be viewed as a constantly changing process at the molecular level 
The classification of an entity as a continuant or an occurrent depends on the time 
scale and levd of detail of some observer's point of view. 

A performance of a symphony is an occurrent that may last an hour, but a 
recording qf the performance is a continuant that can preserve the information on 
a magnetic strip that lasts for years. The continuant/occurrent distinccion applies 
to the entities ab()Ut which information is recorded and to the physical media on 
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which information is stored. But in Whitehead's terms, the information itself is an 
eternal object that can be preserved indefinitdy, provided tliat copies are made from 
time to time. Although information scrucrures do not change; they can represent 
the form of either a continuant or an occurrent: a static pattern of magnetic spots 
on a tape may record a dynamic process, such as a movie or a symphony. An abstract 
type, which is unch~oing in itself, can be considered an encoding of information 
about a continuant or information about an occurrent. 

l.ATTXCE OP CATEGORIES. With the binary distinction between continuants 
and occurrents, the six categories at the bottom of Figure 2.5 are split into twelve 
categories in Figure 2.6. They are all derived by combinations of the three basic 
distinctions or dimensions for subdividing the universal type T: Independent, 
Relative, or Mediating; Physical or Abstract; Continuant or Occurrent.·Each of the 
other categories is a synonym for the combination of categories from which it was 
derived: Object, for example, could be represented by the acronym IPC for Inde­
pendent Physical Continuant, and Purpose would be MAO for Mediating Abstract 
Occurrent. The opposite of the universal type T, which is true of everything, is the 
ahsurd type .l, which is true of nothing. The universal type T can be considered a 
synonym for the empty set of no distinctions; 1. can be represented by an acronym 
for the inconsistent combination of all distinctions, IRMPACO . 

.l 
flGURE 2.6 Lattice generated by the top three distinctions 
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The symmetric hierarchies generated by Leibniz's method of combination are 
called fa:ttices. When drawn in their full generality, diagrams of lattices can become 
cluttered with many crossing lines. To simplify the diagram, Figure 2.6 omits ten 
of the possible combinations, which could be represented by the acronyms PC, PO, 
AC, AO, IC, IO, RC. RO, MC, and MO. If these categories were added to Figure 
2.6, the lattice would contain a total of 37 distinct types, including T and J.. For 
common applications, however, the most useful categories are the central twelve, 
generated by one selection from each of the top three distinctions. Each of the 
category labels is a technical term thac is synonymous with the three-letter acronym 
that sho~ its derivation. Infonnally; short words like Object may be used; but 
formally, the acronym should be appended ~ a prefix as !PC-Object or in paren­
theses as Object (IPC). 

• Object (IPC) is an acruality (IP) con$idered as a continuant (C), which retains 
its identity over some interval of time. Although no physical entity is ever 
permanent, an object can be recogrUzed by characteristics that remain stable 
during its lifetime. 

• Process (IPO) is an acruality (IP) considered as an occurrent (0). Depending 
on the time scale and level of detail, the same accual entity may be viewed as 
either a stable objecc or a dynamic process. Even a diamond could be consid­
ered a process when viewed over a long time period or at the atomic levd of 
vibrating particles. 

• Schema (IAC) is a form (IA) that has the structure of a continuant (C), which 
does not specify time or timelike relationships. Examples include geometrical 
forms, the syntactic strucrures of sentences in some language, and the encod­
ings of picrures in a multimedia system. 

• SC:ript (IAO) is a form (IA) that has the structure of an occurrent (0), which 
represents time or timelike sequences. Examples include computer programs, 
a recipe for baking a cake, a sheet of music to be played on a piano, or a 
differential equation that governs the evolution of a physical process. A movie 
can be described by several different kinds of scripts: the first is a specification 
of the actions and dialog to be acted out. by humans; but the sequence of frames 
in a reel of film is also a script that determines a process carried out by a 
projector that generates flickering im3ges on a screen. 

• Juncture (RPC) is a prehension (RP) considered as a continuant (C) over some 
time interval. The prehending entity is an object (IPC) in a stable relationship 
to some prehended continuant. Examples of junctures include a knot in a 
string, joints between bones, and connections betWeen parts of a car. 

• Participation (RPO) is a prehension (RP) considered as an occurrent (0). The 
prehending entity is a process (!PO) in a stable relationship to some preh,tnded 
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continuant. Examples of participation in.elude a dog barking, an apple being 
eaten, or a sentence being spoken. 

• Description (RAC) is a proposition (RA) about a continuant (C), which relates 
some schema (IAC) as a characterization of the continuant. A schema by itself 
is an uninstantiated pattern; a description is the application of a schema to 
describe some continuant, either physical or abstract. In a verbal description, 
the schema is a sentence that characterizes some aspect of a continuant. A 
drawing or photograph could also be used as a description when accompanied 
by a pointer to an object (IPC) the image describes. 

• History (RAO) is a proposition (RA) about an occurrent (0), which relates 
some script (IAO) as a characterization of the occurrent. A computer program, 
for example, is a script (IA.0); a computer executing the program is a process 
(IPO); and the abstract information (A) encoded in a trace of the instructions 
executed is a history (RAO). Like any proposition, a history need not be true, 
and it need not be predicated of the past: a myth is a history of an imaginary 
past; a prediction is a history of an expected future; and a scenario is a history 
of some hypothetical occurrent. 

• Structure (MPC) is a neicus (MP) considered as a conti~uant (C) for some 
reason (MAC) that explains how the junctures of its components are organized 
for some function. The reason need not be consciously entertained by a human 
agent: the strucrure could be a bird's nest, a beaver dam~ or a beehive. 

• Situation (MPO) is a nexus (MP) considered as an occurrent (0) for some 
purpose (MAO). The mediating aspect of a situation (MPO) is the purpose 
(MAO) of some agent that determines why the interaction of entities in the 
situation is s~gnificant. Most verbs express situations, which include an event 
or state and its participants. Complex situations may have other situations as 
components: a court trial, for example, may consist of many actions by a judge; 
jury, lawyers, and witnesses. · 

• Reason (MAC) is ~ intention (MA) of some agent concerning some continu~ 
ant (C). Unlike a description {RAC), a reason (MAC) explains an entity in 
terms of an intention (MA). For a birthday party, a description might list the 
presents, but a reason would explain why the presents are relevant to the party. 

• Purpose (MAO) is an intention (MA) of some agent that determines the 
interaction of entities in a situation (MPO). The words and notes of the song 
"Happy Birthday" form a script (IAO); a proposition about the way people at 
a party sang the song is history (RAO); and the intention (MA) that explains 
why they sang the song is purpose (MAO). 

Lattices of categories can be derived from the top down, as this one, or they can be 
derived empirically fron:i an analysis of data. Rudolf Wille and his coll~aues (Wille 
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1992; Ganter & Wille 1996) have been developing lattice techniques for formal 
concept analysis. They have implemented the techniques in tools for knowledge 
acquisition, for machine learning from examples, and for classifying large volumes 
of data, such as the books and documents in a library. Unlike trees, lattices support 
cross links for showing multiple associations. 

To show the twelve central categories from a different perspective, Figure 2.7 
arranges them in a matrix instead of a lattice. The three rows are based on Peirce's 
three-way distinction, and the four columns represent the product of the binary 
distinction of Physical and Abstract with the binary dironction of Continuant 
and Occurrent. Each abstract category on the right of Figµre 2.7 is said to char­
a.aeriu the corresponding physical category on the lefr: a schelna characterizes an 
object; a script characterizes a process; a description characterizes a juncmre; a 
history characterizes a participation; a reason characterizes a structure; and a pur­
pose characterizes a siruation. In conceptual graphs, the conc.ept [Cac Yojo] asserts 
that the schema named by the type label Cat characterizes the object named Yojo. 
Depending on which features are highlighted, the same entity can be chaiacterized 
in many different ways, such as [Pet: Yojo], [Mammal: Yojo], or [FuzzyBlack­
Object: Yojo]. As pure information, all abmact occurrents (scripts, histories, and 
purposes) are unchanging, but they can be used to characterize changes in physical 
entities. 

The categories of Figure 2 7 provide a framework of twelve boxes for classifying 
everything that exists, but many more distinctions are needed to subdivide those 
categories to accommodate the thousands of words of natural languages. Any other 
distinctions that apply at the top level (category T or Entity) can be considered as 
fundamental as those in Figure 2.6. Any distinctions that depend on others as 
prerequisites can only be applied at lower levels of the lattice. The pui:pose of the 
ontology is to provide a framework of distinctions that can be used to discriminate 
and classify the things that exist and define the words that describe them. But no 
fixed collection of distinctions or categories is likely to be adequate for describing 
all things for all time. As Whitehead (1938) said, "We must be systematic, but we 
should keep our systems open." 

Independent 

Relative 

Mediating 

Physical 

Continuant Ocament Continuant Occw:rent 

I Object Process Schema. Script I 

~ 
Puticipation Description 

~ Situation Reason cture e 

l'IGURE 2.7 Matrix of the twelve central categories of Figure 2.6 
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} AxxoMs AND INFERENCES. Besides c:la$sifying things, ontologiaj_ categories 
provide hooks to which the definitions anaaXioms of7kn.owfedge base are 
attached. By the inference rules oflogic, those axioms are inherited from supertypes 
to subtypes to support inferences about entities at every levd of generality. The 
following axioms are associated with the dichotomy between Physical and Abstract: 

• Location. If xis physical, then x has a location in space-time. If x is abstract, 
then x has no physical location, but x might be assigned abstract coordinates 
in some imaginary space. 

• Mass and energy. Any physical entity other than empty space must have a 
positive mass or energy. No abstract entity has mass or energy. 

• Representation. An abstract entity x may be encoded or represented in some 
physical entity ywithout changing the mass, energy, or location of y. 

• Causality. Physical entities may causally affect or be affected by other physical 
entities. Abstract entities cannot have direct causal interactions with other 
entitles, either physical or abstract. They may, however, have indirect causal 
influences through the mediation of some physical entity x, which decodes the 
representation of some abstract entity yin some physical entity z. 

These axioms, which are informally stated in English, could be translated to logic, 
but such a translation would require an ontology for many other concepts: Space, 
Tune, Mass, Energy, Encoding, Decoding, Representation, Change, Cause, Inter­
action, and Mediation. They illustrate a fundamental principle of any axiomatic 
system: the staning primitives cannot be defined in tenns of anything more 
primitive; they can only be specified indirectly by their relationships to other 
concepts in the system. 

The categories at every level of the hierarchy can be characterized by axioms 
and definitions. But unlike the categories Physical and Abstract, the definitions of 
the other top-level categories and their subtypes depend on the observer's view­
point: 

• Independent categories are characterized. by monadic predicates defined in 
terms of some entity x by itself (including its inherent parts and properties) and 
nc;it in tenns of anything external to x. 

• Relative categories are characterized. by dyadic predicates that relate an entity x 
to some external entity y that can exist independently of x. 

• Mediating categories are characterized by triadic or higher predicates that show 
how an entity xmediates two or more entities (_y,z, •.• ) and thereby establishes 
new relationships among them. · 

• Continuant categories are characterized by a predicate that does not involve 
time or a timelike succession. 
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• Occurrent categories are characterized'by a predicate that depends on time or 
a tim.elike succession. 

These categories and their subtypes depend on the way something is rep~esented, 
classified, or defined. An entity of type Animal may change over time, but it can 
be classified as a continuant because the defining characteristics of Animal are 
independent of time. The life of an animal, however, is an occurrent because it is 
defined as a rimelike succession of stages. Different vieWs of the same entity may 
be described in different words, whose meanings are different concept types with 
cliffe.i:ent axioms and definitions. 

Each category in the hierarchy inherits all the properties and axioms of every 
category above it. An instance of Script (IAO), for example, is independent (I); 
therefore, it can be characterized by a monadic predicate p(x) defined in terms of 
the pans and properties inherent in x. As an abstraction (A), it can be communi­
cated without transporting the matter in which it is encoded. As an occurrent (0), 
the characteristic predicate p(x) must involve time or a: timelike succession. These 
properties of the top-level categories apply to subjects in every domain of knowl­
edge. The midlevel categories have more specific, but still broadly applicable 
properties and axioms. The lowest-level categories inherit all the general knowledge 
from the top-level and mid.level categories, b.ut they also have much more detailed 
domain-dependent properties. 

The axioms for the top-level categories can be combined with the axioms and 
definitions for the other categories to derive more specific implications. They can 
also be combined with detailed facts represented in a database or with physical laws, 
such as the conservation of mass-energy. As a result, the inference engine of a 
knowledge-based system could derive implications like the following: 

• If xis physical with mass m and x is transported from location 4 to location lz, 
the:O. the total mass at location 4 is decreased by m, and the total mass at 
location li, is increased by m. 

• Ifx is abstract, an encoding of x in a physical entity y at location 4 may be 
copied to an encoding of x in a physical entity zac- location '2. without chan.,aing 
the mass at either location. 

Without further qualifications, these implications could only be true in an ideal 
syStem where the processes of encoding and decoding are completely reversible. In 
practical systems, they are only approximately true because physical objects wear 
out after repeated ~- Reasoning about actual systems is always an approximation 
that depends.on the granularfty of the media, the manufacturing teclmiques, the 
measuring "instruments, and the users' purposes. Granularity is discussed further in 
Section 2.7. 
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2.4 Describing Physical Entities 

The same abstract forms may be represented or embodied. in many different 
physical entities. Therefore, physical objeas of widely divergent natures could be 
characterized by the name of the same absuact fonn. The name of the book War 
and Peace, for example, could refer to an abstract form conceived by Tolstoy or to 
an embodiment of that form in a physical object made of paper and ink. When 
computers are used to represent such things, the number of entities, both physical 
and absttacr, is multiplied: 

• When war and Peace is encoded for computer processing, it becomes a pattern 
of bits, which is another abstract form that hardly resembles the one that 
Tolstoy conceived. 

• When a computer program formats the bits to recreate a humanly readable 
copy, the abstract pattern passes through a rapid succession of physical embodi~ 
ments: reflecting spotS on one disk, magnetic spots on another disk, currents 
flowing in ttansistors, pulses of light in a laser beam, electrically charged spots 
on a drum, and dust particles that are attracted to the drum and baked on the 
paper. 

• Despite the profound differences between the physical embodiments, they 
could all be called by the name of the same abstract form, war and Peace. FOr 
different purposes, the same physical entity could also be described by different 
forms: the bound volume could be called 'War and Peace to emphasize its 
content, or it might be called "a book" to emphame its physical suucrure. 

William of Ockham admonished philosophers to avoid multiplying entities, but 
computers multiply them faster than his razor can shave. 

PossxBLE CONFUSIONS. For each acrual entity, there are many abstract: forms 
that could characterize it from different perspectives. In a computer, each form 
could be represented in different ways. A curve, for example, might be stored as a 
pattern of bits or as a mathematical equation. Each representation of a form could 
have a different name; the names could also have forms; and the forms of the names 
could have their own representations. A failure to distinguish these entities is a 
common source of bugs in computer programs. One query system, for example, 
gave the following answer to a question about U.S. geography: 

Q: What is the biggest state? 
A:. \tYoming. 

Alaska is the largest state in area, and California is the largest in population. 
Wyoming is not the largest by any measure, but it happens to be the last state in 
alphabetical order. For numbers and character strings, the system would find the 
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largest value by comparing their names with the > operator. For states, it blindly 
applied the same operator to their names. But unlike numbers, states dO not have 
names that encode their size. 

The State of Wyoming, its population, and its land are physical entities; but 
the name of the state and the measurements of its population and land area are 
abstract entities. The representations of names and measurements are further ab­
Stract entities. Yet programmers sometimes ignore the distinctions and blithely 
define person as a string or population as a number. In the NIAM methodology for 
database design (Nijssen & Halpin 1989), the distinctions are carefully preserved: 
any abstract information structure that can be represented in a computer is called 
a lexical object type (LOT); a physical entity, which cannot be stored in a computer, 
is called a nonl.exical object type (NOLOT). That distinction is fundamental to 
knowledge representation, but the terms LOT and NOLOT show their computer 
bias by making LOTs primary and calling physical objects by the negative term 
Mnlexical. Those terms make the information in the computer seem more real than 
the world outside. 

l:Nn.NnoNAUIY. As Peirce and Whitehead noted, the way a physical entity 
is classified depends on the intention or subjective form of some perceiving agent. 
A proposition, by itself, is a Secondness that cbaracteriZes some entity by some 
abstract form~ The mental state of a person who believes or states a proposition is 
not involved in the proposition. An intention, however, is the mental mediation or 
Thirdness that directs an agent's attention to some form that characterizes some 
entity. In his book Intentionality, the philosopher John Searle b~oan with a defini­
tion: "Intentionality is that property of many mental states and events by which 
they are directed at or about or of objects and states of affairs in the world." 

To illustrate intentionality, Searle presented Figure 2.8, which agents with 
different "intentions might interpret in different ways: 

This can be seen as the. word "TOOT', as a table with t'WO large balloons 
·underneath, as the numeral 1001 with a line over the top, as a bridgewith two 
pipelines crossing underneath, as the eyes of a man wearing a hat with a string 
hanging down each side, and so on. In each case, we have a different experience 
even though the purdy physical visual stimuli, the lines on the paper in front 
of us and the light reflected from them, are constant. But these experiences and 
the differences·bctween them are dependent on our having mastered a series of 
~auistically impregnated cultural skills. It is not the failure, for example, of 
my dog's optical appararus that prevents him from seeing this figure as the word 
"TOOT'. 

Each interpretation of Figure 2.8 could be stated as a different proposition: There is 
the word TOOT or There is a table with nuo balloons underneath. In these StatementS, 
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1001 
FIGtmE :z..8 Scarle's example of an ambiguous figure 

the word there indicates the physical entity, and the phr.ise following the word is 
specifies some form that is applied to the entity. But the propositions make no 
reference to anyagent,explicitorimplicit, who may believe.them. A belief is inten­
tional because it involves the agent who rdates the form to the entity: Mary believes 
that Figure 2.8 shows the word TOOT. but Bill believes that it shows a "table with two 

balloons underneath. The intentions of Mary and Bill are essential to their beliefs, but 
not to the propositions that make up the content of those beliefs. 

PHENOMENON, Rou, AND SIGN. Different intentions lead to different con­
cept types for classifying the same entities~aural tJPe describes an entity by 
its inherent form or structure, independent of it:SI-'CG:tionships to external entities. 
The phrase a wooden cube, for example, describes a thing in two ways: the noun 
cube names a geometrical form that describes its shape; the adjective wooden 
describes an embodiment of that form as an object made of wood. Without that 
adjective, the word cube could ref er to either an abstract fom or a physical object . 
.furmally, a strucru.ral type classifies an entity x by a monadic predicate that depends 
only on properties that can be observed in x itself For this example, the phrase 
wooden cube could be translated to a conjunction of two phenomenal predicates, 
wooden(x) " cube(x). 
~characterizes an entity by some role it plays in relationship to another 

entity~e type HumanBeing, for example, is a phenomenal type that depends on 
the internal form of an entity; but the same entity could be characterized by the 
role types Mother, Employee, or Pedestrian. Role types can apply to things of 
radically different appearances: entities of the phenomenal types Potato and Steak 
could serve in the role.of Food for some human being; the phenomenal types Horse, 
Bicycle, andJetPlane describe entities that could play the role of ModeOITranspor­
tation; and HumanBeing and BusinessOrganization describe entities that co~d 

1play the role of LegalPerson. Formallr....role.wes depend on a dyadic relation: if x 
is classified by a role type, then x stands in a dyadic relation to some other entity y. 
Food x can be ea.ten by some animal y; a mode of transportation x can be used to 
transport some entity y; and a legal person x can be a party to some contract y. In 
logic, both entities in a dyadic relationship may be expressed by arguments of a 
predicate such as foodFor(x,y); an alternate approach, common in narural lan­
guages, is to focus on one entity with a concept type such as Food, which leave$ the 
other entity implicit inside the definition of the type. 
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The biological classifications of plantS and animals have traditionally depended 
on their rnuccure or mo-rphology. Newer techniques that use DNA also classify them 
by structure, but at the molecular levd. Classification by role does not depend on 
an entity's srrucrure: animals of many different forms could be pets, livestock, or 
vermin; plants could be crops, ornamentals, or weeds. Similar distinctions apply to 
artifacts and geographical fearures: nails and buttons could be distinguished by 
structure or grouped together as fasteners; a river and a mountain might both be 
tourist attractions, while bodies of water might be considered obstacles or navigable 
channels. 

An entity's appearance independent of context is sufficient to classify it by a 
phenomenal type, but context is essential for classifying it by role. The type Nail, for 
example, is a phenomenal type - long and thin with a point at one end. A common 
use for a nail is to fasten things made of wood; in that context, a nail would be a 
fastener. But Fastener is a role type that could be applied to things of many different 
phenomenal types: Nail, Tape, Hook, Button, String, or PaperClip. Although a 
fastener must have some form, there is no common form for every kind of fastener. 
In some cases, the form may be predictable from the role. A pet, for example, is 
usually an animal in a certain role with respect to a human being. Therefore, the role 
type Pet suggests the phenomenal type Animal. Yet the suggestion is not a strict 
implication, since a robot, a hwnan, a plant, or even a rock could serve as a pet. 
Sometimes it may happen that all instances of a certain role type have the same 
phenomenal type. But new discoveries or inventions might lead to very different 
forms that could play the same role. Velcro, for example, is a new kind of fastener 
whose form does not resemble the traditional types like Nail, String, or Butron. 

Since phenomenal types are monadic and role types are dyadic, Peirce's princi~ 
ple suggests that there should be a third kind of category based on a triadic relation. 
Indeed, Peirce observed that any physical entity can also serve as a sign, which 
depends on the triadic relation of representation:. a sign x represents something y to 

some agent z. If x is Figure 2.8, x may represent soemthing y, such' as the word 
"TOOT' or two balloons under a table, to the reader z. The general study of signs, 
called semiotics, is discussed in Section 6.6. 

ADJECTIVES MODIFYING NoUNs. In elementary logic books, English adjec­
tives and nouns are usually uanslated to monadic predicates. For many common 
phrases, that translation produces an acceptable formula in logic: 

a happy boy-:::!> (3x)(happy(x) "boy(x)). 
a shat,gydog=-; (3y)(shaggy(y) /\dog~). 
a green tree-:::!> (3z)(green(z) /\ rree(z)). 

These translations correctly imply tha tthere is some xthatis happy and a boy, some 
ythat is shaggy arid a dog, and some zthat is green and a tree. But when the method 
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is applied to all adjectives and nou:ns, it runs into serious difficulties. One question­
answering program used it to translate the following two sentences to logic: 

I. :I ,r//i Sam is a good ~cid.n. => good(Sam) /\. musician(Sam). I/ Sam is a bad cook. => bad(Sam) /\. cook(Sam). 

Using those translations, the program answered yes to the following questions: 

Is Sam a bad musician? 
Is Sam a good cook? 
Is Sam a good bad musician cook? 

,The problem is caused by the way the adjectives good and bad modify the nouns." 
Unlike the adjective happy, which applies directly to the person, the adjectives 
good and bad apply to some particular role that the person may play. Sam is not 
being considered good or bad as a human being, but only in the role of musician 
or cook. 

When an adjective is applied to a phenomenal type like Boy, Dog, or Tree, there 
is only one entity x that it can characterize. But when it is applied to a role type like 
Musician, Cook, Pet, or Dwelling, it could modify the description of x itself, the 
role that x plays in relation to some entity y, or the other entity y. Adjectives like 
happy, shaggy, and green describe some entity x itself, independent of any role that 
x may play: a shaggy dog and a shaggy pet are both shaggy in the same way, and 
the role of pet is independent of the shagginess. Those adjectives may be applied to 
role types, as in the phrases happy musician, shaggy pet, or green dwelling. In such 
combinations, the adjective describes the base entity; the roles of musician, pet, or 
dwelling are incidental to the modifying adjective. Therefore, the adjective can be 
represented by a monadic predicate: 

a happy musician=> (3x)(happy(x) A musician(x)). 
a shaggy pet=> (3y)(shaggy(y) /\. p.et(y)) .. 
a green dwelling~ (3z)(green(z) A dwelling(.z)). 

The adjectives good and bad, however, modify the role: a good musician and a good 
cook are considered good only in relation to music and cooking. Other c.xamples 
include nuc/.ear physicist, fonner senator, and alleged thief A happy physicist is a 
happy person, but a nuclear physicist is not a nuclear person; a former senator is 
not a former person; and an alleged thief is not an alleged person and perhaps not 
even a thief. 

The simplest way to represent an adjective modifying a noun is to invent 
, special predicates like goodMusician(x) or nuclcarPhysicist(y). That method gives 
J up the attempt to analyze the meaning further, but it requires a neW predicate for 
, every combination of adjective and noun. A more general approach could be based 



2.4 DESCIUIIING PHYSICAL ENTITIES 

on Richard Mon~aue's technique of treating modifiers as functions that convert; 
one predicate into another. The adjective good, for example, would correspond td/ 
a function that maps the predicate musician(x) to a predicate that is equivalent tci 
goodMusician(x): 

a good musician=> (3.x)good(musician)(x). 

This formula says that the function good, when applied to the predicate musician, 
generates a new predicate good(musician), which is then applied to the entity x. 
But this approach becomes more complicated with the sentence Ivan is a poor 
choice for shortstop, but he's a good choice for catcher. Choice is a role th.at implies 
that Ivan could be chosen for another role, Shortstop or Catcher, for which he 
might be good or bad. Generalizing the above representation would produce 
something like 

a good choice for catcher=> (3.x)good(choice)(catcher)(x). 

This formula says that good is a function, which when applied to choice produces 
another function, which when applied to catcher generates a predicate, which is 
applied to x. 

The representation of adjectives as functions is only a fust step. It shows that 
an adjective modifies a noun, but it does not show how it affects the meaning of 
the noun.: A role type like Musician or Cook describes the role of some human 
being relative to music or cooking. In Whitehead's tenns, it expresses a prehension, 
which consistS of three factors: (1) the prehending entity, namely the person or 
thing the noun refers to; (2) the prehended entity, such as music or cooking; and 
(3) the subjective form or intention, which determines how the first entity plays 
the music or cooks the food. An adjective that modifies such a noun could apply 
to any of the three factors: 

1. Prehending entity. In the phrases happy musician, handsome cook, and elderly 
physicist, die adjective applies directly to the entity referenced by the noun. The 
relationship of that individual to music, cooking, or physics remains unaffected 
by the adjective. 

2. Prehended entity. In the phrases nuclear physicist and pastry chef, the adjective 
describes the prehended entity: the branch of physics or the .kind of food. 

3. Intention. In the .phrases good musician, fornur senator, and alleged thief, the 
adjective modifies the subjective form or in~enti.on that relar.es the prehending 
entity to the music, the·U.S. Senate, or the act of stealing. · 

In these examples, the noun implies the role, but sometimes the modifier deter­
mines the role. The Loch Ness monster, for example, lives in Loch Ness, but the 
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cookie monster eats cookies. The challenge of finding the correct relation can make 
natural language understanding difficult for both people and computers. 

Ku TEST. As a test for distinguishing the prehending or prehended entity, 
apply the pattern ''X has Y' to the pair of words that describe them. If the pattern 
sounds normal or natural, then X is the prehend.ing .entity, and Y is the prehended 
entity. For example, one may say "The car has an engine'° or "The car has a oolor," 
but not "The engine has a car" or "The color has a car." If the prehended entity is 
abstract, the h1JS-test may sound more natural with the phrase has knowledge of. a 
physicist has knowledge of physics, or a musician has knowledge of music. For some 
pairs, the hartesr. is one-directional: wholes have parts, but partS do not have the 
corresponding wholes. For cO'l'relatives, however, either member of the pair may be 
the prehending or the prehended entity: a mother has a child, and a child has a 
mother; a lawyer has a client, and a client has a lawyer; an employer has an 
employee, and an employee has an employer. 

If the same entitles are described in different words, the has test may find 
different implicit rdationships. If Sam hires his daughter Sue to work in his 
business, the implicit relationship depends on whether they are described as fiu:her­
daughter, employer-employee, or partners. The English-based hartest can be re­
phrased in words rdated to have in other languages. In Aristotle's ontology (Figure 
2.3), Having (echein) is a basic category for expressing noun-noun relationships. In 
English translation, his examples are just as appropriate: to "have" virtue, know!-_ 
edge, height, a cloak, a ring on a finger, a house, land, a wife, or a husband. Such 
cross-~auistic pa.callels confirm the validity of Aristotle's use of language as a guide 
~o knowledge representation. 

In Figure 2.3, the category Siruatedness (keisthd;f.) is at the same level as Having. 
It includes noun-noun relationships for which the has-test is not applicable. Earth 
and sky, for example, are strongly associated, but both patterns, "The earth has the 
sky" and "The sky has the earth," sound odd or unnatural. The relationship 
between the earth and the sky is not an instance of Having, but of the other 
category Situatedness: the earth is situated beneath the sky. The category of Situ­
ation in the lattice of Figure 2.6 induces many such relationships among the entities 
that occur in a situation. The nouns mother and nurture, for example, are strongly 
associated, but the has-test does not apply to them. The association is induced by 
the subtype of Situation called -Motherhood, which includes mother, child, giving 
birth, and nunuring. 

REPRESENTATIONAL PRIMlTIVES. An uninterpreted logic is ontologically neu­
tral in the sense that it is capable of expressing all possible relationships between 
entities. Some notations, however, may highlight structures that make certain kinds 
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Coreference: I Woman r--------1 Mother., 

Prehension: ~ 
Containment: I Motherhood: 

I Mother J I Child I 
FIGURE 2.9 Three representational primitives 

of relationships easier to express than others. Figure 2.9 shows the three primitive 
structures that are used to assemble conceptual graphs. 

Each of the three primitives of Figure 2.9 has a logically equivalent expression 
in predicate calculus, but the linear·notation does not show the structure as clearly: 

• Crnefermce. Two concepts that ref er to the same entities can be connected by 
a dotted line, called a coreference link, which is usually translated to some form 
of the verb be:. the top graph in Figure 29 may be read Some woman is a 11P1ther. 
In predicate calculus, the coreference link corresponds to eqUallty: 

(3x: Woman)(3 y.Mother)x= y. 

• Prehension. The most general type of prehension, or "concrete fact of related­
ness" in Whitehead's terms, is represented by the relation type Has, which can 
usually be translated by some form of the verb have. the middle graph may be 
read Some mother has a child. In predicate calculus, Has maps to a dyadic 
predicate has(x,y): 

(3x:Mother) (3y:Child)has(x,y). 

• Containment. A concept box may contain a nested conceptual graph that 
describes a nexus or "fact of togediemess." The bottom graph in Figure 2.9 may 
be read In some motherhood, there is a mother trnd a child. The concept is an 
abstract container that represents the space-time region of the nexus. In predi­
cate calculus, the container is represented by the description predicate dscr(x,p), 
which says that some entity x has a description Jr. 

(3x:Motherhood)dscr(x, 
(3 yMother) (3z:Child) T). 

The symbol T is" a place holder for a proposition that is always true. The 
description predicate is also called semantic mtailment, represented by the 
operator F. Since dscr(x,p) and the operator XF=p relate an entity x to a 
propositlon p, they are metalevel operators; in Chapter 5, they are used as a 
basis for the theory of contexts. 
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These three primitives can be used to define all other types of conceprual. relations. 
Coreference is equivalent to equality; when combined with negation, it is used to 
define inequality -:/=,which.is also called Dffr, for differ. In the sample ontology of 
Appendix B, the Has relation is used to define most of the dyadic relations. The 
remaining relations, which correspond to .Aristotle's category of Situatedness (keis­
thm), are defined in terms of containment. As an example, Figure 2.10 adds more 
detail to the graph for Motherhood in Figure 2.9. 

The two Has relations of Figure 2.10 connect Motherhood to the two principal 
roles of Mother and Child. The other concepts and relations in the same context 
show how the mother and child are related to one another: 

• The mother, who plays the principal role in the Motherhood nexus, also plays 
the roles Effector with respect to GiveBirth and Agent with respect to Nurture. 
The distinction between Agent and Effector depends on whether the action is 
intentional. Iri. nurturing, the mother must perform the action voluntarily. 
Giving birth, however, can be done without a voluntary decision; a woman 
who is anesthetized may give birth while unconscious. 

• The child, who has a correlative role with the mother, plays the role of Result 
with respect to GiveBirth and Recipient with respect to Nurnire. 

• The concept types GiveBirth and Nurture represent occurrents, which are 
components of Motherhood. Each of those concepts could also be represented 
as a nexus that would show further details of how the mother gives birth to or 
nurtures the child. 

• Giving birth and nurturing are two stages of motherhood, related by the 
relation Successor (Succ) or its inverse Predecessor (Pred). 

In Figure 2.10, Has is the only primitive conceptual relation. The five other 
conceptual relations can be defined as combinations of Has with the corresponding 
role: Efct is defined as Has,Effector; Rslt is HasResult; Agnt is HasAgent; Rcpt is 
HasRecipient; and Succ is HasSuccessor. 

Motherhood: 

Mother 

FIGURE 2..Io Showing more detail in the nexus of Motherhood 



. 2.4 DESCRIBING PHYSICAL ENTITIES 

With correlative concepts like Mother and Child, a nexus for Motherhood 
includes the child, and a nexus for Childhood includes the mother. The two 
contextS; however, are not mirror images of one another, since the central focus of 
a nexus for Childhood is the process of learning and growth. When the graph in 
Figure 2.10 is translated to predicate calculus, all the detail contained in the context 
box is added to the proposition nested inside the description predicate: 

(3x:Motherhood)dscr(x, · 
(3yMother)(3z:Child)(3u:GiveBirth)(3v:Nwrure) 
(has(x,y) /\ has(x,z) /\ efct(u,x) /\ rslt(u,z) 
/\ succ(u,v) /\ agnt(v,y) /\ rcpt(v,z)). 

The dscr predicate has two explicit arguments, but it involves three or more entities 
since its second argument is a propositi?n (RA). 

CLASSIFYING ROLES. Figure 2.11 shows the hierarchy under Actuality, which 
classifies independent physical entities (IP) by phenomenon, role, or ~on. The 
category Phenomenon, which includes all phenomenal types, comes closest to 
Aristotle's category of Substance (ousia). The category Role is further subdivided 
according to Whitehead's distinction between the prehending entity and the pre­
hended entity of a relationship. The category Sign is discussed in Section 6.6 on 
semiotics. 

The distinction between extrinsic and intrinsic determines the kinds of prehen­
sions. If either entity in a prehension could disappear without affecting the form or 
existence of the other, the relation between them is extrinsic. If the disappearance 
of one- entity in a prehension changes the appearance or even the existence of the 
other, the rdation between them is intrinsic. That distinction generates three 
further categories: 

• Composite. An intrinsic prehending entity, called a composite, bears a relation­
ship to each component within itsel£ Its subtypes are distinguished by the kind 
of prehension: a whole is made up ofits parts; and a substrate (translated from 

/i' Phcnommon RO!e Sign 

/"' . 
P.rchcn~tity PrebcndedEntity 

/ ~ /~ 
CompoS1tc Coiidative Component 
/ ., / "'-.: 

Whole Subsm.te Put Propo:rty 
/ ""- . I "-. 

Piece P=ic:i.pant .Altributc M.umer 

FIGURE :t.II Classification of acrual entities by suucture, role, or sign 
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Aristotle's word hypokeimenon) is the underlying material that supportS the 
dependent properties of size, weight. shape, or color. 

• Correlative. An extrinsic prehending or prehended entity, called a correlati,ve, 
bears a relationship to something outside itself: Examples include mother and 
child, lawyer and client, or employer and employee. A correlative could be 
considered the prehending entity of one prehension or the prehended entity of 
the converse prehension. 

• Component. An intrinsic prehended entity, called a component, bears a relation­
ship to the composite in which it inheres. Its subtypes include parts, whose 
existence is independent of the whole, and properties, which cannot exist 
without some substrate. · 

As a metalevel distinction, Peirce's principle can be applied at different levels 
of the ontology to generate new triads of categories. The trichotomies in Figure 2.6 
and Figure 2.11 are both based on Fustness, Secondness, and Thirdness, but they 
are applied to different perspectives or aspects of an entity: 

• Essence. In Figure 2.6, the trichotomy of T as Thing, Reaction, and Mediation 
is based on the essence or nature of the entities themselves, independent of how 
they may be described or conceprualized by an agent. 

• Conceptualization. In Figure 2.11, the trichotomy of Actuality as Strucrure, 
Role, and Sign is based on the kind of concept used to describe an entity. By 
itself, an animal ·is an instance of Actuality; which could be classified as a horse 
by itS strucrure, as a pet by its role, or as a sign of its owner's prosperity and 
favorite hobbies. 

The categories are first and foremost a classification of the ways people think and 
talk about the world. The nature of the world itself directly affects hwnan percep­
tion and indirectly the categories they use. But the number of possible ways of 
viewing the world is far greater than the total number of concepts that anyone has 
ever conceived. -

INDEPENDENCE.. At the fourth level of Figure 2.11, the two categories Com­
posite and Component are subdivided according to Husserl's distinction of inde.­
pendmce and dependence. Fred's car, for example, has parts such as an engine, 
wheels, doors, and tires, which can be detached and replaced. If separated from the 
car, they continue to have an independent existence. But the car also has properties 
that cannot exist independently: size, weight, color, shape, horsepower, fud con­
sumption, and sex appeal. The weight and shape may be changed by removing or 
replacing some of the pans, but weight and shape cannot exist without some 
substrate. This distinction leads to two kinds of intrinsic relations or prehensions: 
a whole has parts, and a substrate has properties. If Fred's car is considered a whole, 
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its parts such as engine and tires can be removed and continue to exist. The 
prehehsion that links Whole to Part is intrinsic,- but parts can have an independent 
existence. The car can also be considered a substtate for properties like color, 
weight, and sex appeal, but the properties cannot exist independently. The prehen­
sion that links Substrate to Property is intrinsic, but properties are not independent. 

At the lower right of Figure 2.11, the two categories under Component can be 
further ~ified as continuants or occurrents. That subdivision is not completely 
symmetric because continuants have only spatial parts, but occurrents have both 
spatial and temporal parts. With those distinctions, the categories under Compo­
nent are subdivided in five: 

• Piece. The parts ~f a continuant are call~ pieces. Examples of pieces include 
the doors and walls of a house, the States or provinces of a country, or the limbs 
and organs of an animal. 

• Partidpant. The spatially distinguished parts of an occurrent are called partid­
pants. They include the agent, patient, or recipient of an action, the flammable 
substance in burning, or the water that falls in rain. 

• Stage. The temporally distinguished parts of an occurrent are called stages. In 
th~ life of a human being, for example, the stages would include infuncy, 
childhood, adolescence, and adulthood. Other possibly overlapping stages 
would include education, motherhood, business career, and retirement. 

• Attribute. The properties of a continuant, which are usually described by 
adjectives, are called attributes. They include entities like colors, shapes, sizes, 
and weights. 

• Manner. The properties of an occurrent. which are usually described by ad­
verbs, are called manners. They include entities like the speed of the wind, the 
style of a dance, or the intensity of a spons competition. 

These categories, which are defined by purely semantic distinctions, have a strong 
correlation with the syntactic categories of natural languages. Continuants are 
commonly expressed. by nouns, and occurrents by verbs. Attributes are expressed 
by adjectives, and manners by adverbs. Participants are expressed by the case 
relatitmS or thematic roles associated with verbs. Stages are often expressed by nouns 
derived from verbs, such as retirement, or by suffixes on role words, such as infancy 
and mtJtherhood. 

2.5 Defining Abstractions 

At the entrance to his Academy, Plato posted the motto "Let no one ignorant of 
geometry enter here" (age"Ometraos mideis eisitO). That slogan expressed his convic­
tion that geometry is the key to undemanding all forms. As he said in the Republic, 
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"the knowledge at which geometty aims is knowledge of the eternal, and not of 
anything perishing and transient." Today, mathematicians have defined much 
richer structures than the geometrical forms of Plato's time: topology, algebra, and 
set theory; differential equations for representing continuous change; and computer 
simulations of virtual reality. Mathematical structures, which can be analyzed 
theoretically and be represented on a computer, have the properties that philoso­
phers from Heraclirus to Quine have postulated for the category of Form: they are 
abstract, independent of matter and energy, and rich enough to represent or 
simulate phenomena with sufficient detail to match or exceed the threshold of 
hwnan perception. VlI'tUal reality, in fact, can be precise enough to trick the human 
senses into interpreting the simulations as though they were real. In its full gener­
ality; mathematics is the theory of all these forms - real, imaginary, and virnul. It 
includes everything that can be implemented on a computer of any kind: finite or 
infinite; digital, analog, or neural. Plato summarized that point succinctly: "God 
eternally geometrizes." 

CA:rEGORIES OP FOR.MS. Since forms, for both Plato and Whitehead, are 
eternal, mathematical objeets, they do not have a location in either space or time. 
But they can be used to characterize physical .entities that do. The distinction 
between Continuant and ·Occurrent divides the category Form in two: Schema 
includes all the forms and patterns of stable objects; Script includes all the forms of 
dynamically changing processes. Like read-only procedures in a computer, scripts 
do not change, but they can determine the flow of processes that are in constant 
flux. The two categories of Schema and Script can be further subdivided by the 
distinction between geometric and algebraic. Figure 2.12 shows the category Form 
subdivided by those distinctions. 

Under SpatialForm are all the schemata that depend on geometrical relations: 
Plato's forms, the natural shapes of cats, dogs, and people, and the irregular but 
systematic fractals, which are used to simulate trees, grass, ocean waves, and moun­
tain ranges. Under Arrangement are mathematical Structures that do not have 
spatial dimensions: numbers, sets, lists, algebras, grammars, and the data struCru.res 

Form 

JI /""' 
.) "" ! ; Schema Script 

(' /"' /"'-
w """ ""' J :· SpatialForm Arrangement KineticForm Procedure 

FIGUlU! 2 . .12. Temporal and spatial subdivisions of Form 
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of computer science. The Greek word for arrangement is taxis, and the type 
Arrangement includes the subtypes whose names are 4erived from taxis, including 
taxonomies and syntax. All the syntactic forms in natural languages, programmin9 
languages, and versions of symbolic logic are included under .Arrangement. Graphic 
languages in which distance and position are significant would be under Spatial~ 
Form, but languages like conceptual graphs in which the placement of nodes is not 
significant would be under Arrangement. i 

The subtree under Script includes the forms of everything that is in flux. Th~ 
type KineticForm inqudes the information in a reel of motion picture film or thp 
patterns and equations for generating motion "in virtual reality. The type Procedure 
includes computer programs, finitNtate machines, and Petri nets. It .also includ~ 
any time- or sequence-dependent specification of actions and events: robot co~­
mands, cooking recipes, musical scores, conference schedules, driving direction$, 
and the scripts of actions and dialog in plays and movies. Scripts can also include 
intermediate cases such as dance choreography or machine controls that may robe 
spatial information with nonspatial instructions. Although· a script is intended t~ 
represent a dynamic process, it may have static parts. In a movie film, for example, 
the sequence of images is a script that determines the motion, but each frame is ~ 
schema of a static image. I 

I 
MONADS. Everything physical must occupy some region of space and tim~ 

but abstract forms can be imagined that are smaller and simpler than anything 
physically possible. The geometrical point and the temporal instant are such abstrac­
tions: a point is a spatial unit that does not take up any space, and an instant is a 
temporal unit that takes no time. In abstract algebra, sets, groups, and rings have 
elements, which are not only undefined, but inherently undefinable primitives. 
When algebra is applied to some subject. the elements may be "identified" with 
physical things like dogs and people, but the mathematical elements by themselves 
have no properties other than their relationships to the set and its other elements. 
For procedures, the elemenwy units are the t:ransi:tions between states. Like the 
elements of a set, the transitions of a procedure are abstract entities; they can be 
associated with real-world processes like baking a clke or with a~ct algorithms 
for computing mathematical functions. Such abstractions - points, elements, in­
stants, and transitions - are fundamental primitives . that can be used to define 
more complex forms. 

As a general term for anything that has no parts, Aristotle used the word monad 
(unit). If a monad is "indivisible in every dimension and has position," he called it 
a point (stigme). For each of the subtypes of Form, a corresponding primitive can 
be defined as a subtype of Monad: a point is a monad of spatial form; an element is 
a monad of arrangement in sets, groups, fields, and other algebraic structures; an 
instant is a kinetic monad; and a transi"tWn is a procedural monad. These labels, 
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Spatia)Form. 

/~ 
Continuous Corpuscular 

/""" /"" Homogeneous Variable Organic Assembly 

PlGURE 2.13 Hierarchy of spatial forms 

however, are merely convenient names for talking about the primitives from which 
more complex forms are constructed.. To say that a number, for example, is a monad 
of arrangement is no more enlightening than to identify it with a notch on a 
counting stick. The usefulness of numbers and points results from the axioms of 
mathematics and their implications for the more complex patterns that are con­
structed from combinations of primitives. When the points on a map are identified 
with cities and towns, the theorems of geometry and arithmetic become available 
for computing distances and directions. 

SPATIAL FoRMs. Figure 2.13.shows the immediate subtypes under Spatial­
Form. The distinction between Continuous and Corpuscular divides SpatialForm 
according to the presence of internal boundaries th.at distinguish smooth stuff from 
lumpy or discrete things. The category Continuous is characterized by indefinite 
divisibility to the limits of perception by the available sense organs or measuring 
instruments. It may be as homogeneous as distilled water, or it may vary like the 
oceans, which differ in temperature and salinity from point to point. The type 
Corpuscular includes organic Structures like trees or animals, which have pans th.at 
are not completely separable, even though there are discontinuities. It also includes 
assemblies like Fred's car, which consisrs of discrete pans th.at can be separated and 
put together to make a car whose form is indistinguishable from the· original. 

Whether something is considered an unstructured collection or a structured 
assembly depends on some agent's intention. Fred's car in working order is a highly 
structured assembly. But if the parts were disassembled and spread out on Fred's 
lawn, it would be called a collection. Yet if the parts were arranged to spell the name 
"FRED," they would again form an assembly. although not one that could be usecf 
for tiampOrtation. Conversely. ·if Fred's car were towed t0 the junk yard, the junk 
dealer might consider it a collection, .even though the pans were in the same order 
they had been in while it was still running. 

MEmoos OF DEFINITION. Abstraet forms can be defined explicitly or im­
plicitly. In an explicit definiWn, a new construct is defined as an abbreviation for 
some combination of previously defined constructS. An example is the definition 
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of gran.dfather..jn. any sentence where the word grandfather appears, it may be 
replaced by the phrase father of a parent.. Another example is the definition of a 
function fby a il-expression: 

f = (ilx)(x2 + 3x - 7). 

This definition "says that f can be used as a synonym for a particular combination 
of arithmetic operators. It introduces fas an abbreviation that could be eliminated 
by replacing any occurrence of /with its definition and assigning the argument of 
fto the variable x. Yet explicit definitions have one inherent limitation: they can 
only combine existing constructs - they cannot introduce fundamentally new 
ones. When a new theory is being devdoped, some additional method is needed to j 
introduce the primitives in terms of which other things can be defined. {l 

An implicit definition do·es not provide a detachable phrase or expression that' 
can be substituted for the term that is. being defined. Instead, it introduces a new 
term as an undefined primitive whose explicit nature is unknown. The term to be 
defined is indirectly specified by some constraints or axioms that it must satisfy. A 
recursive definition, which defines a function fin terms of itself, is always implicit 
because it is not possible to eliminate fby replacing it with the definition. As an 
example, the factorial function fucto(n) can be defined recursivdy by three axioms 
that refer to fucto itself. 

• The input argument of fucto must be an integer greater than or equal to 0. 
• If n=O, then facto{O) = 1. 

• If 7VO, then fucto(n) = n X fucto(n-1). 

If a programming language suppons recursion, the function fucto can be computed 
by translating each axiom tQ a statement in a program that c.alis itself recursivdy. 
Sometimes an implicit definition can be replaced by an explicit one. For cl;iis 
example, the recursive definition of fucto could be replaced by an explicit loop that 
could be substituted for fueto(n). But for a true primitive, there is nothing more 
primitive that could be substituted for the term to be defined. In dictionaries, every 
chain of definitions must ultimatdy stop at undefined primitives, at terms that are 
specified implicitly, or at terms that are explained by pictures. Sometimes the cycles 
end with synonyms defined in terms of each other, such as attribute and charac­
teristic, either of which is a possible primitive. 

In his famous textbook The Elements of Geometry, Euclid began with primitive 
terms like point and line. He gave supposed definitions like "A line is length without 
breadth"; but since he hadn't defined length or breadth, it was useless to substirute 
the phrase length without breadth for an occurrence of the word line. What gave 
meaning to the primitive terms were Euclid's five axioms: 

1. A straight line can be drawn from any point to any point. 

2. A finite straight line can be extended continuously in a straight line. 
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3. A circle can be described with any center and any distance [from the center]. 

4. .All right angles are equal to one another. 

5. If a straight line fulling on two straight lines makes the interior-angles on the 
same side less than rwo right angles, the two straight lines, if extended indefi..: 
nicely, meet on that side on which the angles are less than the two right angles. 

These axioms together with the primitive terms are the implicit basis for getting 
started. After the primitives have been introduced, other terms, such as triangle or 
square, can be introduced by explicit definitions in terms of the primitives. Unlike 
the primitives, which are always defined by implicit axioms, explicitly defined terms 
have no additional axioms. When an explicitly defined term is replaced by its 
definition, there are no leftover assumptions hidden in the axioms. 

Euclid's Elements set the standard of precision for geometrical reasoning until 
the nineteenth century, when mathematicians and logicians began to analyze the 
!foundations in greater detail. The ~erman mathematician David Hilbert (1899) 
,reformulated the foundations of geometry with 6 primitive terms and 21 axioms. 
Although he used traditional words like point, line, and pl.ane, Hilbert insisted that 
the informal meanings of the words are irrelevant to the formal axioms. He 
emphasized the arbitrary nature of the words in one of his most famous aphorisms: 

One must be able to say at all times - instead of points, straight lines, and 
planes - tables, chairs, and beer mugs. 

The only meaning in a mathematical term is the pattern of relationships deter­
mined by its axioms. Therefore, temlS as different as plane and beer mug can be used 
interchangeably if the same axioms are associated with them. Points and lines on a 
chart mightrepresent the yearly production of beer mugs, the growth of the human 
population, or the variations in the temperature of the sun. 

HIERARCHIES OF THEORIES. Each of the four categories at the bottom of 
Figure 2.12 is described by theories taken from a different branch of mathematics. 
Geometry in all its variations is the theory of SpatialForm; discrete mathematics, as 
expressed in.algebra, logic, set theory, graph theory, and formal grammar, describes 
the types of Arrangement; calculus and differential equations with their applica­
tions to mechanics and fluid dynamics are the theories of KineticFonn; and the 
theories of computer science, such as Turing machines, automata theo.ry, and 
programming language semantics, are the theories of Procedure. 

The axioms and theories associated with any category are inherited through the 
ontology to form the theories of lower-level subtypes. The theories themselves can 
also be organized in a hierarchy, which is even more detailed than the hierarchy of 
ontological categories. Figure 2.14 shows a small excexpt from the infinite hierarchy 
of possible theories. Each theory is a generalir.a'tion of the ones below it and a 
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specialization of the ones above it. The top theory, which corresponds to the 
category T in Figure 2.6, contains all tautologies-all the logically true proposi­
tions like p::Jp that are provable from the empty set. Each theory below Tautologies 
is derived from the ones above it by adding new axioms; its theorems include all 
the theorems inherited from above plus all the new ones that can be proved from 
the new axioms or from their combination with the inherited axioms. Adding more 
axioms makes a theory larger, in the sense that it contains more propositions. But 
the larger theory is also more specialized, since it applies· to a smaller range of 
possible models. This principle, which was first observed by Aristotle, is known as 
the i1l1Jme relationship between intension and extension:. as the meaning or intension: 
grows larger in terms of the number of axioms or defining conditions, the extension: 
grows smaller in terms of the number of possible instances. As an example, more 
conditions are needed to define the type Dog than the type Animal; therefore, there 
are fewer instances of dogs in the world than there are animals. 

Just below Tautologies are four theories named Antisymmeuy, Transitivity; 
Reflexivity, and Symmetry. Each of them includes all tautologies; in addition, each 
one has a single ~ew axiom. The theory narn:·ed Equiv:alence has threewoms, which 
it inherits from Transitivity; Reflexivity, and Symmetry. The = symbol represents a 
typical operator that satisfies these axioms: 

• Transitivity. If a= b and b= c, then a= c. 
• Reflexivi-ty. For every a, a= a. 
• Symmetry. If a= b, then b=a. 
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The =s operator for logical equivalence also satisfies these axioms. 
Partial Ordering, which is me cheory of the ::;;; operator, inherits the axiom for 

Antisymmetry instead of S}'mmetry: 

• Antisymmetry. If a:S band b:$a, then a= b. 

Two other operators that satisfy PartialOrdering are represented by the c symbol 
for subset and the :::> symbol for implication. To emphasize the similarity, Peirce 
adopted a single symbol, -<, instead of using separate' symbols for numbers, 
sets, and propositions. PanialOrdering has subtheories for Trees and Lattices, 
which have a common subtheory named LinearOrdering. Among the subtheories 
of Lattices is the theory named Theories, which contains the axioms that relate 
all the theories in the hierarchy of theories. The theories of Types and Collections, 
which are discussed in Section 2.6, are also specializations of the theory of Lat­
tices. 

The traditional mathematical cheories illustrated in Figure 2.14 are a small part 
of the infinitely many theories that can be used to describe any subject that can be 
defined precisely in any language, natural or artificial. When extended to all 
possible theories, the complete hierarchy is sufficient to formalize all the computer 
programs that have been written or ever will be written. by humans, robots, 
compilers, and AI systems. Besides the elegant theeries that mathematicians prefer 
to study, the hierarchy contains truly "ugly" theories for the poorly designed and 
undebugged programs that even their authors would disown. It contains theories 
for the high-powered formalisms of logicians like Richard Mont'.3.oaue and the 
scruffy programs written by all the hackers of the world. 

l.ATnCE 0PERA'.110NS. An infinite hierarchy without an index or catalog 
might contain all the theories that anyone would ever want or need, but no one 
would be able to find them. To organize the hierarchy of theories, the logician Adolf 
Lindenbaum showed that Boolean operators applied ·to the axioms would make it 
into a lattice: 

1. Let the language ~ be first-order logic in any suitable notation with any 
vocabulary °V' of types, relations, and constants. 

2. If Pi, .. , Pn are the axioms of any theory stated in~. insert conjunctions to 
combine them into a single axiom p: 

p= P1 A.· .APn• 
The axiom p is equivalent to the original list, since the standard rules of 
inference ~ow conjunctions to be taken apart or put together. In CGs and 
other graph notations, there is no difference between a list of formulas and a 
conjunction of formulas. 
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3. The theories in the lattice are the deductive cf.asures of first-order formulas. For 
anyformulap, closure(p) is the collection of all formulas that are provable from 
p. If p and q are equivalent {JF-q), closure(p) is exactly the same theory as 
closure{q). 

With this construction, the Boolean operators applied to the axioms determine the 
lattice operations on the closures of those axioms: 

• Partial ordering. The :J operator, which defines a partial ordering of proposi­
tions, can be extended to a parcial. ordering of. theories. If two theories are 
defined by the axioms p and q, where p=>q, then closure(p) is a specialization 
of closure{q), represented closure(p):::>closure(q). Conversely, closure(q) is a 
generali7.ation of closure(p). · 

• Supremum. The supremum of two theories is the most specialized generaliza­
tion. It follows from the disjunction of their axioms: closure(pvq). 

• lnfimum. The infimum is the most general specialization of two theories. It 
follows from the conjunction of their axioms: closure(pAq). 

• Top. The most general theory T is the theory consisting of all tautologies, 
which are provable from the empty set. The theory T is universally true of 
everything because it says nothing about anything. 

• Bottom. The bottom of the lattice is the inconsistent theory J..., which results 
from the deductive closure of any inconsistency, such as closure(pA-p). The 
theory J... includes all possible axioms and is true of nothing. 

The lattice operators ddine a systematic network for inheriting axioms, combining 
theories, and searching for new ones. In Section 6.5, they are used to classify and 
relate the techniques of learning, nonmonotonic reasoning, and natural language 
undemanding. 

2.6 Sets, Collections, Types, and Categories 

The words set, collection, type, and category have been used by many people in many 
different ways. In discussing Cyc, Lenat and Guha {1990) explicitly said that they 
"intermix the usage of collection, set, and category." Other logicians, philosophers, 
and knowledge engineers draw finer distinctions: 

• Sets. In mathematics, a set is a structure with two associated operators: mem­
berOf, represented by the symbol E; and subsetOf, represented by the symbol 
c. Those two operators, together with the axioms they obey, give set theory 
enough structure to serve as the foundation for all of mathematics. But for 
many applications, sets have too much structure. They are good for talking 
about discrete things like sets of dogs, integers, and apples, but they are not 
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applicable ·to the category Continuous in Figure 2.13. One cannot talk about 
sets of water, air, or maple syrup. 

• Collections. A collection is a simpler but more general arrangement than a set. 
Unlike sets, which are based on two operators, a collection has simpler axioms 
and only one operator, which corresponds to the subset operator c of set 
theory. In Figure 2.14, the theory of collections has another specialization 
called mereology, which applies to discrete things like dogs and apples, to 

continuous stuff like water or maple syrup, and to lumpy stuff like chicken 
soup with dumplings. In natural languages, count nouns like dog and apple can 
be represented by sets, but mass nouns like wateror syrup require a theory·that 
permits collections without clearly discernible elements. 

• 1Jpes. A type is a specification for a set or collection of entities that exist or 
may exist in some domain of discourse. In a personnel database, for example, 
the type Employee may specify conditions for determining the set of employees 
of some company. The type specification is a monadic predicate whose defini­
tion does not change, even though the set of employees may change with every 
update. Mathematically; every change to a set creates a new set, but the type 
definition is independent of any change in its instances. 

• Categories. Before Aristotle, the Greek word kategoria meant an accusation in 
a law suit. Aristotle generalized the word to mean what may be said or 
predicated of something. The word predicate, in fact, is an English borrowing 
of the Latin translation of Aristotle's Greek. Since English has inherited both 
words, category and predicate, they have acquired slightly different meanings. 
Today the word predicate is closer to Aristotle's meaning of what may be said 
of something. The word category is associated with the process of classifying 
entities according to some monadic predicate. In that sense, a category may be 
considered a type used for thr;: purpose of classification. 

As .Figure 2.14 illustrates, lattice theory applies to all these strucrures. Therefore, 
each of them has a corresponding operator for each of the lattice operators. For sets, 
the partial ordering is determined by the subset operator c; the supremum is the 
union U; the infimum is the intersection n; the top is the universal setoU.; and the 
bottom is the empty set{}. For the other kinds of collections, different authors use 
different symbols and terminology. In this book, the symbols U for supremum and 
n for infimum are used for all varieties of types and collections. 

SETS AND TYPES. Concept types are abstract specifications, not sets of things. 
For every type t, there is a set & called the denotation oft. Figure 2.15 shows b 
mapping type labels· to sets: Frog is a type in the conceptual system, and Mlrog is 
the set of all frogs in the world. But b is not a one-to-one mapping from the lattice 
of types to the lattice of sets. There are many more sets of things in the world than 
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people are aware of, and many types of things that people think about do not exist. 
Some types, such as Unicorn, map to the empty set; other types, such as Human 
and FeatherlessBiped, map to the same set; and a randomly selected set of things 
might not map to any concept type. 

In talking about meaning, philosophers have drawn a distinction between the 
intensiun ofa term (its intrinsic meaning or associated concept) and its extensiun or 
denotation. The types Human and FeatherlessBiped have very different meanings 
or intensions, but they happen to have the same extension: oHuman = '5Feather­
lessBiped. Frege used the example of the evening star and the morning star. Those 
two terms have different intensions: one means a star that is seen in the morning, 
and the other means a star that is seen in the evening. Yet both of them have the 
same denotation or extension, namely the planet Venus. 

A semantic basis could be extensional or intensional. An extensional definition 
of the type Cow, for example, would be a catalog of all the cows in the world. An 
intensional definition would specify the propenies or criteria for recognizing cows 
without regard to their possible existence. Since the number of cows in the world 
is large and constantly changing, an extensional definition would be impractica~ 
therefore, the type Cow must be defined by intension. Before Galileo, the types Sun 
and Moon, each of which had only one instance, could be defined by extension. 
But new discoveries led astronomers to generalize those concepts, and their exten­
sion across the entire universe is now unknown. 

In a type hierarchy, the position of a concept type is determined by intension 
rather than extension. The type Unicorn, for example, has no instances, since there 
are no existing unicorns. Therefore, its extension is empty. Since the empty set is a 
subset of all other sets, the extension of Unicorn is a subset of every other set, 

including the extensions of Cow, Tree, and Asteroid. The description of a unicorn, 
however, defines it as a mammal with one horn .in the middle of its forehead. By 
intension, the type Unicorn would be placed un.der Mammal, but not under Cow, 
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Tree, or Asteroid. For the most general type, the denotation OT is everything that 
exists. For the absurd type, the denotation o.l.. is the empty set D. 

In this book, the word intension, spelled with an S, is rarely used because it is 
too easily confused with the word intention, with a T. Informally, the word intension 
can be replaced with the more general term meaning. Formally, a concept type t 
represents an intension, and its denotation Otis the extension of the type t. 

SET THEORY. In the late nineteenth century, Georg Cantor developed set 
theory, which Frege and Russell adopted as a basis for defining the foundations of 
mathematics. Before Cantor, the operators of Boolean algebra were used for both 
propositional logic and a simplified theory of collections: 

• Propositions. x+y represents the disjunction xvy, xXy represents the conjunc­
tion XAJ, and Peirce's operator x--<y represents implication x-::Jy. 

• Collections. x+y represents the union xUy, xXy represents the intersection 
xn y, and x--<y represents inclusion or subset xcy. 

Peirce's symbol --< is actually less confusing than the modern symbols ::::i and c, 
since --< points in the same direction for all kinds of partial orderings. The 
collection of all cats, for example, is included in the collection of all animals, written 
cats--<animals; and the corresponding implication is written cat(x)--<animal(x). 

In developing set theory, Cantor diverged from Boolean algebra by distinguish­
ing an individual entity x from the singleton set {x} consisting of x by itsel£ Instead 
of one operator --<, he defined two operators: xeS means that xis an element or 
member of S; and {x}cS means that {x} is a subset of S. Set theory is considered a 
refinement:ehpl of lattice theory because the five lattice operations, when applied to set 
theory, can all be de.fined in terms of the more primitive operator e: 

• Subset. AcB means that every element of A is also an element of B: if xe.A, 
then xeB. In particular, every set is a subset of itself: 
AcA. 

• Union. AUB is the set S that contains all and only the elements in A or B or 
both: 
AUB=S = ('v'x)(xeS = (xeA v xeB)). 

• Intersection. AnB is the set that contains all and only the elements in both A 
and B: 
AnB=S = ('v'x)(xeS = (xeA /\ xeB)). 

• Universal set. For any collection of sets S;, the set oU captains all and only the 
elements that are in each s~ 
('v'x)(xe<ilL = (3S)xeS). 

• Empty set. The empty set has no elements: for every x, it is false that xe{}. The 
empty set is a subset of every set, including itself: For every set A, {}cA. 



2.6 SETS, COLLECTIONS, TYPES, AND CATEGORIES 'GS IOI 

Set theory is more specialized than lattice theory because new operations can be be 
defined on sets that do not apply to arbitrary lattices. As Figure 2.14 shows, 
LinearOrdering is a specialization of the theory of lattices, but LinearOrdering and 
many other kinds oflattices do not have operators that correspond to the following: 

• Proper subset. A is a proper subset ofB if AcB and there is at least one element 
of B that is not in A:. AcB, and there exists some b where beB, but not beA. 

• Disjoint sets. Two sets A and B are said to be disjoint if their intersection is 
empty: 
AnB = {}. 

• Cardinalio/- If S is a finite set, the number of elements in S is an integer N 
called its count or cardinality. The cardinality of the empty set {} is defined to 
be 0. 

• Power set. For any set S, the set of all subsets of S is called the power set of S. 
If Sis a finite set with cardinality N, then the cardinality of the power setofS 
is 2N. For this reason, the power set itsdf is written 25• 

• Infinite sets. No integer is big enough to express the cardinality of an infinite 
set, and Cantor found that even the old infinity symbol co is too limited. He 
introduced the Hebrew letter aleph with different subscripts to indicate differ­
ent orders of infinity. The smallest or countable infinity, written X0, is defined 
as the cardinality of the set of all integers. The first uncountable infinity X1 is 
defined as the cardinality of the power set of the integers: X1 = 2Ko. In general, 
if S is any infinite set, the cardinality of the power set 2s is the next larger 
infinity. 

For finite sets, all versions are equivalent, but different mathematicians have taken 
different approaches to the infinite sets. In Figure 2.14, ZF set theory was developed 
by Zermelo and Fraenkd, and VNGB set theory was developed by von Neumann, 
Godel, and Bernays. 

CRITICISMS OF SET THEORY. Despite its many applications, set theory has 
been widely criticized. Some logicians have been critical of the assumptions that 
lead to uncountable infinities, while some philosophers and linguists have consid­
ered sets to be inadequate for representing plurals and mass nouns in ordinary 
language. David Hilbert called Cantor's hierarchy of infinities a mathematical 
paradise, but the philosopher Ludwig Wittgenstein called it a swamp of contradic­
tions. Following is a summary of the five kinds of criticisms: 

1. . Ontological extrt1Vagance. Starting with a single individual like Tom, set theory 
leads to an infinite series of sets, all of which have the same content the singleton 
set {Tom}, which consists ofone element Tom; the set {{Tom}}, which consists of 
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the set consisting of Tom; and so on with {{{Tom}}}, {{{{Tom}}}} .... In objecting 
'to this luxuriance of sets, the philosopher Nelson Goodman (1956) coined the 
slogan "No distinction of individuals without distinction of content!" 

2. Discrete elements. The assumption that every set has a fixed, discrete collection 
of elements makes set theory awkward or unnatural for representing continu­
ous substances. Drops of rain join to form puddles, which may be splattered 
into other drops by a passing car. The drops and blobs form and reform without 
the sharp boundaries that demarcate the elements and subsets of set theory. 

3. Paradoxes. While using set theory for the foundations of mathematics, Ber­
trand Russell discovered a set that leads to a contradiction: 

S = {x 1-XEX}. 

This equation defines S as the set of all elements x that are not members of 
themselves. The contradiction arises from the question of whether S is an 
element in S. If S is in S, then SeS implies that S is not in S. But if S is not in 
S, then -SES implies that S is in S. 

Besides Russell, there is a long parade of mathematicians and logicians who 
devised versions of set theory to resolve the paradox: Zermelo, Fraenkel, von 
Neumann, Godel, Bernays, and Quine. Although easy to state, Russell's para­
dox is notoriously difficult to avoid. Logicians as distinguished as von Neu­
mann and Quine had contradictions in the solutions they originally published. 

4. Grotesque conturtions. In terms of set theory, many common mathematical 
concepts become absurdly complicated. Frege, for example, defined the integer 
5 as the set of all sets that have exactly five elements. To define a concept that 
is intuitively obvious to a five-year-old child in terms of in.finite sets of sets is 
repugnant to many mathematicians. Leopold Kronecker, one of Cantor's early 
critics, declared "God made the integers; all clse is the work of man" (Die 
ganzen Zahlen hat der liebe Gott gemacht, alles andere ist Menschenwerk). 

5. Nonconstructive definitions. For countable sets like the integers, it is possible to 
generate any element by starting with 0 and counting a finite number of times. 
Such a process, which is called constructive, is the preferred way of defining 
mathematical concepts, and it is the normal way to program them on a digital 
computer. The Dutch mathematician L. E. J. Brouwer insisted thatall of ~the­
matics should be intuitively constructible by a "languageless activity of the mind 
having its origin in the perception of a move in time." Brouwer and his col­
leagues, called the intuitionists, would much prefer the child's definition of 5 by 
counting to a more sophisticated, but nonconstructive definition in set theory. 

These criticisms do not detract from the achievements of the many brilliant 
mathematicians and logicians who have used set theory to define the foundations 
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of mathematics. But they raise·aoubts about the claim that set theory is the only 
or even the best choice for the foundations of mathematics. For natural language 
semantics and the description of continuous substances, set theory has not been 
as successful, and other options should be considered. 

MEREoLOGY. The Polish logician Stanislaw LeSniewski was not satisfied with 
set theory as the foundation for mathematics. In 1916, he went back to the 
pre-Cantor Boolean algebra as the basis for a simpler theory that was free of 
paradoxes. Since he applied it to the study of parts and wholes, he called it 
mereology, from the Greek word meros (part). Whitehead (1919, 1920) inde­
pendently developed a similar theory, which he applied to the description of 
space-time events. The basic primitive of mereology is partOf, which corresponds 
to the subset operator c of set theory; but unlike set theory, mereology has no 
separate membership operator E. Mereology addresses the five basic criticisms of set 
theory: 

1. Simpler ontology. Without the E operator, mereology cannot create new entities 
out of old entities since there is no distinction between the individual Tom and 
the set {Tom}. Lesniewski treated emptiness as nonexistence; therefore, there is 
no such thing as an empty set {} or elaborate combinations of it such as 
{{},{{},{D}}}. Most importantly, Cantor's uncountable infinities do not exist 
because mereology makes no distinction between an entiry S and the collection 
of all its parrs. Instead of representing the next larger infinity, the power set 25 

would be S itself 

2. Continui-ey. Mereology can represent collections of discrete elements, called 
atums, and it can represent an atumless continuity that permits indefinite 
subdivision. It can also· represent lumpy rnixrures with atoms floating in a 
continuous soup. Linguists such as Harry Bunt (1985) have used mereology as 
a more natural representation for the semantics of plurals and mass nouns in 
natural languages. 

3. No paradoxes. One of LeSniewski's original goals was to avoid the paradoxes of 
set theory. In mereology, the collection S that corresponds to Russell's paradoxi­
cal set does not exist 

S = {x 1-(x partOf x)}. 

This equation defines S as the collection of all entities x that are not part of 
themselves. Since everything is a part of itself, S is{}, which is nothing."There 
is no contradiction, since S doesn't even exist. 

Besides avoiding paradoxes himself, LeS'niewski was admired and feared for 
his ability to find contradictions in the publications of other mathematicians. 
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He found a contradiction in von Neumann's 1927 version of set theory and 
later found two more contradictions in von Neumann's revised version of 
1931. 

4. More natural definitions. Unlike set theory, mereology does not provide a 
mechanism for making anything out of nothing. Therefore, eaCh kind of 
mathematical structure, such as the integers, must be defined by its own axioms 
and definitions, which can be as simple or as complicated as the designer 
wishes. An inruitionist can base the integers on counting, but someone who·. 
prefers set theory could add the e operator with its associated axioms. 

S. Constructive definitions. In developing mereology and its applications to ontol­
ogy and the foundations of mathematics, LeSniewski adopted the inruitionists' 
recommendations of following a strictly constructive approach. Although 
nothing prevents anyone from using mereology in a nonconstructive way, it 
was designed for constructive procedures. 

By itself, mereology does not support Cantor's hierarchy of infinities. But its 
consrructive nature is well suited to computer programming; which cannot be used 
to implement anything infinite. \'l,.!;-rv<. c'" •·<· · .. \; .. :J,, L;,l;, :n \\,..kel\ 

~10~:::.'!:> 

Oc:i<'!.l3a.'~·:. 

.Axl:OMS FOR MEREOLOGY. Since mereology was independently invented by 
different people, it has no standard terminology, notation, or axioms. The collec­
tions have been called collective sets, fusions, individuals, aggregations, aggregates, and 
ensembles. The basic operator has been called partOf, in, ingredient, and covering. 
The symbols that represent these terms are just as. varied. In this book, the word 
collection is used as the general term, and the operator that relates a collection to 
the entities in it is called partOf Two kinds of cc;>llections are called sets and 
aggregates. 

• Sets. A set is a collection with two operators, called subset c and memberOf e. 
Any set can be considered a collection by interpreting c as a synonym for 
part0£ 

• Aggregates. An aggregate is a collection with only the partOf operator, which 
is represented by the symbol$. In mereology; there is no distinction between 
an entity x and an aggregate {x} consisting of x. The e operator is not defined 
for aggregates. · 

Figure 2.14 shows three specializations of mereology. Discrete mereology corre­
sponds to Boole's version of set theory with no distii.tctiori between x and {x}. The 
continuous and lumpy versions differ from set theory by allowing arbitrarily 
divisible sruff. 

In set theory; the empty set {} contains nothing, but Lefoiewski maintained 
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that the empty aggregate {} is nothing. In natural languages, the word nothing can 
Qe paraphrased by a sentence that begins It is false that there is something which, as 
in the following example: 

• Tom ate-nothing. 

• It is false that there is something which Tom ate. 

Formally, the symbol {} can be defined by a similar paraphrase. Any formula that 
contains {} can be replaced by an equivalent formula that uses the symbols - and 
3 to express nonexistence: 

P({}) = -(3x)P(x). 

Tllls formula may be read Pis true of nothing if and only if there does not exist any x 
such that Pis true of x. By this equivalence, any statement that contains the symbol 
{} for nothing can be translated to a statement about nonexistence. For example, 
two sets a and bare disjoint if their intersection is the empty set: 

anb = {}. 

For aggregates, the interpretation of {} as nothing causes this formula to be trans­
formed to the following: 

-(3x)an b=x. 

In effect, the symbol {} represents the nonexistent intersection of two disjoint 
aggregates. (See Exercise 2.7.) 

The axioms for the ::5 operator when applied to aggregates are the same as the 
axioms for c when applied to sets. They are the three axioms for PartialOrdering 
illustrated in Figure 2.14. The term part ofis used for the ::5 operator and proper 
part of for the < operator. Proper parts can be defined in tenns of parts: 

• Proper part. An entity x is called a proper part of an entity y if x is a part of y 
and y is not a part of y. 

x<y = (x:5y I\ -y:5x). 

This definition is not equivalent to the definition of proper subset, which differs 
from its containing set by at least one dement. Since mereology does not have the 
E ~perator, another axiom is necessary to ensure the existence of a supplementary 
part that has no overlap with the proper part: · 

• Ovedap. An entity x overlaps an entity y if they have a common part z: 

overlap(x;y) = (3z)(zSx I\ z:5y). 

• Supplement. If an entity x has a proper party, then x has another proper part 
z that does not overlap y: . 

y<x~ (3z)(z<x I\ -overlap(z,y)). 
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Another property that is sometimes assumed as an axiom and sometimes proved from 
other axioms is extensionality, which means that two entities with the same parts are -
the same individual. That property is equivalent to the following proposition: 

• Extensionality. If every part z of an entity x overlaps an entity y, then xis a part 
ofy: 

0;f z)(z::=;x::J overlap(z,y)) ::::> x::;;y. 

All versions of mereology agree on the axioms of partial ordering for::::;, but they 
may make different assumptions about supplements, overlaps, and ex:tensionality. 
They may also use different notations and terminology for the operators. 

A basic version of mereology allows all possible unions and intersections of 
entities. It corresponds to set theory without the E operator, with {} interpreted as 
nonexistence, and with no requirement or prohibition of discrete elements. Leon­
ard and Goodman (1940) defined axioms for this version, which they called the 
calculus of individuals. But Alfred Tarski (1929) had earlier defined more concise 
but equivalent axioms as a special case of LeS'niewski's system. Besides the axioms 
for part and the definition of proper part, Tarski defined a predicate for disjoint and 
a generalized union (which he called sum): 

• Disjoint. An entity xis said to be disjoint from an entity y if no entity z is part 
of both xandy. . 

disjoint(x,y) = 
-(3z)(z::;;x I\ z::=;y). 

• Generalized union. An entity xis called a union of all parts of a collection c if 
every part of c is a part of x and no part of xis disjoint from all parts of c. 

union(x,c) = 
((\:;/y)(pc:::> y::;;x) I\ 
-(3z)(z::=;x I\ 0;f w)(w::;;c::J disjoint(w,z)))). 

Since the definition uses the indefinite article for a union, there must be an axiom 
that ensures there exists exactly one: 

• If a collection c is not empty; there exists exactly one entity xwhich is the union 
of all parts of c. 

c:;C:{} ::::> (3!x)union(x,c). 

NOTE: The quantifier 3!x states that there exists exactly one x that meets the 
condition. It is defined _in Appendix A. l. 

This axiom together with the axioms for the partial ordering of the::::; operator are 
sufficient to serve as a basis for Tarski's version of mereology and equivalent 
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versions, such as Leonard and Goodman's calculus ofindividuals. The operators U 
and n can alsq be defined: 

• Union. The union of a and b includes everything that is a part of a or a part 
of b. 

aUb=s= (v'x)(x:Ss= (x:5av x:5b)). 

This is equivalent to defining s as union(s,{a,b}). 

• Intersection. The intersection of a and b includes everything that is a part of 
both aand b. 

anb=s= (!tx)(x:5s= (x:5aAx:5b)). 

For any aggregate A, the partial ordering :s; and the two operators U and n define 
a lattice with the total aggregate A as the top element and the symbol {} as the 
bottom element. 

As Figure 2.14 indicates, different specializations of mereology can describe 
discrete aggregates made up of atoms, continuous aggregates with no atoms, or lumpy 
aggregates with.a mixture of atoms and continuous stuff. An atom is defined as an 
entity that has no proper parrs: 

atom(x) = -(3y)y<x. 

Since everything is part of itself, an atom has no parts other than itself. The axioms 
for the three kinds of aggregates are defined in terms of atoms: 

• Discrete. Everything has at least one atom as part. 

Ci/ x)(3y)(atom(y) /\ y:5x). 

This axiom implies that things can be subdivided up to the point where 
nothing is left but atoms. 

• Continuous. Everything has at least one proper part. 

(Vx)(3y)y<x. 

This axiom implies that any x has a sm.aller party. But y must also have a 
smaller part z, which in turn has a smaller part w, and so on indefinitdy. It is 
equivalent to saying that there are no atoms. 

• Lumpy. Some things are atoms, and some things are continuous. 

(3x)atom(x) /\ 
(3y)(V'z)(z:5y::J (3w)w<z). 

The fustlinesays that some xis an atom, and the second line implies that some 
y is infinitdy divisible. 
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These three axioms are mutually exclusive. Any one of them could be added to the 
basic axioms for mereology; but any two of them together would cause a contradic­
tion. 

Other axioms for mereology may be adopted for specialized applications. Instead 
of allowing every pair of entities to have exactly one union and intersection, some 
versions restrict the permissible unions. As an example, a jwik dealer and a new-car 
dealer may both have collections of cars, but they may apply different theories of 
mereology. If a customer wanted to buy some parts taken from several different cars, 
the junk dealer would be willing to remove them from the original cars and put them 
in a new collection for the sale. The jwik dealer would therefore subscribe to a 
mereology with arbitrary intersections and unions. A new-car dealer, however, would 
be eager to add more accessories to a car, but would be reluctant to take parts out of a 
brand new car. Therefore, the new-car dealer would enforce the following constraint: 

("i/ a:NewCar)("i/ x,b:Entity) 
((x<a /\ disjoint(a,b)) ::::> -(3y:Entity)y=xU b). 

This formula says that for any new car a and any entities x and b, if x is a proper 
part of a and a is disjoint from b, then there does not exist an entity y formed as 
the union of x and b. In other words, don't take parts out of a new car a and put 
them in something else b. 

The combinations of parts and wholes can be constrained in many different 
ways for different applications. Some of the most interesting and complicated 
variations are created by the possible changes that may occur over time. Two 
extended presentations of mereology with applications to ontology are the books 
The Structure of Appearance by Nelson Goodman and Parts by Peter Simons. Simons 
presents a detailed analysis of the variations of mereology, including theories of 
time-dependent parts and wholes. 

COLLECTIVE NOUNS. The words collection, set, and aggregare are examples of 
collective nouns, which ref er to a plurality of things by a singular noun.. Other 
examples include bunch, bundle, herd, flock, team, cluh, group, gang, mob, convoy, 
crowd, committee, family, clan, audience, population, community. organization, com­
pany, corporation, federation, and government. Some of these words, like set and 
group, have been adopted by mathematicians who endowed them with formal 
axioms and operations. Other words like clan and family are defined by kinship 
systems that differ from one culture to another. Still others like team and club have 
spawned specialized subtypes like baseball teams and bridge clubs, whose members 
interact according to rigidly defined rules. 

Mathematical sets are abstract, but many collective nouns like herd, crowd, and 
convoy represent physical entities. Companies and governments can also be consid­
ered physical because they can perform actions that have physical effects. The 
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distinction between sets and aggregates can be used to answer Lenat's question·of 
whether sets have mass: 

• A mereological aggregate of multiple physical entities is a physical entity. An 
aggregate of abstract entities is also abstract. But in the usual versions of 
mereology, an aggregate of a physical entity like the cat Yojo with an abstract 
entity like the number 7 would be meaningless or undefined. 

• In set theory, however, the axioms impose no constraints on the types of the 
members. A cat and a number could both be members of the set {Yojo,7} 
because it is a new entity, whose type does not depend on Yojo or 7. A 
reasonable interpretation is that sets are abstractions, independent of the nature 
of their members, which may be physical, abstract, or mixed. Therefore, Lenat 
would be correct in claiming that sets have no mass. 

For each kind of collection, the axioms and definitions must specify any constraints 
on the types of the members or the type of the totality. They must also specify the 
expected relationships or interactions of the members with each other or with 
entities that do not belong to the collection. For many common collections, the 
axioms may be much more complex than abstract set theory. A nuclear family, fo~ 
example, is restricted to a husband and wife and their children, but the apparent 
simplicity vanishes when divorce, remarriage, and adoption are considered. An 
extended family has no clear membership criteria: in-laws of fifth cousins might be 
included while closer relatives who are not on speaking terms might be excluded. 
For the U.S. government, the axioms include the Constitution and all the laws, 
rules, regulations, and treaties created by the legislative and executive branches and 
their interpretations by the judicial branch. 

2.7 Space and Time 

The discrete elements and rigid boundaries make set theory awkward for repre­
senting continuous space and time. Goodman cited the example of France, which 
is now divided in a collection of departments, but which was formerly divided in a 
collection of provinces. When considered as sets, those two collections cannot be 
equal because the elements of the two sets are different. In mereology, however, 
equality of aggregates is determined by their total content, not by the way they 
happen to be subdivided. The aggregate of all departments is the same entity as the 
aggregate of all provinces, namely the territory of France. From different view­
points, the human body can be considered an aggregate of organs, an aggregate of 
cells, or an aggregate Of molecules. Each viewpoint affects the terminology used to 
talk about the body, but not the body itself 

The representation of space as a set of points introduces other puzzles. At the 
top of Figure 2.16 is a line segment that is being sliced in two equal halves, which 
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_I\_ 
FIGURE 2.16 Where does the midpoint go when a line is divided in two? 

are separated at the bottom. A question arises about what happens to the midpoint. 
If the original line were considered a set of points, it would have just one midpoint. 
The two halves of the line could not be identical, since only one of them would 
contain the former midpoint. The other part would contain an uncountably 
infinite set of points leading up to, but not including the old midpoint. A similar 
puzzle concerns the bounding line when a rectangle is sliced in half or the bounding 
plane when a cube is sliced in half every boundary point must be assigned to one 
side or the other. This strange property is not only counterintuitive, it contradicts 
classical Euclidean geometry, which predicts that a line, a rectangle, or a cube can 
be bisected in two congruent halves. 

The paradox of Figure 2.16 did not occur to Aristotle or Euclid, who never said 
that a line consisted of points. They just said that two intersecting lines determine a 
point or that a point lies on a line. When Russell and Whitehead collaborated on 
the Principia Mathematica, they used set theory as the foundation for arithmetic. 
But Whitehead intended to write a fourth volume on geometry, which he planned 
to base on his own version of mereology, called extensive abstraction. Although he 
never finished that volume, Whitehead wrote two other books (1919, 1920) in 
which he applied mereology to space-time events. Besides geometry, those two 
books presented an early version of the ontology that he devdoped more fully in 
Process and ReaHty. 

SPACE WITHOUT POINTS. Tarski (1929) used mereology to develop a three­
dirnensional special case of Whitehead's four-dimensional theory of space-time. 
Unlike Euclid, who constructed solid geometry as an extension of plane geometry, 
Tarski adopted spheres as the only primitives and defined a solid as any union of 
one or more spheres . .& a model for physics, Tarski's geometry is more realistic, 
since solid bodies are aggregates of spherdike atoms. At the microscopic level, even 
the straightest lines and planes have ripples created by the atoms and molecules. . 

Tarski showed that the concepts of point, line, and plane are not just physically 
unrealistic, they are theoretically unnecessary to define three-dimensional relation­
ships. His definitions, illustrated in Figure 2.17, are based on mereology with 
Sphere as the only geometrical primitive: 

• Externally tangent. The sphere a is externally tangent to the sphere b if 

1. The sphere a is disjoint from the sphere b. 
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2. If any two spheres x and y containing the sphere a as part are disjoint from 
the sphere b, then either x is a part of y or y is a part of x. 

In Euclidean geometry, two tangent objects must have a common bow:ldary 
point. Since Tarski's geometry has no points, his constraints force the two 
spheres a and b to be so close together that the containing spheres x and y must 
also be tangent to b. 

• Internally tangent. The sphere a is internally tangent to the sphere b if 
1. The sphere a is a proper pan of the sphere b. 
2 If x and y :ire any two spheres that contain the sphere a as part and are part 

of the sphere b, then either x is a part of y or y is a, part of x. 

As in the previous definition, the sphere a must be so close to b that x and y 
must also be tangent to b and to each other. 

• Externally diametrical The spheres a and b are externally diametrical to the 
sphere cif 

1. Each of the spheres a and b is externally tangent to the sphere c. 
2. If any two spheres x and y are disjoint from the sphere c and such that a is 

part of x and b is part of y, then xis disjoint from y. 

To avoid defining the diameter as a line, Tarski imposed constraints that force 
the two spheres a and b to be on on opposite sides of c. 

• Internally diametrical The spheres a and b are internally diametrical to the 
sphere cif 

1. Each of the spheres a and b is internally tangent to the sphere c. 

Internally tangent Externally diametrical 

lntcmally diametrical Concenuic 

FIGURE 2..17 Tarski's constructions for defining relationships between spheres 
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2. If any two spheres x and y are disjoint from the sphere c and such that a is 
externally tangent to x and b toy, then xis disjoint fr.om y. 

As in the previous definition, the constraint that x and y cannot overlap even 
if they grow arbitrarily large forces a and b to be diametrically opposite, but 
inside of c. 

• Concentric. The sphere a is concentric with the sphere b if any one of the 
following conditions is satisfied: 

1. The spheres a and b are identical. 

2. The sphere a is a proper part of b; and if any two spheres x and y are 
externally diametrical to a and internally tangent to b, they are internally 
diametrical to b. 

3. The sphere b is a proper pan of a; and if any two spheres x and y are 
externally diametrical to b and internally tangent to a, they are internally 
diametrical to a. 

If a and b did not have the same center point, it would be possible to find 
spheres x and y that met the conditions, but without being internally diamet­
rical to the containing sphere, 

Even tliough Tarski's theory is based on different primitives from Euclid's, they are 
provably equivalent (see Exercise 2.15). For knowledge sharing, a proof of equiva­
lence between two ontologies is more than an academic exercise. It.is necessary to 
ensure that inference engines that use different axioms and definitions can commu­
nicate without generating contradictions. 

SETS AT THE METALEVEL Instead of starting from scratch with all the axi­
oms needed for a Euclidean style of geometry based on spheres, Tarski chose the 
simpler task of defining a point as a limit of a set of spheres. Then he just assumed 
the traditional axioms that are stated in terms of points. That assumption enabled 
him to adopt the usual terminology of geometry and set theory, but with an 
important difference: solids consist only of spheres and unions of spheres, not 
points -0r sets of points. In effect, the points and sets are fictions. They belong to 
the metala.nguage for talking about geometry; they are not part of any actual body. 
This approach solves the puzzle about the midpoint 

• The parts of a solid are other solids, not points, lines, or planes. 

• Similarly, the parts of a two-dimensional surf ace are other two-dimensional 
surfaces, which can be constructed from circles (which are the two-dimensional 
counterpans of spheres). 

• The parts of a one-dimensional line are line segments (which are the one-di­
mensional counterparts of circles or spheres). 
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• Therefore, the problem about the midpoint vanishes, because a point is just a 
fictitious limit, not an actual part. When the line segment in Figure 2.16 is 
divided in two, the twO identical halves contain all the actual parts of the 
original. Since the two segments are separated at the bottom of Figure 2.16, 
each one has a different, but fictitious limit point, where the original line had 
only one fictitious midpoint. 

The problem vanishes because an ontology for lines need not assume the existence 
of points. The ontology of points belongs to a different theory, a metatheory, which 
is used for relating Tarski's geometry to Euclid's. 

Thinking in Tarski's language is backward from the thinking in point-set 
geometry: for Tarski, a sphere is an element of a point; in the usual geometry, a 
point is an element of a sphere. To clarify the distinction, variables in lowercase 
letters such as x or a can be used for the object level of spheres and solids, and 
uppercase letters such as X or A can be used for the metalevel of sets and points. 
Following are Tarski's definitions, written with this convention: 

• Point. A point A is the set of all spheres that are concentric with a given 
sphere x. 

• Equidistant. The points A and Bare equidistant from the point Cif there exists 
a sphere x in C such that every sphere y in the points A and B overlaps x, but 
is !lot part of x. 

• Interior point. The point A is an interior point of the solid b if there exists a 
sphere a that is a member of the point A and a part of the solid b: aeA /\ a~ b. 

These axioms are metalanguage statements that relate the metalevel vocabulary of 
set theory to the object-level vocabulary of mereology. In defining the term equi­
distant, for example, Tarski used set theory to talk about a sphere x as a member of 
C, but he also used mereology for talking about parts. In Euclidean terms, his 
definition of equidistance implies that· the sphere x has a center at point C with 
points A and B on its surface. 

Tarski assumed four axioms, which he stated in a metametalanguage that relates 
set theory and Euclid's terminology to the object language of spheres and solids. 
Script letters like s4. are used for metametavariables that relate Euclid's points to 
Tarski's spheres: 

1. The notions of point and equidistance of two points from a third satisfy all the 
axioms of ordinary Euclidean geometry of three dimensions. 

2. If a is a solid, the set s4. of all interior points. of a is a nonempty regular open 
set. 

3. If the set dl..of points is a nonempty regular open set, there exists a solid a such 
that s4. is the set of all its interior points. 
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4. If a and bare solids and all the interior points of a are also interior points of b, 
then a is a part of b. 

Since every point is defined as a set of spheres, the set of points 9l would be·a set 
of sets of spheres. 

In principle, each axiom .at the metalevel or the metametalevel could be 
replaced by one or more axioms at the object level. Axiom 4, for example, could be 
replaced by the following axiom, which avoids any mention of points: 

• If a is a solid and b is part of a, then b is also a solid. 

Translating the other metalevel axioms to the object level would be more difficult. 
Axiom 1, in particular, would require a restatement of all the axioms of Euclidean 
geometry in terms of spheres. 

With these definitions and axioms, Tarski was able to prove that the geometry 
based on spheres has exactly one model, which is isomorphic to ordinary three-di­
mensional Euclidean geometry. Conversely, the axioms for Euclidean geometry 
have a model in terms of the geometry based on spheres. Therefore, Tarski's 
geometry is consistent if and only if traditional Euclidean geometry is consistent. 
Mathematically, either one can be used for computation. Philosophically, however, 
Tarski's geometry shows that points can be treated as fictions, not as the basic 
constituents of space. 

TIME WITHOUT INSTANTS. Consistent with his views about points, Aristotle 
maintained that instants delimit durations, but they are not parts of durations. 
More recently, Henri Bergson (1889) developed a philosophy of time based on 
intervals or durations rather than instants. Whitehead (1919, 1920) adopted a 
similar approach, but with four-dimensional durations for what he called the 
passage of nature. Tarski's geometry is a three-dimensional special case of White­
head's four-dimensional theory; time by itself can be represented by a further 
restriction to one dimension. In all these variations, temporal points or instants are 
boundaries, not parts of intervals. 

In artificial intelligence, a widely used ontology for time is based on the axioms 
for intervals defined by James Allen (1983, 1984). Later, Allen and Hayes (1985) 
simplified those axioms by assuming a single primitive meet(i,j), which means that 
interval i immediately precedes interval j. In terms of mereology and Tarski's 
geometry, the axioms of Allen and Hayes can be proved as theorems, but some 
additional assumption is necessary to distinguish past and future. One approach is 
to assume a special interval called the distant past, which includes all time that is 
long before the period of interest. That assumption is neutral about the question 
whether the distant past extends backward infinitely far or whether there was a 
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beginning to time. The meet relation can be defined in terms of mereology and a 
special interval named DistantPast. 

• Meet. The interval i meets the interval j if both i and DistantPast are part of 
some interval k that is disjoint from j, and if i is part of any interval l that is 
disjoint from j, then. l is part of k. 

meet(i,j) = 
(3k:Intefval)(isk /\ DistantPastSk /\ disjoint(k,;) /\ 

01 Hnterval)((ist A disjoint(~;)) :::> /Sk) ). 

The relation meet(i,;) for intervals is analogous to T arski's externally tangent spheres. 
The added condition about the distant past ensures that i precedes j. Allen and Hayes 
defined all 0th.er relations between intervals in terms of the meet relation, but some 
of their definitions are simpler in terms of the mereological relations: -

• Before. The interval i is before the interval j if there is some interval k such that 
i meets k and k meets j. 

• ·Equal The interval i is equal to the interval j if i is part of j and j is part of i. 
• Overlap. The interval i overlaps the interval j if there exist three intervals a, b, 

and c such that i=aU b, j= bUc, a meets b, and b meets c. 
• During. The interval i occurs during the interval j if there exist two intervals 

a and b such that j=aU tU b, a meets i, and i meets b. 

• Stttrts. The interval i starts the interval j if i is a proper part of j and some 
interval k meets both i and j. -

• Finishes. The interval i finishes the interval j if i is a proper part of j and both 
i and j meet some interval k. 

Other relations can be defined as inverses or other combinations of these relations; 
after(i,;), for example, is before(j,i). 

Although Allen and Hayes defined their ontology for time in terms of tem­
poral intervals, they wanted to use the terminology of points in order to talk 
about beginnings and endings. Therefore, they defined instants or points in time 
by nests of intervals, just as Tarski defined points as nests of spheres. Another 
approach is to map the Allen-Hayes intervals to the diameters of spheres in Tarski's 
geometry: 

1. Select an arbitrary line in Tarski's model of Euclidean space and call it Time­
Line. Select an arbitrary point D on TimeLine, call the part of TimeLine on 
one side of D DistantPast, and call the rest Modem Time. 

2. By Tarski's construction, identify every point on TrmeLine with a set of 
concentric spheres. Let Tbe the union of all those sets of spheres. By definition, 
the center of every sphere in Tis a point ofTimeLine. 
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3. For every interval i ofTuneLine, there is exactly one spheres in Twhose center 
Cis the midpoint of i an:d whose intersection with TuneLine is a diameter that 
coincides with i. 

4. If the interval i occurs during ModernTrme, the two points Sand Ewhere the 
surface of s intersects TimeLine represent the starting and ending points of i. 
The starting point S can be distinguished from the ending point E because 
there is some sphere d that includes both Sand D as interior points, but Eis 
an exterior point of d. 

Because of the mappings between the Allen-Hayes time line, Tarski's geomeny, and 
Euclid's geometry, all the constructions of Euclidean mathematics correspond to 
equivalent constructions in, the other two. The measurements and computations in 
the Euclidean model, which are usually the simplest, are therefore valid for all three 
models. Tarski's construction can also be adapted to the non-Euclidean geometries 
used in relativity theory. Tarski's Axiom 1, which assumes that the constructions of 
points from spheres satisfy the usual Euclidean axioms, can be replaced by an axiom 
that assumes any version of four-dimensional geometry used for relativity. In all 
these variations, the time intervals are considered primary, and the instants are 
computational fictions, not the actual constituents of time. 

'ZENo's PARADOX. The distinction between points and intervals is important 
for resolving the paradoxes devised by the early Greek philosopher Zeno of Elea. 
One of the most famous is Zeno's argument that fleet-footed Achilles could never 
overtake a tortoise in a race if the tortoise had a head start: 

• At every instant, both Achilles and the tortoise must have reached some point 
in the course. 

• When Achilles reaches the point from which the tortoise started, the tortoise 
will have reached a farther point. 

• But when Achilles reaches that point, the tortoise will have reached a still 
farther point. · 

• Achilles would have to reach an infinite number of intermediate points jtist to 
catch up, and he ·could never overtake the toI!oi~e. 

This argument has been debated and analyzed by philosophers and mathematicians 
since antiquity. Aristotle claimed that the points along the race course were only 
potential goals, not actual tasks that had to be separately completed. Modern mathe­
maticians analyze it as a sum of an infinite series that converges to a fipite limit. 

Zeno's argument shows how an inappropriate representation can introduce 
distractions tha~ confuse or complicate the issue. As Aristotle said, the points along 
the line are merely potential. By Tarski's construction, they are metalevel fictions 
used in talking about the line, not aetual parts of the line. Bergson (1889) main-
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rained that such problems arise from "confusion of the movement with the space 
traversed by the mobile entity." His solution was to ignore the points: 

Why does Achilles overtake the tortoise? Because each of Achilles' steps and 
each of the tortoise's steps are indivisible acts in so far as they are movements, 
and are different magnitudes in so far as they are space; so that simple addition 
gives a greater length for the space traversed by Achilles than the sum of the 
space traversed by the tortoise and its head start. · 

With Zeno's artificial subdivision, the problem requires the advanced mathematics 
of infinite series. Bergson, however, represented the probl17m in terms of the acrual 
movements of Achilles and the tortoise. As a result, he could solve the problem by 
elementary arithmetic. Both methods generate the same answer: Achilles can in­
deed overtake the tortoise. But the more natural representation solves the problem 
with less computation. 

liME's ARRow. In Einstein's theory of relativity, three-dimensional space and 
one-dimensional time are combined in a four-dimensional space-time continuum. 
That treatment simplifies the equations of physics, but it masks a fundamental 
asymmetry in time that does not affect space: the difference between past and 
future. To characterize that difference, Arthur Stanley Eddington (1928) imagined 
an arrow drawn somewhere in the space-time continuum: 

Let us draw an arrow arbitrarily. If as we follow the arrow we find more and 
more of the random element in the world, then the arrow is pointing towards 
the future; if the random element decreases the arrow points towards the past . 
. . . I shall use the phrase "time's arrow" to express this one-way property of 
time which has no analogue in space. 

The random element is only apparent when there are enough objects in a situation 
to be statistically significant. If a movie ·of two billiard balls colliding were played 
forward or backward, both directions would represent physically possible events. 
But if any movie showed sixteen billiard balls coalescing into a triangle of fifteen 
while spitting out the cue ball in the direction of the player, it would be safe to 
assume that the film was running in reverse. When left to themselves, situations 
become more randomized with the passage of time, and the eff ecrs that are notice­
able with a few billiard. balls become more pronounced with larger numbers of 
interacting atoms and molecules. 

For physical entities, the.measure of randomness is called entropy. For abstrac­
tions, Shannon (1948) applied the formulas of entropy to measure the amount of 
information. Both entropy and information tend to increase, and their incr~ is 
governed by the same mathematical laws. When atoms or billiird balls scatter, the 
increase in entropy is proportional to the increase in the number of bits required 
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to encode their configuration. Like entropy and information, causality is also 
intimately connected with time. In his lectures on cause and chance in physics, Max 
Born (1949) stated three asswnptions that dominated the classical view: 

• "Causali'ty postulates that there are laws by which the occurrence of an entity 
B of a certain class depends on the occurrence pf an entity A of another class, 
where the word enti'ty means any physical object, phenomenon, situation, or 
event. A is called the cause, B the effect." . 

• "Antecedence postulates that the cause must be prior to, or at least simultaneous 
with, the effect." 

• "Contigui'ty postulates that cause and effect must be in spatial contact or 
connected by a chain of intermediate things in contact." 

Relativity and quantum mechanics have forced physicists to abandon these asswnp­
tions as exact statements of what happens at the most fundamental levels, but they 
remain valid at the level of human experience. After analyzing them in terms of 
modern physics, Born concluded "chance has become the primary notion, mechan­
ics an expression ofits quantitative laws, and the overwhelming evidence of causality 
with all its attributes in the realm of ordinary experience is satisfactorily explained by 
the statistical laws oflarge nwnbers." 

The arrow of time with its implications for entropy, information, and causality 
is well defined because the universe is still evolving from the big bang, when entropy 
was extremely low. In a much older universe near thermal equilibriwn, the arrow 
could be undefined or randomly fluctuating. In exceptional circwnstances, such as 
matter and energy falling into a black hole, the arrow of time might even be 
reversed. A universal ontology should be able to accommodate any novel phenom­
ena discovered by physicists and astronomers. But to describe ordinary events on 
the earth and the surrounding solar system, the ontology must include a well 
developed stock of concepts for representing the familiar direction of time and its 
implications for causality and information flow in everyday life. Those concepts are 
discussed further in Chapter 4. 

CoNTINUANTS AND OccURRENTs. The distinction between continuants and 
occurrents, which was informally discussed in Section 2.3, can only be formalized in 
terms of some axiomatization for time. Simons (1987) used time-dependent mereol­
ogy to state the definitions: 

• "A continuant is an object which is in time, but of which it makes no sense to 
say that it has temporal parts or phases. At any time at whiCh it exists, a 
continuant is wholly present. Typical continuants come into existence at a 
certain moment, continue to exist for a period (hence their name) and then 
cease to exist." A human being, for example, is constantly gaining and losing 
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molecules, but at any time twhen a person x exists, all of xs parts exist at the 
same time t. Even if x loses some part, such as a tooth, that tooth (or at least 
its atoms) would continue to exist at the same time as x. 

• "Occurrents comprise what are variously called events, processes, happenings, 
occurrences, and states. They are, like continuants, in time, but unlike continu­
ants they have temporal parts." Examples of occurrents include concens, sports 
events, jotimeys, storms, and earthquakes. A complete specification of an 
occurrent must include the temporal parts, such as the movements of a sym­
phony or the innings of a baseball game. Although a human being is a 
continuant, the life of a hufilan being is an occurrent whose stages are spread 
out over the interval from binh to death. 

These definitions apply equally well to physical entities and to the abstractions that 
encode their structure but without the accompanying matter or energy. 

Simons' definitions depend on a coordinate system that separates one-dimen­
sional time from three-dimensional space. They are adequate for ordinary human 
experience, but they would have to be generalized to four-dimensional space-time 
for modern theories of physics. That generalization could be based on Eddington's 
definition of time's arrow in terms of entropy: 

• Let ffi. be any bounded simply connected four-dimensional space-time region. 
Such a region can always be assumed as the container for an occurrent, whether 
or not any matter or energy exists in or passes through that region. 

• Before a continuant can be found in \lll, there must exist a continuous path l 
through ffi., called a time li711!, which extends from one boundary point ~ of ffi. 
to another boundary point ti offfi., where the entropy S (~ is a minimum and 
S(t1) is a maximum. Every point t of the path l must be tangent to the direction 
of maximum increase in entropy VS at the point t. 

• If a time line l can be found for the region ffi., then at each point t of ~ define 
a snapshots as the intersection of ffi. with a three-dimensional hyperplane 
perpendicular to lat t. 

This construction separates the four-dimensional continuum into a one-dimen­
sional time line and a family of three-dimensional snapshots indexed by the time t. 
This separation might not be possible at atomic sizes or in the vicinity of a black 
hole, but when it can be done, it allows the conditions for recognizing a continuant 
to be defined in purely spatial terms. The criterion that a continuant has only spatial 
parts can be represented by a spatial-form predicate P(s) that depends on the 
configuration of matter and energy in a snapshot s: 

• If there exists a spatial-form predicate P(s) that is true 0f every snapshot s at 
time ~:s; t::5:ti in the region m, then a continuant xis said to exist at each time 
t in the region ffi.. 



120 i.- CHAPTER TWO ONTa°LOGY 

As an example, the spatial-form predicateP(s) for a sphere would be true if there exists 
a concentration of matter in swith a boundary that is equidistant from some center 
point. Fot the type HumanBeing, a spatial-form predicate would outline the shape of 
the human body while taking into account possible movements of the limbs. 

IDENTITY CONDITIONS. By itself, a spatial-form predicate can only recognize 
types. Further identity conditiuns are needed to identify two appearances of the same 
type as the same individual. A predicate sphere(s), for example, might be sufficient 
to recognize that a sphere is present at location s, but it could not determine 
whether two appearances of a sphere at Sr and 12. are manifestations of the same 
sphere or different spheres. Even for the human body, which has many more 
distinguishing features than a sphere, confusion is possible because of identical 
twins or changes in age, hair style, or clothing. 

The most fundamental identity condition is continuous existence in a region 
that is just big enough for a single individual of the given type. To state that 
condition, shrink the region r;JI, to the smallest region g that is big enough to 
contain a continuant whose form is recognized by a spatial-form predicate P. Let g 
be the subregion of r;JI, that satisfies the following axioms: 

• P is true of the_ intersection of g with every snapshot sin r;JI,; 

(v' s:Snapshot)(3u)((s<r;JI, A u=g'ns) ::::> P(u)). 

• There is no proper subregion <Zr of g for which P is true of the intersection of 
<Zr with every snapshot s in r;JI,; 

-(3<!!)(<!! <g' A (v' s:Snapshot)(3u)((s<r;JI, A u=<Zrns) ::::> P(u))). 

• If g is continuous from time to to tr, then g is assumed to contain a single 
individual of the type recognized by P. 

If there is a spatial discontinuity in g at some time t, then for ordinary physical 
objects, the individual recognized by P before t is not the same as the individual 
recognized by P after t. According to quantum mechanics, however, subatomic 
particles like electrons can jump from one position to another without being 
detectable at any intermediate points. Therefore, the continuant/occurrent distinc­
tion cannot be assumed at the quantum-mechanical level. 

Even for ordinary objects, the definition iri terms of spatial continuity requires 
continuous observation from to to tr to avoid the possibility that two similar objects 
might be interchanged. Without continuous observation, an object's identity can 
only be guaranteed by indirect means: one sphere, for example, may be locked in a 
box while a similar one is outside the box. But that guarantee depends on many 
assumptions: only one person holds the key, that person is trustworthy, and there 
are no secret side doors in the . box. For human beings, eye-wimess reports of 
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identity are notoriously unreliable, and identity conditions depend on assumptions 
about fingerprints, DNA, or memory of obscure personal facts. In general, the 
recognition of identity depends on inference, and the inference may be mistaken. 

GRANU1ARITY. Many distinctions about physical objects depend on the ob­
server, the purpose, the application, and the tools available for measuring or 
manufacturing the objects. The appearance of a substance as continuous, discrete, 
or lumpy; for example, depends on the ability of an observer to detect fine detail 
A sandy beach may look continuous from a distance, but a closer look shows its 
granular structure. The word granularity was introduced in the nineteenth century 
to describe the limitations of photographs, which cannot record any. detail smaller 
than the grains of silver in the photographic emulsion. That term has since been 
extended to cover the limitations of any perceptual organs or measuring instru­
ments. For every physical observation, there is always a smallest detectable wi.it of 
length, weight, light, sound, pressure, or other measurable quantity. Details smaller 
than that unit are indistinguishable from one another. 

In manufacturing, granularity is a measure of how faithfully the technology can 

reproduce a physical object of a particular shape. Figure 2.18 shows the ideal shape 
of a nail and its boundary for a given a grain size, the smallest size that a particular 
machine can measure or reproduce. The boundary is defined as the union of the 
spheres whose diameter is equal to the grain size and whose centers lie on the surface 
of the ideal shape. The surface of any actual nail made by that machine would lie 
somewhere in the boundary determined by the grain size.To define boundaries and 
discontinuities in terms of ideal shapes with a given granularity, Nicola Guarino, 
Stefano Borgo, and Gaudio Masolo (1997) applied a version of mereology similar 
to Tarski's geometry of spheres. They showed how such a formalism could be used 
to define precise semantics for the Express language, which is widely used for 
engineering specifications. 

Besides the granularity caused by the technology for observing and manufactur­
ing physical objects, there is a more fundamental granularity at the atomic level In 

Shape 
0 

Grain Boundary 

FIGURE 2.i8 Ideal shape of a nail and its boundary for a given granµlarity. 
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terms of Peirce's categories, the actual granularity of atoms and quanta is a kind of 
Firsmess, since it depends on the structure of the things themselves. The apparent 
granularity caused by observational limitations is Secondness, since it depends on an 
external relationship between an object and an observer. Intentionality creates a 
deliberate granularity that results from discarding detail that is irrelevant to the 
purpose at hand. Such granularity is a kind ofThirdness, since it depends on a triadic 
relationship between an object, an observer, and the observer's reason for ignoring or 
discarding certain details. 

To illustrate the effect of purpose, Jerry Hobbs (1995) discussed different 
perspectives on a roadway: "When we are planning a trip, we view it as a line. When 
we are driving on it, we have to worry about our placement to the right or left, so 
we think of it as a surface. When we hit a pothole, it becomes a volume for us." An 
engineer who designs roads has radically different views of what is relevant. The 
engineer must consider the kind of terrain, the slope, the environmental impact, 
the cost of excavating and moving landfill, the cost of acquiring the land, and the 
procedqres for getting approvals from government authorities. Instead of road 
maps, the engineer needs maps that show the topography, the natural features, the 
political subdivisions, and the land ownership. Yet all those views must eventually 
be reconciled, since the engineer's ultimate purpose is to build roads that are used 
by the motorists. 

Since the three kinds of granularity arise from different sources, each has a 
different logical status, which must be explicitly noted: 

1. ActuaL Statements about actual granularities can be expressed in conventional 
first-order logic. The axioms for discrete, continuous, or lumpy aggregates 
would be assumed as descriptions of the nature of the things themselves. 

2. Epistemic. Logics of knowledge and belief, called epistemic logics, are based on 
two metalevel predicates that relate an agent a to a proposition p: know(a,p) 
and believe(a,p). The proposition p, which an agent knows or believes, could 
be an axioni about the known or believed level of granularity, a measurement 
for which the granularity results from experimental error, or a conclusion 
about· the granularity deduced from some combination of axioms and meas­
urements. 

3. Intentional As. Thirdness, intentions require a triadic predicate such as rea,. 
son(a,r,x), which relates an agent a to an entity x for a reason r. A mining 
engineer, for exainple, may treat a slurry of coal in water as continuous when 
it is being transported through a chute, but lumpy when the coal is being 
separated from the water. The engineer, who sees that the slurry is epistemically 
lumpy, may treat it as intentionally.continuous, even though at the atomic level 
both the water and the coal are actually discrete. 
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In different contexts for different purposes, the same substance may be represented 
with different axioms, which may even be contradictory. The axioms for a discrete, 
lumpy, or continuous slurry cannot all be used in the same context for the same 
object. 

Predicates that assert an ideal geometrical shape for an acrual entity are almost 
always approximations. The predicate spherical(x), for example, can never be abso­
lutely true of any physical object, since even the most perfectly machined sphere 
must be composed of atoms, which would cause tiny ripples on the swface. 
Epistemically, an object may be classified as a sphere if no imperfections can be 
detected within the granularity of the available measuring instruments. Intention­
ally, an agent a may consider an object x as spherical for reason r. A machinist and 
a chef would have different purposes and hence different criteria for calling a ball 
bearing or a meatball a sphere. A boulder might be treated as a sphere for comput­
ing its approximate speed in rolling down a mountain, but a stonemason might 
consider it blocklike when building it into a wall. Although the boulder, the 
meatball, and the ball bearing could never be spherical in actuality, they might be 
considered epistemically or intentionally spherical by different people for different 
purposes. 

SEARCH FOR PRIMITIVES. Set theory and mereology are two mathematical 
theories that supply primitives for defining concepts and relations. They have also 
been combined with other theories, such as topology to form point-set topology and 
mereology to form mereotopology. Another rich source of primitives lies in the 
voCabularies and syntactic structures that people have found useful for talking 
about the world. Linguists such as Leonard Talmy (1983, 1996) and Anna Wier­
zbicka (1996) have been analyzing the vocabularies of diverse languages to find the 
universal primitives that people use to describe relationships. Other researchers have 
been applying formal theories to the definition of informal spatial words like inside 
and through. In his survey of qualitative spa'tial reasonin~ Anthony Cohn (1997) 
described the wealth of spatial relationships and the variety of theories that people 
have developed for reasoning about them. Formal theories can define infinitely 
many structures, and empirical studies of language and the world are necessary to 
determine which are the most useful, relevant, and expressive. 

EXERCISES 
1. The Greek philosopher Empedocles developed a theory of four elements, each 

defined by two properties: Earth is cold and dty, Fire is hot and dry, Air is 
hot and moist, and Water is cold and moist. Draw a lattice with Matter at 
the top, .l at the bottom, and the four elements classified- according to the 
two distinctions cold/hot and dry/moist. Then look for other kinds of das-
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sifications that can be arranged in a lattice. In modern physics, for example, 
many more elements are known, but the subatomic particles can be classified 
in a lattice according to properties such as spin, charge, strangeness, and charm. 

2. Apply the .basic distinctions of Section 2.3 (Independent, Relative, Mediating; 
Physical, Abstract; Continuant, Occurrent) to analyze the following terms. 
Based on that analysis, classify the corresponding concept types according to the 
twelve categories of the matrix in Figure 2.7. For example, the type Elephant 
would be analyzed as IPC (Independent Physical Continuant), which makes it a 
subtype of Object. 

elephant number storm RR crossing 

photograph water road map computation 

business expectation pregnancy motherhood 

data structure receipt tetrahedron task 

imprisonment traffic schedule weather report 

dancing knot hunger plan 

Some of these terms may have different senses that lead to different classifica­
tions; if so, give a brief definition of each sense and its classification. As an aid 
to the analysis, feel free to use dictionaries or other reference works. A good 
dictionary is an imponant tool for the knowledge engineer; the definitions and 
examples contain background knowledge and reminders that can easily be 
overlooked. 

3. Apply the has-test discussed in Section 2.3 to the following pairs of words. 
If the test is successful, classify the corresponding roles as composites, com­
ponents, or correlatives in the hierarchy of Figure 2.11. If the has-test is not 
applicable, explain what other kind of rdation is likely to hold between the 
members of the pair. 

tail/dog earth/sky buyer/seller 
airplane/airport car/driver car/parking lot 
student/teacher volume/cube volume/chapter 
wife/husband room/ceiling tiger/jungle 
lUIDber/saw cursor/mouse brother/sister 

4. The proverb "Two's C?mpany, three's a crowd" illustrates the essential difference 
between Secondness and Thirdness. If Sally liked Tom at one time and Sally liked 
Joe at another time, those two dyadic relationships would not create a special 
relationship between Tom and Joe. But if she likes Tom and Joe at the same time 
and Tom and Joe both like her, then a triangle is created that induces a rivalry 
between Tom and Joe. Review various examples ofThirdness, where one entity 
A mediates between two others B and C, and describe the riew relationship 
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between B and C that is created as a result of Rs mediation. A concept A, for 
example, mediates between a word B and an object C, thereby establishing a 
meaning triangle that enables the word B to refer to the object C. 

5. Peirce maintained that Thirdness always involves an irreducible triad that 
cannot be defined in terms of monadic and dyadic relations. But in conceptual 
graphs, it is common to represent a triadic relation like give(x,y,z) by a concept 
type Give linked to its participants by three dyadic relations Agnt (Agent), 
Throe (Theme), and Rcpt (Recipient): 

[Give]-

(Agnt) ~[Animate] 

(Throe)~ [Entity] 

(Rcpt)~ [Animate] . 

Does this representation refute Peirce's claim? If not, why not? 

6. Review the discussion of the architectural drawing in Section 2.2. Then con­
sider a triadic predicate buildToPlan(x,y,z) that relates a builder x, a drawing 
y, and the resulting building z. Suppose that this triadic predicate were defined 
as a conjunction of three separate dyadic predicates: 

buildToPlan(x,y,z) = 
studies(x,y) A constructs(x,z) A corresponds(y,z). 

Assume that the dyadic predicates studies, constructs, and co"esponds have been 
adequately defined without an implicit or explicit mention of a missing third 
argument. For example, the definition of constructs(x,z) might involve the 
builder x and the methods wed to build z, but without aii.y references to the 
drawing y or its contents. Could any such definition capture the fuli meaning 
of the triadic predicate buildToPlan? If not, what is missing? 

7. According to Peirce, the defining aspect of Thirdness is "the conception of 
mediation, whereby a first and a second are brought into relation." That 
property could be expressed in second-order logic: 

f'i/x1, ••• , x,;Entio/)((3y:Mediating)(3r:Relation)r(y,x1, ••• , x;J 
:::) (3s:Relation).s(x1, •. , x;J). 

) 

This formula says that for any entities x 1, • _ ., xn, if some mediating entity y is 
related to those entities by some relation r, then some relation s, which does 
not involve the entity y, is also true of those entities. Show how this formula 
could be specialized to define the buildToPlan predicate. 

8. The criteria for classifying entities may be based on Firstness, Secondness, or 
Thirdness. As an example, consider the following list of items: eraser, pencil, 
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toothbrush, bar of soap, razor, pocket calculator, apple, sandwich, roll of toilet 
paper, rubber ducky, book, three-ring binder, towel 

a. By Firsmess, the items in that list have little in common. Yet they all share 
at least one common property. What inherent property of the items was 
used to sort them in the order listed? 

b. By Secondness, the items could be partitioned in two groups according to 
some external relationships. Make such a grouping. 

c. An arbitrary grouping by Secondness could be purely accidental. A group­
ing by Thirdness, however, must be based on some reason that explains why 
these groups were selected rather than any others. State the reasons for the 
grouping in part (b). 

Make similar lists of your own that illustrate the principles of classification. by 
Firsmess, Secondness, or Thirdness. 

9. Mathematicians consider the following "theorem" to be a joke: 

THEOREM: All integers are interesting. 

PROOF: Let s be the set of all integers that are not interesting. Since sis a subset 
of a linearly ordered set that has a smallest element, s must either be empty 
or have a smallest element u. But as the smallest uninteresting integer, u 
would be very interesting indeed. Hence the existence of u would imply a 
contradiction. Therefore, the set s must be empty; and all integers are 
interesting. 

Use Peirce's categories to explain why this theorem is a joke. Is it possible to 
give a formal definition of the predicate interesting(n) that would make the 
theorem more serious? If so, use that definition to prove that most real numbers 
are not interesting. Are there any useful applications of this or related theorems? 
Use Peirce's categories to analyze the word usefoL 

10. A description of an event that omitted all interpretation or background knowl­
edge would be almost unintelligible or meaningless. As an example, Devlin 
and Rosenberg (1996) discussed the following story, which might be told by 
a visitor from another planet who had learned some English, but knew noth­
ing about human culture: 

There are some people. Some of the men are carrying a long wooden box . 
. A man wearing a black robe walks in front of them. The remaining people 
all walk behind the box. 

All the nouns, adjectives, and verbs in this story describe people, objects, and 
events by the immediate sensory impressions that they create (Firstness) with-
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out any consideration of external relationships (Secondness) or context (Third­
ness). Compare the following description of the same event: 

A funeral is taking place. The priest, wearing a black robe, is at the head 
of the procession. The pallbearers carry the coffin. The mourners follow 
on behind. 

The reponer who wrote this description added information that would not be 
known to an obsenrer who was not familiar with the culture. Using Peirce's 
categories, explain how that information is conveyed by the following words: 
funeral, priest, procession, pallbearer, coffin, mourner, follow. 

11. After working .on the previous exercise, find a paragraph in a newspaper or 
magazine that describes some event, such as a coun trial, a wedding, or a 
baseball game, and rewrite it in the style of a visitor from another planet. In 
rewriting the paragraph, translate terminology about roles, such as judge, jury, 
or witness, to purely descriptive terms that do not depend on the reporter's 
background knowledge. 

U. Review the examples of collective nouns in Section 2.6 and add any others 
that you may find in a dictionary or thesaurus. Make a list of distinctions 
that might be useful for classifying them in various ways. For example, bundle, 
bunch, and aggregate are often used for collections cf nonanimate things, herd 
and flock are used for collections of related animals, and many of the other 
words apply only to collections of people. Various distinctions depend on the 
purpose of the collection, the permanence of the collection, the criteria that 
determine membership in the collection, the types of members and the type 
of the resulting collection, or the structure of relationships among the mem­
bers. For each kind of collection, describe in English any constraints that 
would be stated as axioms in a more formal treatment. 

13. LeS'niewski's interpretation of {} as nonexistence provides a formal way of 
solving some puzzles that contain the word nothing. 

Nothing is better than eternal happiness. 
A ham sandwich is better than nothing. 
Therefore, a ham sandwich is better than eternal happiness. 

Translate this puzzle to logic with the{} symbol for the word nothing. 

a. Assume a dyadic predicate betterThan(x,y) and translate the first premise to 
a formula using the symbol {}. Use the equivalence in Section 2.6 to 
eliminate the {} symbol. Then translate the result to an English sentence 
that avoids using the word nothing. 



CHAPTER TWO ONTOLOGY 

b. Asswne that the second premise is an abbreviation for the sentence For every 
person x, it is better for x to have a ham sandwich than for x to have nothing. 
Using the better Than.predicate to relate propositions, translate that sentence 
to predicate calculus with the U symbol. Use the equivalence for eliminating 
{}to expand the proposition nested inside the argument of the better Than 
predicate. Finally, translate the resulting formula back to English. 

c. Do the two revised premises imply the conclusion of the syllogism? 

14. In conceptual graphs, the word notmng can be represented by the concept 
[Entity: {}]. Use a concept of this form to represent the two premises of the 
ham-sandwich syllogism in CGs. Assume a dyadic conceptual relation (Bet­
terThan), which can link two concepts of any type. For the second premise, 
use· BetterThan to link two concepts of type Situation that contain nested 
CGs. To eliminate the {} symbol, suppose that a CG containing a concept 
of nothing is attached to a subgraph g, which contains all the other concepts 
and relations in the context: 

[Entity: {}]-g. . 

Then replace that graph with a graph of the following form: 

--,[ [Entity]-g ]. 

After eliminating the {} symbol, translate the resulting CGs back to English. 

15. Nelson Goodman preferred to use the relation disjoint as the basic primitive 
of mereology instead of the relation part0£ The following equivalence defines 
panOf in terms of disjoint: 

panOf(x,y) = (\f z)(disjoint(z,y) ::i disjoint(z,x)). 

In the definitions and axioms of mereology, replace every occurrence of par­
tOf (x,y) or :x:S.y with the expression on the right. Then use the rules of 
inference presented in Appendix A 1 to simplify the results. 

16. The variatiQJ}S of mereology differ in the choice of axioms, definitions, and 
. terminology. Some of them lead to logically equivalent constructions, but 
others are mutually exclusive. Use the rules of inference in Appendix Al to 
prove the following; 

a. Write a formula that says there are no atoms and prove that it is equivalent 
to the axiom that says everything has at least one proper part. 

b. Show that the entity sderived bya dyadic union s=aU bis equal to sderived 
by Tarski's generalized union of the same two parts: union(s,{a,b}). 

c. The three axioms for discrete, continuous, or lumpy aggregates are mutually 
exclusive, and at most one can be added to a theory of mereology. Show 
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that a contradiction of the form pA-p can be derived from each of the three 
pairs of axioms: discrete and continuous; discrete and lumpy; or continuous 
and lumpy. 

17. Tarski stated the definitions illustrated in Figure 2.17 in a stylized version of 
natural ~auage, not in logical formulas. As an exercise, translate his state­
ments to predicate calculus or conceptual graphs. As a further exercise, prove 
that Tarski's definitions stated in terms of spheres are equivalent to the usual 
Euclidean definitions that use points, lines, and planes. 

18. Tarski showed how notions such as tangency could be defined for spheres 
without talking about points or boundaries. In generalizing those notions to 
arbitrary space-time regions, Whitehead (1929) started with a single primitive 
connected(x,y), which means that either x and y overlap or they are touching. 
Then an entity x is defined as a part of y if and only if every entity z that is 
connected to x is also connected to y: 

x:S;y = (V z)(connected(z,x) ::::> connected(z,y)). 

State the definitions for overlap(x,y) and disjoint(x,y) in terms of connected 
(x,y). Then show that two externally tangent spheres in Tarski's sense are also 
externally tangent according to the following definition: 

extTangent(x,y) = connected(x,y) A disjoint(x,y). 

State the definition of internally tangent in terms of connected(x,y) and show 
that it is also true ofTazski's internally tangent spheres. 

19. A hole is physical because it has a location in space-time, but unlike typical 
physical entities, a hole is characterized by an absence of matter. By Husserl's 
distinction, a hole is a dependent entity whose boundaries are defined by an 
independent physical entity called its host. To develop a theory of holes, 
Roberto Casati and Achille Varzi (1994) started with one undefined primitive, 
one definition, and one axiom: 

• Primitive. The dyadic predicate holeln(x,y) means that x is a hole in or 
throughy. 

• Definition. hole = (..:tx)(3y)holeln{x,y). 

• Axiom. If x is a hole in y, then y is not a hole: 

(\I x,y)(holeln(x,y) ::::> -hole(y)). 

Translate the following statements to logic, an~ prove that they follow from the 
above axiom and definition: 

a. If xis a hole in y, then y is not a hole in x. 

b No xis a hole in itsel£ 
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c. If a hole exists, then something exists that is not a hole. 

d. If x is a hole, then x is a hole in something that is not a hole. 

Casati and Varzi continued their theory by adding more axioms for the mereol­
ogy and topology of holes and related features, such as depressions, hollows, 
tunnels, cavities, :µid cracks. 

20. Show that the relation meet depends only on the interval DistantPast and the 
relation partOfby eliminating the predicate disjoint from the definition of meet. 

21. In Section 2.7, six time relations were defined in stylized English: before, 
equal, overlap, during, stans, and finishes. Translate the definitions to predi­
cate calculus or conceptual graphs. 

22. In Figilre 2.12, SpatialForm is shown as a subtype of Schema. In Section 2.7, a 
spatial form is defined by a predicate P(s), which is true or false about some 
configuration of matter and energy in a snapshot s. How can these two defini­
tions be reconciled? Give some examples of objects like cars, houses, trees, or 
dogs, and explain how their spatial forms could be defined by each of these 
approaches. 

23. Review the discussions about the chef and the machinist who have different 
criteria for meatballs and ball bearings, the motorist and the engineer who 
view maps and highways from different perspectives, and the mining engineer 
who treats the same slurry as continuous or lumpy at different times. Find 
other examples where the same things may be treated at different levels of 
granularity for different purposes. ls the granularity actual, epistemic, or in-
tentional? · 

24. The only rooms mentioned in the hotel reservation example (Appendix C) 
are the ones rented by guests who stay at the hotel Make a list of other types 
of rooms in a hotel, including dining rooms, lobbies, ballrooms, meeting 
rooms, offices, restaurants, exercise rooms, laundry rooms, kitchens, supply 
rooms, and so on. Organize the list in a type hierarchy with Room at the 
top. As criteria for subdividing the hierarchy, consider size, purpose, view 
(scenic, parking lot, light shaft, or windowless), and status (public, reservable, 
or restricted to hotel employees). Include types of rooms that could be used 
for different purposes or could be rearranged for meetings and functions of 
different sizes. The hierarchy should be more complex than a tree: some room 
types may have more than one immediate supertype; but there should be no 
cycles - the hierarchy should be an acyclic graph. 

25. Besides rooms, the hotel reservation example mentioned other kinds of enti­
ties, relationships, and events. List those entities and organize them according 
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to the ontological categories of this chapter. Classify the entities by the tech­
niques suggested for Exercise 2.2 and_ apply the has-test as suggested for 
Exercise 2.3. Use the hierarchies of categories in Figures 2.6, 2.11, 2.12, and 
2.13, as guides for detecting entities that might be missing in your analysis. 
Include relevant entities that may not have been mentioned explicitly in the 
problem description. 
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Knowledge Representations 
~~ 

Everything in nature, in the inanimate as well as the animate worl,d, 
happens according to rules, although we do not always know these ruks. 

Water falls according to the laws of gravi'ty. and the locomotion of animals 
also takes place according to rules. The fish in the water, the bird in the 
air move according to ruks. All nature actually is nothing but a nexus of 

appearances according to rules; and there is nothing at all without rules. 
When we believe that we have come across an absence of rules, we can 

only say that the rules are unknown to us. 
IMMANUEL KANl', logic 

3 .1 Knowledge Engineering 

'Knowledge engineering is the application of logic and ontology to the task of 
building computable models of some domain for some purpose. The features 
computable, domain, and purpose characterize it as a branch of engineering. Pure 
mathematics lacks all three: it need not hav-e an application domain; it may define 
noncomputable or even infinite structures; and it may have no purpose other than 
the esthetic satisfaction of contemplating elegant abstractions. Empirical sciences 
have a domain, and they make computable predictions about the domain; but 
they need not have any purpose other than the pursuit of knowledge. Engineering, 
however, uses science and mathematics for the purpose of solving practical prob­
lems within the constraints of budgets and deadlines. Knowledge engineering can 
therefore be defined as the branch of engineering that analyzes knowledge about 
some subject and transforms it to a computable form for some purpose. 

INFORMAL SPECIFICATIONS. To illustrate the issues a knowledge engineer 
must address, consider the problem of translating an informal English specification 
to an executable program. The following sentence might be part of a larger specifi­
cation of a traffic simulation system: 

There is a traffic light that automatically rums red or green, but it also has an 
option for manual control under special circumstances. 

132 
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The person who wrote this description undoubtedly had a lifetime of experience in 
driving or walking in a modern city with traffic lights or stop signs at every comer. 
Yet imagine a Martian who had learned English by monitoring radio broadcasts, 
but who had never visited the eanh. How would the Martian interpret the terms 
automatica/,ly, option, manual control and special circumstances? How is the light 
related to the traffic? Does it move with the traffic? 'What does it mean for a light 
to. "turn red or green"? Does it rotate? Does it turn, like a maple leaf in autumn, 
from green to red, and then fall off? 

FORMALIZATION •. A knowledge engineer who has mastered logic, frames, ~d 
rule-based systems is like a Martian when faced with specialized fields such· as 
investment banking, petroleum engineering, or aircraft maintenance. A sentence 
written by an expert in any of those fields is like the sentence about the traffic light. 
Every term that might seem "obvious" to the expert is a puzzle that the knowledge 
engineer must analyze and clarify. A computer is even more like a Martian. When 
asked whether a computer could automatically write programs from informal 
specifications, the pioneer in computer science Alan Perlis replied, "It is not possible 
to translate informal specifications to formal specifications by any formal algo­
rithm." English syntax is not what makes the translation difficult. The difficulty 
results from the enormous amount of background knowledge that lies behind every 
word. 'When the details are added, the sentence about the traffic light could expand 
to the following specification: 

The color of the traffic iight X may be either red 
or green. X has an automatic control switch, which 
may be either on or off. 
If the automatic control switch is on, 

then X behaves according to the following two rules: 
When the color of X becomes green, 

it remains green for g seconds; 
then it changes to red. 

When the color of X becomes red, 
it remains red for r seconds; 
then it changes to green. 

This revised version is an interpretation of the original text that makes some further 
assumptions. The new variables g and r, for example, depend on the assumption 
that the light stays green or red for a fixed duration whenever it changes color. Some 
such assumptions are necessary to make the specification detailed enough to be 
computable, but they are based on outside information, which must come from the 
knowledge engineer's background knowledge, from various reference sources, or 
from a discussion with an expert. Besides making assumptions and adding detail, 
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the knowledge engineer must translate the detailed specification to a computable 
form. 

PRINCIPLES OF KNOWLEDGE REPRESENTATION. Three experts in knowledge 
representation, Randall Davis, Howard Schrobe, and Peter Szolovits (1993), wrote 
a critical review and analysis of the state of the an. They summarized their 
conclusions in five basic principles about knowledge representations and their role 
in artificial intelligence: 

1. A knowledge representation is a surrogate. Physical objects, events, and relation­
ships, which cannot be stored directly in a computer, are represented by 
symbols that serve as surrogates for the external things. The symbols and the 
links between them form a model of the external system. By manipulating the 
internal surrogates, a computer program can simulate the external system or 
reason about it. 

2. 
1
i:A knowledge representation is a set of ontological commitments. Ontology is the 
1[;:smdy of existence. For a database or knowledge base, ontology determines the 
ldcategories of things that exist or may exist in an application domain. Those 
'' categories represent the ontological commitments of the designer or knowledge 

engmeer. 

3. A knowledge representaticn is a fragmentary theory of intelligent reasoning. To 
suppon reasoning about the things in a domain, a knowledge representation 
must also describe their behavior and interactions. The description constimtes 
a theory of the application domain. The theory niay be stated in explicit axioms, 
or it might be compiled into executable programs. 

4. A knowledge representation is a medium for efficient computation. Besides repre­
senting knowledge, an AI system must encode knowledge in a form that can 
be processed efficiently on the available computing equipment. As Leibniz 
realized, some of the most interesting problems can be represented easily 
.enough, but solving them may require an enormous amount of time and effort 
to compute. New developments in computer hardware and programming 
theory have had a major influence on the design and use of knowledge repre-

, sentation languages. 

S. A knowledge representation is a medium of human expression. A good knowledge 
representation language should facilitate communication between the knowl­
edge engineers who understand AI and the domain expertswho understand the 
application. Although the knowledge engineers may write the definitions and 
rules, the domain expens should be able to read them and verify whether they 
represent a·realistic theory of the domain. 
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These five principles can be used as a framework for discussing the issues of 
knowledge representation and illustrating them in terms of the traffic light ex­
ample. 

SURROGATE. A computational model is a surrogate for some real or hypo­
thetical system - in this case, the traffic light. Each of the significant entities, such 
as the CUirent time or the color of the light, is assigned a variable that serves as an 
internal surrogate for the external entity. Then the values of those variables can be 
transformed, either procedurally or declaratively, to simulate the behavior of the 
system. The procedural approach uses programs or rules that operate on the 
variables of the model .At: 

1. Represent each possible event by an operation that changes .Att in an appropriate 
way. 

2. Design a control structure that triggers each operation at the moment when its 
starting conditions become true. 

3. Run the programs to see how the model .Att evolves in time. 

Programs can be executed directly by a computer. Rules must be interpreted by 
some other program called an inference engine. For q_etter performance, an optimiz­
ing compiler could be used to translate the rules to programs that run directly on 
the underlying computer. 

The declarative approach is based on constraints or ~oms that define the 
preconditions, postconditions, and transformations for each event that may occur in 
the model. Instead of executing programs to simulate the events, it uses theorem­
proving techniques to derive their consequences. For any simulation that can be 
computed procedurally, the declarative approach can derive the same result by 
deduction: 

I. Describe the starting state S by a collection of formulas. 

2. Add the description of S to the axioms for the model .Att. 
3. To determine the state of .Att at any later time t, start with the axioms of .Att and 

the description of S, and prove a theorem that describes the state of .M at 
time t. 

In effect, the theorem prover serves as an interpreter that "executes" the axioms. The 
challenge, however, is to make it efficient. That is an engineering task of solving a 
problem within the constraints of budgets and deadlines. . 

ONTOLOGICAL COMMITMENTS. By Quine's criterion, the ontological com­
mitments are determined by the types of variables in the knowledge representation. 
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For the traffic light example, the variables stand for the significant entities, such as 
the light itself, the current time, the current color, the last time when the color 
changed, the duration the light is red or green, and the switch fot automatic 
control. Those commitments may be represented by variables in predicate calculus, 
by concepts in a graph, or by slots in data structures called .frames, schemas, or 
~plates. Following is a template for trafficLight, written in a rule-based language 
called CLIPS: 

(deftemplate trafficLight 
(slot name (type SY}IBOL)) 
(slot currentColor (allowed-values red green)) 
(slot red Time (type FLOAT) ) 
(slot green Time (type FLOAT) ) 
(slot whenChanged (type FLOAT) ) 
(slot autoSwitch (allowed-values on off)) ) 

This template has six slots, each with a facet that restricts the values that may be 
stored in the slots. The template and its slots represent the primary ontological 
commitments. The facets add further commitments to the existence of entities of 
type Float and Symbol. Those entities do not belong to. the object domain of traffic 
lights, but to the metalanguage domain used to talk about the symbols that 
represent traffic lights. 

After the template has been defined, it can be instantiated by a:a assert state­
ment, which inserts values in the slo~. The autoSwitch slot would have the initial 
value on, but it could be turned off for manual control. 

(assert (trafficLight 
(name Bl inky) 
(currentColor green) 
(redTime 60) 

(greenTime 60) 

(whenChanged 0) 

(autoSwitch on) ) ) 

The template corresponds to a structure or record definition in a programming 
language. Each assertion for that template allocates and initializes the storage for a 
new instance. In logic, the slots correspond to dyadic predicates or relations such 
as redTrme(x,y), where the first variable x represents the traffic light and the second 
variable y reI?resents the current value in the slot. 

MEDIUM FOR EFFICIENT COMPUTATION. Both the procedural and the dec­
larative approaches can be transformed to a computable form. If the utmost in 
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efficiency is necessary for some problem, then a low-level programming language 
that maps directly to hardware may be the fastest. The following program simulates 
the traffic light hr a loop that alternately sets the color to red or green: 

loop while autoSwitch; 
set currentColor to red; 
wait redTime; 
set currentColor to green; 
wait greenTime; 
end loop; 

This program could be used either to simulate a traffic light or to drive a micro­
processor that controls an actual traffic light. As a knowledge representation, 
however, it lacks one essential feature: there is no way to get information out of it. 
The traffic light doesn't explain why it changes color, it doesn't keep a record of its 
i:olor changes, and it doesn't answer questions about the average time it was red or 
green or was being operated under manual control. 

If statistics about the traffic light are unimportant or irrelevant, then a pro­
gramming loop may be the best way to simulate it. But if the traffic light itself is 
significant, then more instructions would be needed to keep records about the light 
and its changes. Those are metalevel instructions that support reasoning about the 
traffic light, but they could easily become much more voluminous and time-con­
suming than the original loop. To handle the detail, various simulation languages 
have been developed that operate on two levels in parallel: at the object level, they 
compute the effects of each action performed by the objects in the simulated 
system; at the metalevel, they monitor the objects and record information about 
them. The first modern object-oriented language, Simula-67, was originally designed 
for simulation. 0-0 languages are still popular for simulation, since the metalevel 
instructions can be encapsulated inside procedures associated with each object. 

The declarative way to simulate the traffic light is to translate the English 
description to formulas in logic and to prove theorems about its states. Following 
are two axioms that represent the conditions for the light to turn green or red: 

(\;:/ x:TrafficLight) (\;:/ t:Trme) (\;:/ r:Duration) 
((turnsRed(x;t) A redTrme(x;r) A autoSwitch(on)) 

::::i turnsGreen(x;t +r)). 
('ef x:TrafficLlght)(\;:/ t:Time)(\;:/ g:Duration) 

((turnsGreen(x;t) A greenTime(x;g1 A autoSwitch(on)) 
=:i turnsRed(x;t + g)). 

The first axiom says that for any traffic light x; time t, and duration r, if x turns 
red at time t, the red time of x is r, and the autoswitch is turned on, then x turns 
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green at time t +r. The second axiom is the same, but wiili green and red 
interchanged. 

Many different kinds of theorem provers have been developed for variations of 
logic and related declarative languages. Prolog was the first and is still the most 
popular logic-programming language. Following are the translations of the two 
axioms to Prolog rules: 

turns_green(X,T2) f-- traffic_light(X) & turns_red(X,T) 

& red_time(X,R) & auto_switch(on) & sum_times(T,R,T2). 

turns_red(X,T2) f-- traffic_light(X) & turns_green(X,T) 

& green_time(X,G) & auto_switch(on) & sum_times(T,G,T2). 

These two rules are logically equivalent to the axioms, but with the sjntactic 
changes necessary for Prolog: each variable begins with a capital letter; the quanti­
fiers are omitted, since all Prolog variables are assumed to be universally quantified; 
and the implication operate>r :::) is turned backward for the Prolog implication, 
which is represented by~. <-, or:- in different dialects. The predicate sum_times 
would also have to be defined to make the proper conversions when seconds are 
added to hours and minutes. 

Before these rules can be used computationally, the starting·conditions for the 
traffic light would have to be asserted separately. The following four Prolog asser­
tions correspond to the CLIPS assertion for the instance named Blinky (with the 
name written in lowercase to distinguish it from the Prolog variables). 

traffic_light(blinky). red_time(blinky, 60). 
green_t.ime (bliriky, 60) . turns_g+een (blinky, 0: 00). 

These propositions assert that Blinky is a traffic light, it has a red time of 60 
seconds, it has a green time of 60 seconds, and it turns green at time 0:00. From 
the two rules and the four assertions, a Prolog inference engine can deduce conclu­
sions of the following form: 

turns_red(blinky,0:01). turns_green(blinky,0:02). 
turns_red(blinky,0:03). turns_green(blinky,0:04). 

These conclusions would be generated in response to Prolog goals for the questions 
When does Blinky turn red? or List all times when Blinky turns retl or turns green. 
Unlike the procedural loop, which continuously updates the variables to simulate 
the light, the Prolog rules make predictions about the light in answer to specific 
questions. 

There are two major families of rule-based expert systems: the backWard-chain­
ing systems are supported by inference engines, which, like Prolog, are based on 
logical deduction; the forward-chaining systems are also based on logic, but they 
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have procedural aspects that resemble the programming loop. Following is a for­
ward-chaining rule written in stylized English supplemented with variables: 

if there 1s a trafficLight x, 
the currentColor of x is red,· 
the redTime of x is r, 
the whenChanged of x is t, 
the autoSwitch is on, 
the currentTime is now, 
now =::: t + r, 

then modify currentColor of x to green, 
modify whenChanged of x to now. 

This rule can be translated line by line to CLIPS, in which variables are marked by 
the ? symbol: 

(defrule turnsGreen 
?x <- (trafficLight 

(currentColor red) 
(redTime ?r) 
(whenChanged ?t) 
(autoSwitch on) ) 

(currentTime ?now) 
(test (>= ?now (+ ?t ?r))) 

=> 
. (modify ?x 

(currentColor green) 
(whenChanged ?now) ) ) 

The logic-based rules, which are true for all time (Vt:Tune), make predictions 
about when the light will turn red or green. The forward-chaining rule, however, is 
stated in terms of a constantly changing time called now. It lies dormant until the 
time t + r becomes now; then, like the procedural loop, it modifies data in working 
memory. In effect, the if-part of the rule is as declarative as logic, and the then-part 
is as procedural as the loop. An inference engine must keep track of the changing 
patterns in working memory and activate each rule when all its conditions become 
true. 

FRAGMENTARY THEORY OF REAsoNING. Theproceduralloop, the logical for­
mula, and the forward-ch~ rule illustrate three different strategies for reasoning 
about a traffic light the instructions in the loop carry out a step-by-step simulation 
of the states of the light; the logical formulas support a theorem prover that can make 
a prediction about the light at any time t; and the forward-chaining rules, which lie 
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dormant until their conditions become true, spring into action to update the current 
state description. Any of these three reasoning strategies could also be used by 
humans who may be thinking about a traffic light. Each one has advantages and 
disadvantages, which may make it the preferred strategy for cenain purposes. · 

The procedural approach is best suited to representing processes that have a 
natural sequence of operations. Each operation maps to a block of machine instruc­
tions, and the structure of the program mirrors the strUcture of the problem. But 
procedures are not as suitable for representing relationships where there is no 
natural time sequence. For such problems, ·the sequential nature of the procedure 
is an arbitrary imposition that may obscure or-distort the srmcture of the problem. 
Even when time is significant, a pure procedural approach may still be unsuitable: 
a system with parallel operations and unforeseeable "surprises" can be difficult or 
impossible to map to a strictly sequential procedure. 

Logic is best suited to describing patterns of relationships with criss-crossing 
dependencies that have no natural linearization. A graph logic is good for displaying 
such dependencies, but a linear notation such as predicate calculus can also express 
them in an equivalent form. To represent time sequences, logic must be supple­
mented with an appropriate ontology for time. Versions of temporal logic make time 
a privileged entity and explicitly represent the context-dependent time now. Parallel 
processes can also be represented in logic, but they require a context mechanism with 
message-passing operators for communicating between processes. Such mechanisms 
require further ontological assumptions about contexts, messages, and the axioms for 
relating them. They are described funher in Chapters 4 and 5. 

MEDIUM FOR HUMAN ExPRESSION. Since knowledge engineers must work 
with experts in other fields, they must be able to communicate with them in lan­
guages and notations that avoid the jargon of AI and computer science. Conceptual 
graphs and other diagrams have been used successfully~ a communication medium 
between knowledge engineers and domain expens (Slagle et al. 1990). Figure 3.1 
shows a conceptual graph equivalent to the logical formula or Prolog rule. 

As Figure 3.1 illustrates, a conceptual graph may be more readable than linear 
rules, but the graphs are not self-explanatory. A domain expen who had never seen 
CGs before would need some explanation about the distinction between ovals and 
boxes, the directions of the arrows, and the conventions for coreference labels like 
*x and ?x. As an alternate notation, the conceptual graph could be translated to 
stylized English: 

If a traffic light x turns red at time t, 
has a red time of a duration r, 
and has autoswitch in the state on, 

then x turns green at a time, which is the sum of t and r. 
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If. 
TrafficLight:*x 

TlDle: *t Dw:ation: *r State: on 

Then: 

TumsGreen SumTlDles 

FIGURE 3-1 A conceptual graph for the traffic-light rule 

Th.is stylized English version requires 'less explanation, and it could be used as an 
alternate or a supplement to a formalized knowledge representation language. But 
specialized diagrams have become traditional in most fields: flow diagrams with 
tanks, pipes, and boilers in chemical engineering; circuit diagrams with transistors 
and resistors in electrical engineering; pieces on a board in chess; or notes and staves 
in music. Experts in any of those fields would prefer their familiar diagrams to any 
other notation, including natural language. 

Translating an informal diagram to a formal notation of any kind is as difficult 
as translating informal English specifiqitions to executable programs. But the 
converse can be much easier: a formal representation in conceptual graphs or any 
other system of logic can be translated automatically either to stylized natural 
language or to traditional kinds of diagrams. Walling Cyre and his students have 
developed a scripting language for translating conceptual graphs to circuit diagrams, 
block diagrams, and visual depictions (Cyie et al 1994). With such tools, a logical 
specification written by the knowledge engineer could be translated automatically 
to visual diagrams for the domain expert, to executable code for the computer, or 
to natural language fo.r documentation, explanations, and help facilities. 

S1MUI.AtiON AND THEOREM PRoviNG. The procedural loop, thePrologrules, 
and the forward-chaining rules represent three different ways of simulating the 
behavior of the traffic light. Yet simulation has certain limitations: it can only predict 
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what would happen in a specific case; it can never prove a general theorem. Logic has 
greater flexibility; it can be used to design a simulator, but it can also be used to pro_ve 
theorems: 

• Blinky rums green at every even-numbered minute. 

• Blinky rums red at every odd-numbered minute. 

• Blinky turns green 30 times per hour. 

• Blinky will spend 50 percent of its time red. 

• A traffic light with red time rand green time g will be red for r/ (r + g) of the 
time. 

• A traffic light with red time r and green time g will turn green an average of 
3600/(r + g) times per hour. 

If the simulator were run for a long time, the results would suggest the patterns 
predicted by these theorems. Yet any patterns observed in the data might be caused 
by chance or by an unusual selection of starting conditions. Since the simulation 
was started at time 0, the theorem prover and the simulator would both show that 
Blinky turns green at every even-numbered minute. But only the theorem prover 
can explain how the results follow from the starting conditions. 

Theorem proving can derive general principles with absolute certainty. But if a 
system is complex and changeable, the number of exceptions may make the rules 
so complex that finding a proof could be difficult or impossible. Even when a proof 
can be found, a simulation would be useful to check for possible errors in the 
starting assumptions or to give a survey of typical results. Ideally, simulation and 
theorem proving can supplement one another: patterns that are suggested by 
simulation can be verified by theorem proving. 

The question of whether knowledge should be encoded declaratively in some 
form of logic or procedurally in a programming language is one of the 9ldest and 
still most hotly contested issues in AI and computer science in general. A declarative 
specification is usually the most concise and easiest to verify, but a low-level 
procedure is usually the most efficient. For programs that are only executed once, 
the human time is far more valuable than the computer time. If execution time is 
critical, optimizing compilers may be able to generate efficient code from declara­
tive specifications. But for special purposes, suitable compilers might not be avail­
able, and some human programmer would have to translate the specifications to 

optimized code. 

PERSISTENCE. Both the simulator and .the theorem prover determine what 
happens at the discrete time points when the light changes color. But further 
information is needed to determine what happens in the intervals between color 
changes. The English statement that the light "remains green" or "remains red" is 
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not captured in the formal axioms. To detennine the light's color in the intervening 
intervals, the axioms. for the traffic light must be supplemented with two additional 
axioms of persistence: . 

C'i/ x: TrafficLlght) 01 t: Time) C'i/ ti: Time) C'i/ r:Duration) 
((rumsRed(x,ti) A redTime(x,r) 

A (t= ti v (before(ti,,t} A before(t;tj_ + r))) ) 
:J color(x,red,i) ). 

This axiom says that if the traffic light x turns red at time t1 and its red time is r, 
then at any time tin the interval (t1,ti +r) its color is red. The next axiom states the 
equivalent conditions for green: 

(V x:TrafficLight)01 t: Time)C'i/ ti :Trme)(V g:Duration) 
((tumsGreen(x,ti) /\ greenTrme(x,g} 

A (t= ti v (before(ti,t) /\ before(t;ti + g))) ) 
:J color(x,green,t} ). 

Axioms of persistence are a cumbersome way of saying something that should be 
obvious. Unforrunately, computers cannot recognize the obvious unless they are 
explicitly told how. These cumbersome axioms are a special-case solution to the 
more general frame problem, which is discussed in Section 4.7 .. The general ap­
proach to that problem is based on LeibniZs principle of sufficient reason: Nothing 
at all can happen without some reason (Nihil omnino fit sine aliqua ratione). 
Leibniz's principle is a metalevel axiom that is used to generate one or more 
lower-level axioms for each particular example. In this case, it implies that the light's 
color should remain unchanged unless some reason for change can be found. 

3.2 Representing Structure in Frames 

Besides representing knowledge, a language must be able to analyze knowledge in 
low-level primitives and organize it in high-level structures. In natural language, the 
basic unit is the word, and the basic structure is the sentence. But higher-level 
structures like paragraphs, sections, chapters, and volumes are needed to classify and 
organize the knowledge. In symbolic logic, the basic units are predicates, which are 
connected by operators like/\, v, and :J to create formulas. In conceptual graphs, the 
basic units are concepts and relations, which are linked to one another in graphs. 
Besides linking, .a knowledge representation language must have methods of group­
ing or nesting that can organize knowledge and package it in larger structures. 

SCHEMATA. Aristotle used the term schema for his patterns of valid syllo­
gisms. That word, with its plural schemata (accent on the first syllable), has been 
adopted by philosophers and psychologists for the patterns that organize elements 
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of knowledge into larger structures. Immanuel Kant (1787) maintained that a 
schema has an associated rule that can accommodate all possible aspects of a 
concept: 

Indeed, our pure sensory concepts are not based on images of objects, but on 
schemata. For the concept of a triangle in general, no image could ever be 
adequate. It would never attain the generality of the concept, which applies to 
all triangles, whether right: - angled, obtuse-angled, or acute-angled; it would 
always be limited to a part of this domain. The schema of the triangle can exist 
nowhere but in thought, where it signifies a rule of synthesis for constructing 
pure spatial figures in the imagination. Still less is an object of experience or its 
image ever adequate to an empirical concept, which is immediately connected 
to the schema of imagination as a rule for determining our intuition according 
to a cenain general concept. The concept Dog signifies a rule according to 
which my imagination can construct the figure of a four-footed animal in 
general, without being restricted to any particular image supplied by experience 
or to any possible image I may draw in concreto. (A 141, B: 180) 

In his theory of memory, the psychologist Frederic Banlett (1932) also adopted the 
term schema, for which he gave the following definition: 

... an active organization of past reactions, or of past experiences, which must 
always be supposed to be operating in any well-adapted organic response. That 
is, whenever there is any order or regularity of behavior, a particular response 
is possible only because it is related to oth~ similar responses which have been 
serially organized, yet which operate, not simply as individual members coming 
one after another, but as a unitary mass. (p. 201) 

Kant and Bartlett had important insights that guided their researches, but their 
definitions were too vague to be implemented in a computer system. The psycholo­
gist Otto Selz, who was deeply influenced by Kant, represented schemata as 
networks of concepts in Ii.is theory of schematic anticipation (1913, 1922). In Selz's 
theory, a schema with incomplete information serves as a goal that directs the 
thinking processes to search for specific values to complete it. Selz's schemata for 
directing thought have a strong resemblance to the backward chaining rules in Al. 

FRAMES. The similarities of AI patterns to the schemata of Kant, Selz, and 
Bartlett is not accidental.At Carnegie-Mellon University, Allen Newell and Herbert 
Simon cited Selz's influence on their work on problem _solving (1972). In his 
famous paper on frames, Marvin Minsky (1975) cited Bartlett as a source of 
inspiration, but he defined frames in more implementable terms: 

N\. frame is a data structure for representing a stereotyped situation, like being 
'\in a cenain kip.d of living room or going to a child's ·birthday party. Attached 
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to each frame are several kinds of information. Some of this information is 
about how to use the frame. Some is about what one can expect to happen next. 
Some is about what to do if these expectations are not confirmed. 

We can think of a frame as a network of nodes and relations. The "top 
levels" of a frame are fixed, and represent things that are always true about the 
supposed situation. The lower levels have many terminals- "slots" that must 
be filled by specific instances of data. Each terminal can specify conditions its 
assignments must meet. (The assignments themselves are usually smaller "sub­
frames.") Simple conditions· are specified by markers that might require a 
terminal assignment to be a person, an object of sufficient value, or a pointer 
to a sub-frame of a certain type. More complex conditions can specify relations 
among the things assigned to several terminals. 

When Minsky published his paper on frames, it had an electrifying effect on 
everybody working in AI, but the effects were different on people with different 
viewpoints. Some people immediately set out to implement frame systems_ accord­
ing to Minsky's guidelines; two of the earliest were the Frame Representation 
Language (FRL) by Goldstein and Robens (1977) and the Knowledge Repre­
sentation Language (KRL) by Bobrow and Winograd (1977). Other people claimed 
that their "networks" or "records" or "chunks" already served the same purpose as 
frames. Still ot!:iers, such as Patrick Hayes (1979), maintained that everything in 
frames could be represented equally well in logic. Those reactions are justified to a 
certain extent, but the importance of Minsky's paper was his emphasis on the need 
for structure in organizing a knowledge base. 

Since Minsky's paper first appeared, more than 50 versions of frame systems 
have been implemented. For knowledge sharing, Peter Karp and Thomas Gruber 
(1996) have designed the Generic Frame Protocol, which supports the basic opera­
tions for accessing and· maintaining a knowledge base of frames. GFP has no 
preferred notation, because it is intended to be syntactically neutral, and sample 
frames in this book are written in a LISP-like notation that maps to GFP. Following 
is a frame that defines the type TrafficLight: 

(defineType TrafficLight 
(supertype Object) 

(currentColor (type Color) (oneOf (red green))) 

(redTime (type Duration)) 
(greenTime (type Duration)) 

(whenChanged (type PointinTime) ) 
(autoSwitch (type State) (oneOf (on off))) ) 

This frame definition be;ll"S a strong resemblance to the CLIPS template definition. 
The most obvious difference is the second line, which declares Object to be the 
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supertype of TrafficLight. Another difference is that the type restrictions allow a 
wider range of types, such as Color, Duration, PointlnTime, and State. Some types 
may be primitive, but frame definitions can create new ones. The types Duration 
and Pointln Trme, for example, might be stored as floating-point numbers, but they 
would have different interpretations: a duration could be added to a point in time, 
but two points in time could not be added to one another. The CLIPS assertion 
for Blinky corresponds to an instance definition: 

(defineinstance 
(type 
(currentColor 
(redTime 
(greenTime 
(when Changed 
(au toSwi tch 

Bl inky 
TrafficLight) 
green) 
( 60 second)) 
( 60 second)) 
( 0 : 0 0 hour) ) 
on) ) 

With user-defined types, frames can represent measur~ by a pair that has a numeric 
value and -a unit, such as second or hour. 

Besides creating types and instances, frame definitions specify supertypes to 
form a hierarchy with inheritance. As an example, the following frame declares the 
type Truck with supertype Vehicle and with slots for unloaded weight, maximum 
gross weight, cargo capacity, and number of wheels: 

(defineType 
(supertype 
(unloadedWt 
(maxGrossWt 
(cargoCapacity 
(numberOfWheels 

Truck 
Vehicle) 
(type WtMeasure) ) 
(type WtMeasure)) 
(type VolMeasure)) 
(type Integer)) ) 

For the facets in this frame, the type Integer would be a built-in type, but WtMeas­
ure and VolMeasure could be defined by frames that specify a slot for the numedc 
value and a slot for the unit of measure, such as tons, pounds, or cubic meters. A 
type TrailerTruck could be defined as a subtype of Truck: 

(defineType 
(supertype 
(has Part 
(numberOfWheels 

TrailerTruck 
Truck) 
(type Trailer)) 
18) ) 

This frame introduces the hasPart slot and restricts the value of the number­
OfWheels slot to 18. As a result, the type Trailer Truck would inherit the informa­
tion for Truck by a process of merging the slots for the Truck frame with the slots 
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for the TrailerTruck frame. The TrailerTruck frame would effectively have the 
following definition: 

(defineType 
(supertype 
(unloadedWt 
(maxGrossWt 
( cargoCapaci ty 
(has Part 
(nurnberOfWheels 

TrailerTruck 
Truck) 
(type WtMeasure)) 
(type WtMeasure)) 
(type VolMeasure)) 
(type Trailer)) 
18) ) 

In the process of inheritance, the supertype slot is treated differently from the other 
slots. Instead of being inherited, it points to the frame from which the other slots 
are inherited. The slots for weight and cargoCapacity, which are not mentioned in 
the TrailerTruck frame, are copied from the Truck frame. Since the nwnber­
OfWheels slot occurs in both frames, the facets are merged. In this example, the 
type facet for Trailer Truck would be checked to ensure that the. value 18 is an 
integer. In case of conflicts between the two specifications, the facets for the subtype 
override the facets inherited from the supertype. 

MAPPING FRAMES TO LoGic. As Patrick Hayes has.long insisted, the purely 
declarative information in a frame can be rranslated to any notation for first-order 
logic. The instance definitions use the existential conjunctive (EC) subset: only the 
existential q uantifi.er 3 and the conjunction A are required. In CGs, each slot maps to 
a dyadic relation with a concept to hold the type specification and the current value: 

[TrafficLight: Blinky]­
(currentColor)~[Color: green] 
(redTime) ~[Duration: <60, second>] 
(greenTime) ~[Duration: <60, second>] 
(whenChanged) ~ [PointinTime: <O: 0 0, hour> l 
(autoSwitch)~[State: on]_ 

Except for punctuation, this graph looks very frame-like. In the linear notation for 
CGs, a hyphen following a concept indicates that its attached relations are contin­
ued on subsequent lines. In predicate calculus, the dyadic relations become dyadic 
predicates: · 

(3x:TrafficLight) (x= Blinky A 

currentCol6r(x,green) A 

redTime(x, <60,second>) A 

greenTime(x,<60,second>) A 

whenChanged(.x, <0:00,hour>) A 

autoswitch(x,on) ). 
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The process of instantiating the frame has the effect of merging the slots in the 
instance frame with the slots in the type frame. In conceptual graphs and predicate 
calculus, that merger is based on a rule of inference called 'unification. 

The type frames map to lambda expressions or CG type definitions. Following 
are the Truck and TrailerT.[llck frames translated to CG type definitions: 

type Truck ( *x) is 
[Vehicle·: ?x] -

(UnloadedWt)-7[WtMeasure] 
(MaxGrossWt)-7[WtMeasure] 
(CargoCapacity)-7[VolMeasure] 
(NwnberOfWheels)-7[Integer]. 

This graph defines a truck as a vehicle whose unloaded weight is a weight measure, 
whose maximum gross weight is a weight measure, whose cargo capacity is a volume 
measure, and whose numbeF of wheels is an integer. A trailer truck is then defined 
as a type of truck: 

type TrailerTruck'( *x) is 
[Truck: ?x] - · 

(HasPart)-7[Trailer] 
(NwnberOfWheels)-7[Integer: 18]. 

In predicate calculus, the CG type definitions map to monadic lambda expressions 
that are equivalent line by line to the CG and frame definitions: 

Truck= 
(Ax: Vehicle) ( 

(3y1:WtMeasure)unloadedWt(x,y1) /\ 

(3 y:z: WtMeasure)maxGross Wt(x,J'2) /\ 
(313: VolMeasure)cargoCapacity(x,y;i) /\ 
(3y4:Integer)numberOfWheels(x,y.J .. 

TrailerTruck = 
(Ax: Truck) ( 

(3y1:Trailer)hasPart(x,y1) /\ 

(3)2:Integer)(numberOfWheels(x,J2) AJ2=18) ). 

Besides the EC subset for the instances, the type definitions use the A. symbol, which 
has the effect of stating that the type frame is implicitly true of every instance of 
the given type. Other combinations of quantifiers are not permitted in frames. 

Since the concepts and relations in these graphs have been translated directly 
from the frames, some relations have names like HasPart instead of the usual CG 
relation Part. Long names like CargoCapacity or NumberOfWheels may be used 
in conceptual graphs and predicate calculus, but they can also be defined in terms 
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of more primitive concepts and relations. The concept type WtMeasure could be 
defined as an amount that is characteristic (Chrc) of some weight 

type WtMeasure ( *x) is 
[Amount: ?x]+-(Chrc)+-[Weight]. 

Following is a definition of the dyadic relation MaxGross Wt in terms of the concept 
type MaxGrossWeight: 

relation MaxGrossWt(*x,*y) is 
[Vehicle: ?x] -7 ( Chrc) -7 [MaxGrossWeight l -
( Chrc) -7 [Amount: ?y] . 

This definition says that the MiiXGrossWt relation links a vehicle x to its charac­
teristic maximum gross weight, which has a characteristic amount y. Another 
definition is necessary to relate the concept type MaxGrossWeight to the simpler 
types: 

type MaxGrossWeight ( *x) is 
[Vehicle: ·*y]-7 (Chrc)-7 [Weight: ?x] -

(Chrc)-7 [Amount]-? (GE)-7 [Amount]~ (Sum) -

(-[Amount]~ (Chrc) ~[Unloaded.Weight]~ (Chrc) ~[?y] 

~[Amount]~(Chrc)~[Weight] ~(Chrc) ~[Cargo]~(In) ~[?y]. 

This definition says that maximum gross weight xis a weight x that is characteristic 
of a vehicle y, where x has an amount that is greater than or equal to (GE) an 
amount, which is the sum (using the triadic relation Sum) of the amount of the 
unloaded weight of y plus the amount of the weight of the cargo in y. These 
definitions can be translated to predicate calculus, but the arithmetic computations 
are beyond the expressive power of frames. Some frame systems support them by 
procedural attachments that invoke procedures in an external language. 

A knowledge base in frame systems has two parts: a hierarchy of type definitions 
and a collection of instances. The instance frames, which use only existential-con­
junctive logic, are equivalent in expressive power to a relational or object-oriented 
database. Hector Levesque ( 1986) called the EC subset vivid logic because it is capable 
of expressing all concrete faets. It cannot, however, express negations, implications, 
or generalizations. As an example of the limitations of EC logic, consider the state­
ment There is no hippopotamus in this room. That statement cannot be expressed in 
EC logic because it requires a negation. Yet an adult hippopotamus is a four-ton 
beast. If one were present, it would certainly be noticed. Those last two sentences, 
however, go beyond EC logic because they express a generalization and an implica­
tion. By itself, EC logic can be used to catalog the presence of every item in a room, 
but it cannot state or imply the absence of anything, not even a hippopotamus. 
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FRAMES AND SYLLOGISMS. A frame is a package of propositions about some 
type or some instance of a type. Logically, a frame that defines n slots for a type t 

is a conjunction of n universal affirmative (type A) propositions that are true for 
every instance of the type t. The truck frame, for example, asserts four type A 
propositions: 

Every truck 
• is a vehicle. 

• has an unloaded weight, whose value is a weight measure. 

• has a m~um gross weight, whose value is a weight measure. 

• has a cargo capacity, whose value is a volume measure. 

• has a number of wheels, whose value is an integer. 

A frame that defines n slots for an instance x is a conjunction of n particular 
affirmative (type I) propositions that are true of x. The instance frame for X39071 D 
asserts two type I propositions: 

X39071D. 
• is a truck. 

• has a cargo capacity of 25 cubic meters. 

• has 6 wheels. 

Note that the English reading is a may represent either the supertype slot or the 
instanceOf slot. That ambiguity can be confusing because the two kinds of slots 
support different kinds of operations: the supertype slot represeµts a universally 
quantified proposition (type A); and the instanceOf slot represents an existentially 
quantified proposition (type I). The implications of the two quantifiers are very 
different. 

The two principal rules of inference in frame systems are based on the syllo-
gisms Barbara and Darii. Bar?ara supports inheritance from supertypes to subtypes: 

A: Every truck has a cargo capacity. 

A: Every trailer truck is a truck. 

A; Therefore, every trailer truck has a cargo capacity. 

The syllogism Darii supports inheritance from type frames to instance frames: 

A: Every truck has a cargo capacity. 

I: X39071D is a truck. 

I: Therefore, X3907ID has a cargo capacity. 

In both forms of inheritance, the major premise of the syllogism is a type A 
proposition that comes from a type frame. The minor premise of Barbara is a type 

A proposition that says everything of type sis also of type t; the conclusion is a type 
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A proposition about type s. The minor premise of Darii is a type I proposition that 
says some instance xis of type t; the conclusion is a type I proposition about x. 

MUCTIPLE INHERITANCE. Syllogisms and frame systems support multiple in­
heritance, which allows a type to have multiple sU.pertypes or an instance to have 
multiple types. To represent the sentence Smne Peterbilt is a TrailerTruck, the 
following definition specifies an instance named ZF437IT, which has two types, 
Peterbilt and TrailerTruck: 

(defineinstance 
(type 
(type 

ZF437TT 
Peterbilt) 
TrailerTruck) 

The new instance ZF437TI inherits all the attributes of both types Peterbilt and 
TrailerTruck. Following is a frame that defines the type Peterbilt as a truck that is 
manufactu.red by the company Peterbilt, Inc. 

(defineType 
(supertype 

Peterbilt 
Truck) 

(manufacturedBy Peterbil tinc) 

Inheritance is performed by copying the slots from three type frames: Peterbilt, 
Trailer Truck, and their common supertype Truck. ZF437TT would effectively have 
the following definition: · 

(defineinstance ZF437TT 
(type Peterbilt) 
(type TrailerTruck) 
(manufacturedBy Peterbiltinc) 
(unloadedWt (type WtMeasure} ) 
(maxGrossWt (type WtMeasure) ) 
( cargoCapaci ty (type VolMeasure)) 
(has Part (type Trailer)) 
(numberOfWheels 18) ) 

Five new slots have been added to this frame by repeated syllogisms of types Barbara 
and Darii. As these examples illustrate, each frame groups related information about 
a type or an instance in a convenient package; inheritance allows automatic inference 
of multiple propositions; and the inferences can be implemented efficiently bytlie list 
handling or pointer handling operators of programming languages. 

KL-ONE. Although parenthesized notations have been popular in AI; Minsky 
originally described a frame as "a network of nodes and relations." Ronald Brachman 
(1979) designed a network notation for his Knowledge Language One (KL-ONE), 
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Restricts 

FIGURE ;p Truck and Trailer Truck frames in KL-ONE 

which is the ancestor of many frame systems. Woods and Schmolze (1992) reported 
that about 20 systems have been implemented in the KL-ONE tradition. Figure 3.2 
shows the information in the Truck and Trailer Truck frames represented in a KL­
ONE network. The network has nine ovals for concept nodes and nine arrows, which 
represent different kinds of links. The white ovals represent generic concepts for the 
types, as distinguished from the shaded oval, which is an individual concept fur the 
instance 18. The oval marked with an asterisk* inaicateS that lnteger is a built-in or 
primitive type. The concepts Truck and Trailer Truck are defined in Figure 3.2, but 
Vehicle, Trailer, WtMeasure, and VolMeasure would have to be defined by other 
KL-ONE diagrams. 

What distinguishes KL-ONE from earlier frame systems is not so much its 
network notation as its clearly defined ~emantics. Some of the early AI systems had 
an ad hoc structure that was severely criticized in two famous papers, "What's in a 
Link" by William Woods and '~cial Intelligence Meets Natural Stupidity" by 
Drew McDermott. In responding to those critiques, Brachman drew a clear dis­
tinction between the different kinds of links in a semantic network. The double-line 
arrows represent subtype-supertype links from TrailerTruck to Truck and from 
Truck to Vehicle. The arrows with a circle in the middle represent roles, which 
correspond to the slots other than supertype in the previous frames. The Truck node 
has four rol~ labded UnloadedWt, MaxGrossWt, CargoCapacity, and Number­
OfWheels. The Trailer Truck node has two roles, one labeled Ha5Part and one that 
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restricts the NumberOfWheels role of Truck to the value 18. The notation vlr at 
the target end of the role arrows indicates value restrictions or type constraints on 
the permissible values for those roles. 

During the Middle Ages, the critiques by Woods and McDermott would have 
been unecessary. Logic, as presented by Aristotle and Peter of Spain, was the first of 
the seven liberal arts taught to every university graduate. In fact, the similarity 
between the KL-ONE network in Figure 3.2 and Peter's version of the Tree of 
Porphyry in Figure 1.1 is striking: the double-line arrows represent the relationship 
from species to genus or from one genus to the next higher genus; the roles 
represent the differentiae that distinguish each category from its genus. The indi­
vidual concepts in KL-ONE represent the instances at the bottom of the Tree of 
Porphyry; the generic concepts correspond to the species and genus nodes higher 
in the tree. Even the process of inheritance is the same: for each defined category, 
the differentiae are derived by merging all the roles or slots along the path from the 
defuied node up to the top. 

CLASSIFICATION. Besides drawing careful distinctions between the kinds of 
concepts and links, Brachman et al. (1991) emphasized the importance of automat­
ic classification in generalization or subsumption hierarchies: 

The most notable fearure of Classic's family of languages is the "self-organiza­
tion" of the concepts defined: Because concepts have clear definitions, it is 
possible to have the system organize them into the subsumption hierarchy, 
rather than have the user specify their exact place. This is important because 
standard logic and production systems, for example, do not address the knowl­
edge engineering issue of organizing large collections of knowledge .. 

Both classification and inheritance are logical operations that can be performed by 
the standard rules of inference .. Systems like KL-ONE and Classic, however, imple­
ment them with specialized techniques for high .performance. This is a trade-off of 
expressive power for efficiency: classification and inheritance do not provide the full 
deductive capability of first-order logic; nor do they provide the full computational 
power of a programming system; but they do support an important subset of 
knowledge engineering services efficiently and automatically. 

To increase the computational power, frame systems can be made into hybrids, 
in which the frame language is combined with either a programming l;rnguage or 
a more expressive version oflogic. Brachman, Fikes, and Levesque (1983) designed 
KRYPTON as a hybrid that combined KL-ONE for reasoning about terminology 
(T-box) with a version cl first-order logic for reasoning about assertions (A-box). 
The T-box does automatic classification and high-speed inheritance, and the A-box 
supplements the T-box with a more expressive system oflogic. The hybrid combines 
the advantages of both: automatic classification in the T-box; greater expressive 
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power in the A-box; and the efficiency of T-box inheritance as a supplement to 
A-box deduction. 

REASONING IN FRAME SYSTEMS. Foraknowledge-basedconfigurator, Wright 
et al. (1993) used a version of Classic implemented in C. They remarked that the 
language "lacks true disjunction and has no way to express negation.Nevertheless, we 
have not encountered major problems when we encoded the product knowledge for 
our AT&T Network Systems products." The knowledge in Oassic, as in many 
related frame systems, is organized in three parts: 

1. T-Box. A terminological hierarchy of concept definitions, all of which have a 
form that can be represented by lambda expressions, as·in the examples above. 

2. A-Box. An assertional database of de5criptors for individual objects; each de­
scriptor is a conjunction of one or more instantiations of concept definitions 
that describe the object. Since the database is grouped around objects rather 
than relations, Brachman et al. (1991) call it an object-centered database. 

3. Rule base. A collection of rules consisting of a left-side Land a right-side R. In 
each rule, L is a single concept definition, and R is either another concept or a 
function r(x) whose result is a concept. 

The Classic rules therefore correspond to statements of type A in syllogisms: 

A: Every L is an R. 

In ·predicate calculus, each rule can be translated to a statement in one of the 
following two forms: 

(V'x:L)R(x). 
(Vx:L)assen(r(x),.JQ. 

The first rule says that every x of type L is also an R. The second rule has the same 
condition, but it applies a function r, whose result r(x) is a concept that is assened 
about x. As an example, r(x) might compute the age of x from the current date and 
xs date of birth. 

The Classic rules are executed whenever an object xis classIBed as some concept 
that matches the left side of a rule. If xis classIBed as an instance ofL, then all rules 
that have L or any supertype of L as their left side are executed. For each one, the 
right side R or the result of the function call that generates R is instantiated and 
added to the descriptor of x. Each rule execution corresponds to one inference 
according to the syllogism Darii: 

A:. Every L is_ R. 
I: xis L 
I: Therefore, x is R. 
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Besides Darii for adding new information to the A-Box, Classic uses syllogisms of 
type Barbara for inheriting information about the concept definitions in the T-Box. 
Since a trailer truck is defined as a kind of truck, the definition of trailer truck 
inherits all the properties defined for truck. 

Since Classic does not represent negations, it cannot directly express statements 
of type E or 0. However, Classic does allow two concepts, such as Truck and 
Corvette, to be declared disjoint. That declaration is logically equivalent to a state­
ment of type E: 

No Corvette is a truck. 

Statements of this type can be used as the major premise in the syllogisms Cdarent 
and Ferio. In doing consistency checks, Classic uses inferences of type Celarent to 
insure that the definitions in the T-box are consistent. When an assertion about an 
individual is made, it uses inferences of type Ferio to insure that the A-box is 
consistent. Although these inferences cannot support .all of FOL, they can be 
executed efficiently. For full generality, Classic, like most frame systems, depends 
on subroutine calls to a host language such as LISP or C. 

DEFINITIONAL LOGICS. Frame systems in the KL-ONE family have merged 
with restricted versions of typed or sorted logics to form a family of knowledge-rep­
resentation languages called definitional logics or terminological logics (Blasius et al. 
1989). The systems in that family are characterized by three common features: 

I. Emphasis on the logical operators that are most useful for defining and class­
ifying concept types in a subsumption or type-subtype hierarchy. 

2. Restrictions that limit the use of operators and infererice rules that might make 
the classification problem computationally inefficient or even undecidable. 

3. A formal semantic foundation based on Tarski-style model theory. 

Logically, the common core of all these systems is the existential-conjunctive subset 
oflogic with new types defined by monadic lambda-expressions or their equivalent. 
Classification and consistency checks within that subset can be computed effi­
ciently- in polynomial time compared to the exponential time that is sometimes 
required for full first-order logic. 

The source of inefficiency, 'however~ is not the expressive power of the logic, 
but the nature of the problems to be solved. In the original implementation of 
the LOOM system, Robert MacGregor (1991) restricted its expressive power to 
the common core of the definitional logics. At the request of the users, MacGregor 
(1994) designed an extended system called PowerLoom, which supports full fust­
order logic. In the worst case, those extensions could cause an exponential increase 
in computing time. In practice, the worst cases are rare; the average increase in 
computer time for typical applications has been about a factor of 2 in the LISP 
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implementation of Power Loom. A C + + implementation runs much faster; its 
speed enables it to outperform LOOM on every problem that LOOM can solve. 
Furthermore, PowerLoom can solve problems that could not be stated in LOOM. 

3.3 Rules and Data 

During the 1970s, universities took the lead in designing rule-based expert systems, 
while Ted Codd at IBM developed the theory of rel.ational databases. Expert systems 
and database systems differ more in quantity than in quality: expert systems use 
repeated. executions of rules on relativdy small amounts of data, while database 
systems execute short chains of rules on large amounts of data. The differences, 
however, are decreasing as database systems perform increasingly complex opera­
tions and expert systems are used in larger applications. Today, the SQL language 
for relational databases has evolved to support the same logical functions as the 
expert systems of the 1970s and 1980s. 

The convergence of the two kinds of systems results from their common logical 
foundations: they both store data in the existential-conjunctive (EC) subset oflogic, 
and they use the same rules of inference. to answer questions, perform updates, and 
check constraints. The two primary rules are called modus ponens (mode of putting) 
and modus tollens (mode of taking away): 

• Modus ponens. From the formulas p and (p~q), infer the consequent q. 
'• Modus tollens. From the formulas -q and (JDq), infer the denial of the antece-

dent -p. 

Although each rule of inference is simple by itself, the power comes from the 
combinations of rules and their repeated executions in lengthy chains and branches. 
Repeated execution of modus ponens is called forward chaininty and repeated 
modus tollens is called backward chaining. As an example, consider the following 
chain of implications: 

p~ q. q~ r. r~ s. 

Forward chaining proceeds in the direction of the implications: given an assertion 
p, the first rule leads to the new assertion q, then q plus the second rule produces 
r; finally r plus the third rule produces s. Backward chaining goes in the reverse 
direction: given a negation -s, the last rule produces -r; then -r plus the middle 
rule produces -q, and -q plus the first rule produces -p. In applications, forward 
chaining is commonly used to make insertions and modifications to a database or 
working memory, and backward chaining is used to answer questions. See Exer~ 
3.6 to 3.9 for a small expert system that can be implemented. in forward-chaining 
rules to update a database or in backward-chaining rules to answer a question. 

The first system that combined forward and backward chaining with a rela-
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tional database was Planner, designed by Carl Hewitt (1971) at MIT. At Stanford, 
Ted Shortliffe (1976) designed MYCIN as a backward-chaining system for diag­
nosing bacterial ·infections. Its successor EMYCIN became the prototype for a 
family of commercial expert systems. At Carnegie-Mellon University, early work by 
Allen Newell and Herbert Simon on the General Problem Solver (1963) evolved 
into a series of forward-chaining systems. The version called OPS5 (Official Pro­
duction System #5) became the prototype for another family of commercial expert 
systei;ns; the CLIPS language, which is used in some examples in this book, is a 
widely used descendant of OPS5. ·Robert Kowalski in England, Maarten van 
Emden in the Netherlands, and Alain Colmerauer in France collaborated to de­
v~op logic into a backward-chaining language called Prolog. Ideas from all of these 
approaches influenced programmers, who combined them with frames, semantic 
networks, and databases in a sometimes bewildering variety of ways. 

MICROPL\NNER, PROLOG, AND SQL. Microplanner, a language derived from 
Planner, pioneered techniques that have been used in both expert systems and 
relational databases. As an example, Figure 3.3 shows a database for representing 
blocks and pyramids that Terry Wmograd (1972) implemented in Microplanner. On 
the right side of Figure 3.3 are two database relations, named Objects and Supports. 
The Objects relation identifies each object in the stack, its shape, and its color. The 
supports relation shows which objects are supporters and supportees. "Winograd used 
Microplanner as both a database query language and a problem-solving language for 
updating and transforming the database. He then wrote a parser that translated 
English questions to backward-chaining queries and English commands to forward­
chaining tasks. The resulting system, called SHRDLU, combined question answer­
ing and problem solving with a natural language interface. 

To answer the question Which block supports a pyramid? SHRDLU generated a 
sequence of three goal statements in Microplanner: 

(goal (objects ?xl block?))· 
(goal (objects ?x2 pyramid?)) 
(goal (suppo~ts ?xl ?x2)) 

The first goal searches the objects relation for an object xl of shape block, the 
second searches for an object x2 of shape pyramid, and the third searches the 
supports relation to determine whether xl supports x2. The prefix ? marks variables; 
by itself, the symbol ? is called an unnamed variable, wild card, or don't-care symbo4 
which matches any value. 

To answer a query, Microplanner, Prolog, and SQL use a technique called 
backtracking. For the sequence of three goals, they try to satisfy each goal by finding 
appropr~te values for the variables x1 and x2 If some goal cannot be satisfied, they 
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OBJECTS SUPPORTS 

ID SHAPE COLOR SUPPORTER SUPPORTEE 

A pyramid red A D 
B pyramid green B D 
c pynmid yellow c D 
D block blue D E 
E pyramid orange 

FiGtnu: 3.3 A stack of blocks represented by database relations 

backtrack to a previous goal and try a different option. All three systems would 
perform an equivalent series of operations: 

1. Search the objects rdation to find some block xl; 
if there are no more blocks, then stop and report failure. 

2. Search the objects rdation to find some pyramid x2; 
if no more pyramids, backtrack to step 1 to find another block xl. 

3. Check whether xl supports x2; 
if so, stop and return xl as the answer; 
if not, backtrack to step 2 to find another pyramid x2. 

For the database shown in Figure 3.3, they would find the block D at step I and 
the pyramid A at step 2. Since D does not support A, they would backtrack to step 
2 to try pyramid B, then C, and finally E. Since D suppon;s E, they would stop 
with Das the answer for the variable xl. 

The equivalent queries in Prolog or SQL have a different syntax, but the same 
semantics. In Prolog, variables must begin wit,h ~uppercase letter, the keyword 
goalis omitted, and the rdation name is written outside the parentheses. But Prolog 
expresses the same three subgoals, which are executed in the same order: 

objects(Xl,block,*) & objects(X2,pyramid,*) & supports(Xl,X2). 

The first subgoal searches the objects rdation for a block XI, the second searches 
objects for a pyramidX2, and the third checks whether XI supports X2. The asterisk 
* is the don't-care symbol, which matches anything. In SQL, the syntax is more 
verbose, but the underlying operations are the same as in Prolog and Microplanner: 

select supporter 
from supports, objects xl, objects x2 

where xl . shape = 'block' 
and. x2. shape = 'pyramid' 
and supporter xl.id 
and supportee = x2 . id 
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This SQL query selects the supporter from the database relations named supports. 
The objects relation is listed twice on line 2, since the system must find two distinct 
objects xl and x2. The where clause expresses the same conditions as the Prolog 
and Microplanner goals: the shape value for xl is 'block'; the shape value for x2 is 
'pyramid'; the supporter is equal to the id (identifier) of xl; and the supportee is 
equal to the id of x2. 

For a small database like Figure 3.3, backtracking would take very little time, 
but it could become significant for a large database. To improve performance, most 
implementations of commercial database systems perform various kinds of optimi­
zations: indexes and hash coding to reduce the amount of search, reordering of 
subgoals to reduce the amount of backtracking, and compilers to translate inter­
preted languages to directly executable code. For this example, consider the effect 
of interchanging the second and thixd goals: 

(goal (objects ?xl block?)) 
(goal (supports ?xl ?x2)) 
(goal (objects ?x2 pyramid?)) 

As before, the first search would find the block D as the value for xl. Then the 
second search would find that D supports E, which would become the value for 
the variable x2. Finally, the third search would check that E is a pyramid.. With this 
ordering of goals, the correct answer would be found without any backtracking. By 
reordering the ·sequence of execution, an optimizer can reduce the number of futile 
searches while preserving the significant ones. 

The optimal ordering of goals depends on the structure of the database and the 
relative numbers of each kind of object. Since the database in Figure 3.3 has four 
pyramids but only one block, the best ordering is to search for blocks before 
pyramids. But if there were fewer pyramids, it would be better to search for a 
pyramid first. In general, the order of searching is highly data dependent, and 
database optimizers determine the search order at the time the query is processed. 
In Prolog and Microplanner, however, there is no automatic reordering of goals, 
and the programmer must choose the order in advance. It is possible, however, to 
write a preprocessor that optimizes a query before translating it to Prolog. The 
Chat-80 query system (Warren & Pereira 1982), which translated English questions 
to Prolog, performed the same kinds of optimizations used in SQL databases. As 
this discussion illustrates, logic determines the structure of the query; a good 
compiler can manage the bookkeeping details to optimize performance. (See Exer­
cise 3.13 for techniques of optimizing performance by reordering the goals.) 

PLURALS AND SETS. Moving from singular to plural in English can be done 
by adding s to the nouns and dropping s from the verbs. In logic, however, set 
notation tends to become more cumbersome. As an example, SHRDLU translates 



160 2a>' CHAPTER THREE KNOWLEDGE REPRESENTATIONS 
' 

the English question Which blocks are supported by 3 pyramids? to the following 
Microplanner code: 

(find all ?xl 
(goal (objects ?xl block?)) 
(find 3 ?x2 

(goal (objects ?x2 pyramid?)) 
(goal (supports ?x2 ?xl)) )) 

The find operator in Microplanner executes a goal repetitively to find as many 
answers as required: on the first line, all; and on the third line, 3. In English, this 
code may be paraphrased Find a/,l xl where each xl is a block and it is possible to find 
three x2 where each x2 is a pyramid and x2 supports xl. 

Prolog requires an equivalent of the find operator to perform repeated searches 
and accumulate the results. Some versions of Pro log provide a setofpredicate that can 
perform such searches (Walker et al. I990). It takes three arguments: setof(Y,G,L), 
where Vis a variable that keeps track of each object to be found, G is some Prolog goal 
to be executed repeatedly, and Lis a list that accumulates all the values ofV that satisfy 
the goal G. The following Prolog goal uses two nested setof predicates, which 
correspond to the two nested find operators in Micro planner: 

setof(Xl, 

objects(Xl,block,*) & 
setof(X2, objects(X2,pyramid,*) & supports(X2,Xl), L2) & 

·1ength(L2,3)), 

Ll). 

In this example, the outer setof predicate starts on line I with the variable XI 
representing the blocks to be found; lines 2, 3, and 4 represent the goal to be satisfied 
by appropriate values ofXI; and line 5 specifies the list LI, which will accumulate all 
XI 's that satisfy the goal In English, this Prolog goal may be read Accumulate a set of 
allXJ to the list LI, where each XI isa block and thesetof allX2 that are pyramids that 
support XI are accumulated to the list 12, which must have a length of3. 

Since databases are designed to handle large sets, the·SQL language has built-in 
operators to manipulate them. The select verb corresponds to the find operator in 
Microplanner and the setof predicate in Prolog. SQL also has a special group-by 
clause that replaces the nested find: 

select supportee 
from supports, objects xl, objects x2 

where supportee = xl: id 
and xl.shape = 'block' 
and supporter = x2 . id 
and x2. shape = 'pyramid' 
group by supportee having count(supporter) 3 
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In English, this query may be.paraphrased Select all supportees .from the supports and 
objects relations where each supportee is equal to the id ofxl and the shape ofxl is block 
and each supporter is equal to the id of x2 and the shape of x2 is pyramid and group the 
answers by suppor"tees, selecting only those supportees that have a count of three supporters. 

As these examples illustrate, all three languages perform equivalent operations 
to derive the answer; but each of them uses a different syntax. None of them are as 
simple as the original English question. To simplify the translation from English to 

logic, conceptual graphs have a notation with a close correspondence to the features 
of natural languages. The first question Which block supports a pyramid? maps to the 
following CG: 

[Block: ?]~(Inst)~[Support]-7(Thme}-HPyramid]. 

The question mark in the first concept corresponds to the select verb in SQL. It 
asks which block is the instrument (Inst) of support, where the theme (Thme) is a 
pyramid. The relations Inst and Tlune are linguistic relations, which are summa­
rized in Appendix B. 

The second question Which blocks are supported by 3 pyramids? uses plural 
nouns and passive voice. In concepmal graphs, plurals are marked by the generic 
plural symbol {*}. The transformation from active to passive causes the relations 
Inst and Thme to be interchanged: 

[Block: {*}?]~(Thme)~[Support]-7(Inst)-7[Pyramid: Col{*}@3]. 

The question mark corresponds to the word which-, the symbol{*} corresponds to 
the sending on the nouns; and the prefix Col before the second{*} is an abbre­
viation of collectively, which corresponds to the group-by clause in SQL. The graph 
may be read Which blocks are supported by 3 pyramids collectively? By representing 
logic in a form that is close to natural language, conceptual graphs can serve as an 
intermediate language for mapping to lower-level languages like SQL 

RULES AND Vmws. Rule-based languages like Prolog and CLIPS were spe.:. 
cifically designed to perform long chains ofimplications, but SQL, an acronym for 
Strucmred Query Language, had little or no support for implication. Over the 
years, implications have been added to SQL, but with terminology that obscures 
their logical foundation: SQL implications used in backward chaining are called 
views, and those used in forward chaining are called triggers. To illustrate the 
correspondence, the following Prolog rule defines the predicate sup_color, which 
relates supporters to the colors of the objects they support: 

sup_color(S,C} ~ supports(S,X} & objects(X,*,C}. 

The arrow in a Prolog rule points to the left because the inference engine starts with 
the conclusion and works backward to the antecedent. This rule says that sup_color 
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is true of S and C if S suppons some X and X is an object with color C. Following 
is the corresponding SQL view: 

create view sup_color 
as select supporter, color 

from supports, objects 
where supportee = id; 

This statement defines sup_color as a new relation whose values are taken from the 
supporter of the supports relation and from the color of the objects relation where 
the supportee in supports is equal to the id in objects. In both SQL and Prolog, 
relations like sup_color, which are defined by rules, may be used in the same way 
as relations that are defined by a table of facts. 

Although Prolog can represent all SQL views, many features of Prolog such as 
recursion were not available in SQL. As an example, the following Prolog rule uses 
recursion to define the predicate ind_supports (indirectly supports): 

ind_supports (S,X) ~supports (S,X) 

I supports(S,Y) & ind_supports(Y,X). 

This rule may be read S indirectly supports X if either S supports X or S supports some 
Y and Y indirectly supports X After ind_supports has been defined, the setof 
predicate can be used to find all the direct or indirect supporters of some object, 
such as the pyramid E: 

setof(S, ind_supports(S,'E'), L). 

When this query is executed., the Prolog system accumulates all the supporters ofE 
and puts them in the list L. In this case, L. contains the other four objects, 
[A,B,C,D]. 

The lack of recursion in SQL has been a handicap for many common applica­
tions: listing parts and subparts in a bill of materials; searching the management 
hierarchy of a business; or finding dependencies in a schedule of tasks and subtasks. 
In such applications, the only way to solve those problems has been to invoke 
multiple SQL queries from a host language like COBOL or C. Finally, some 
implementations of SQL have begun to support recursion, which is scheduled to 
become standard in a future version called SQ L3. Following is a recursive query 
that finds all objects that directly or indirectly support the pyramid E: 

with ind_supports (supporter, supportee) 
as ((select * 

from supports) 
union all 
(select s.supporter, x.supportee 

from supports s, ind_supports x 
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where s.supportee=x.supporter)) 
select supporter 

from ind_supports 
where supportee='E' 

In this example, the with clause defines a recursive table named ind_supports, and 
the.select statement at the end retrieves all objects that support E. The difference 
between Prolog and SQL results from the select statements, which retrieve an entire 
set at once. Then the SQL definition uses the union operator to combine the sets. 
In Prolog, however, the operators normally process one item at a time; to collect all 
the answers to a query, the setof predicate must be used. 

· LoGICAL FOUNDATIONS. SQL, Prolog, and Microplanner use the same strat­
egy for handling quantifiers: the variables in a query are governed by existential 
quantifiers, and the variables in a rule are governed by universal quantifiers. This 
convergence on a common strategy is no accident. It follows from the logical form 
of the database and the algorithms for searching it. Every database used by those 
languages - as well as every commercial database, whether relational, hierarchical, 
or object-oriented - implements the existential-conjunctive subset of logic. The 
two database relations in Figure 3.3, for example, can be mapped to that form with 
only the 3 quantifier and the A operator. Every row of the objects relation maps to 

a proposition of the following form: 

(3x:Object)(id(x,A) A shape(x,pyramid) A color(x,red)). 

This formula says There exists an x of type object whose id is A and whose shape is 
pyramid and whose color is red. Every row of the supports relation maps to a 
proposition of the form, 

(3x:Suppon)(supportee(x,A) A supporter(x,D)). 

This formula says There exists an x of type support whose supportee is A and whose 
supporter is D. This small subset oflogic is sufficient to represent all the things that 
exist in the universe, their properties, and their relationships to every other thing. 
It forms the common logical core Of eyery software system that stores and retrieves 
data of any kind. · 

EC logic can represent everything stored in a database, but it cannot represent 
negations, disjunctions, implications, or universal quantifiers. Therefore, it cannot 
represent queries of the following forms: 

• Which pymmtds are not suppo-;:t;Ji; a block? 
• Is any block red or yellow? 
• Does every block support a pyramid? 
• Which block supports every orange pyramid? 
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The three languages discussed so far can indeed represent these queries. They do so 
by a metalevel technique called negation as failure: if they fail to find an answer in 
the database, they assume falsehood. When negation is used in all possible combi­
nations with 3 and /\, the logic can then represent the universal quantifier and all 
Boolean operators. The universal quantifier \::/, for example, is defined by the 
following equivalence: 

(\::/x)P(x) is equivalent to -(3x)-P(x). 

Suppose that P(x) means "'xis a person." The formula for "Every xis a person" 
would then be equivalent to the formula for the sentence "It is false that there exisrs 
an x that is not a person." 

Since database languages represent \::/ by combining negation with 3, they 
usually require double negations to express queries with universal quantifiers. As an 
example, the query Which block suppor'ts every orange pyramid? would be represented 
by the following Prolog goal: 

objects(Xl,block,*) & ~(objects(X2,pyramid,orange) & ~supports(Xl,X2ll. 

In English, this goal may be read Find a block XI where it is false that there exis'ts an 
X2 where X2 is an orange pyramid and XI does not supportX2. The same combination 
of double negations is also used to represent universal quantifiers in Microplanner 
and SQL. Following is the SQL query on the left with the corresponding parts of 
the Prolog goal on the right: 

SQL QUERY 

select id.xl 
from objects xl 
where xl.shape = 'block' 

and not exists 
(select * 
from objects x2 
where x2.shape = 'pyramid' 

and x2.color = 'orange' 
and not exists 

(select * 

PROLOG GOAL 

objects(Xl, 
block,*) 
& e 

objects(X2, 
pyramid, 
orange) 
& e 

from 
where 

and 

supports supports( 
supporter = xl.id Xl, 
supportee x2 . id) ) X2) ) . 

This convoluted way of writing queries that represent the word every follows 
from the common semantics of languages as seemingly different as Prolog and 
SQL. 
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FOR.WARD CHAINING. In Prolog and SQL, backward chaining is used to 

answer a question without causing any side effects. A forward-chaining rule, how­
ever, performs some action, which normally has a side effect of changing something 
in working memory. Such rules have two parts: a pattern that is matched to 
something in the database or working memory, and an action to be performed if 
the pattern match succeeds: 

pattern => action. 

This kind of rule is called a production rule. When it is executed, the inference 
engine searches working memory for some combination of data that matches the 
pattern. If the match succeeds, the action on the right is executed to assert, retract, 
or modify facts or to call external programs that perform some computation. Unlike 
the left arrow in a backward-chaining language like Prolog, the arrow in a forward-
chaining rule typically points to the right. · 

An important use of forward-chaining rules is to check and correct possible 
violations of integrityconstraintson database relations. In SHRDLU, for example, an 
object of shape box is defined to contain any object it supports. Therefore, SHRDLU 
checks every new assertion for the supports relation to determine whether the sup­
porter is a box. If so, it asserts that the box contains the supportee. Following is.the 
equivalent rule in CLIPS: 

(defrule checkForBoxSupporter 
(supports ?x ?y) 

(objects ?x box ?) 
=> 

(assert (contains ?x ?y)) ) 

The pattern part of this rule is invoked for every assertio~ that some x supports 
some y. Then if x is an object of shape box, the action part asserts that x contains 
y. To make the contains relation tr.insitive, the following rule checks whether the 
supporter xis containe& in some z. If so, it also asserts that z contains y. 

(defrule makeContainsTransitive 
(supports ?x ?y) 
(contains ?'z ?x) 

=> 
(assert (contains ?z ?y)) ) 

Together, these two rules maintain the q:msistency of the contains, supports, and 
objects relations with respect to the constraint that boxes contain anything they 
support, either directly or indirectly. The rule that makes the contains relation 
transitive may be invoked recursively if there happens to be a nest of boxes in which 
the outer boxes contain the inner boxes as well as their contents. 
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Forward chaining rules may also be used to retract an assertion after updating 
the databa.Se with the implications of the assertion. The following rule updates 
the supports rdation after an assertion that some object x is put on another 
object y. 

(defrule updateEffectsOfPutOn 
?newPutOn <- (putOn ?x ?y) 

=> 
(if ?oldSupport <- (supports ?z ?x) 

then (retract ?oldSupport) ) 
(assert (supports ?y ?x)) 
(retract ?newPutOn) ) 

This rule asserts that if x is put on y, the new supporter of x is y. If x had been 
supported by some z, the rule would retract the information about the old support. 
It also retracts the putOn assertion itsdf, whose effects have been taken into account 
by changes to the database. To avoid deleting the new assertion, the rule must not 
assen the new supporter before retracting the old one. In pure logic, ordering 
cannot affect the results, but the action part of a forward-chaining rule introduces 
procedural dependencies. 

The rule for putOn illustrates the cascading updates that often occur in data­
bases and knowledge bases. A single assertion about putOn causes one assertion 
and one retraction for the supports n;lation. Then the two rules for contains 
would be triggered by the supports assertion to check whether the supporter was 
a box or was contained in a box. In the most common case where x is not being 
moved into or out of a box, the pattern parts of those rules would not match, 
and no further updates would occur. If .x happened to be put into a box, those 
rules would update the contains relation. But if x were being removed from a 
box, the putOn rule would violate the constraints on the contains relation. See 
Exercise 3 .15 and the answers at the back of the book for further discussion of 
the putOn rule and the revisions that are necessary to preserve the constraints on 
the contains relation. 

SQL TRIGGERS. To support forward-chaining rules in SQL, some versions 
implement triggers, which will become standard in SQL3 (Chamberlin 1996). Each 
trigger is invoked by an insertion, deletion, or update to a database relation. The 
two CLIPS niles for preserving the constraints on the contains relation can be 
rewritten as SQL triggers, but the rules must be repackaged: one rule is triggered 
by insertions to the contains rdation, and two others are triggered by insertions to 
the supports relation. The following trigger checks whether the new containee is 
also a supporter. Like the CLIPS rules, it may make recursive insertions into the 
contains relation. 
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create trigger check_container 
after insert on contains 
referencing new as x 
for each row 

insert into contains 
select x.container supportee 
from supports 
where x.containee = supporter 

This trigger inserts another row (x.container, supportee) into the contains relation 
for each row in which the new containee is also a supporter. 

The next two triggers check for insertions to the supports relation: one checks 
whether the new supporter is a box, and the other checks whether the new 
supporter is contained in some box. Both triggers could be invoked if a box is 
being inserted into a box or onto some object that is already in a box. The 
following trigger checks whether shape of the new supporter is a box. If so, it 
inserts the row (x.supporter, x.supportee) into the contains relation. The effect is 
to copy the new rows of the supports relation whose supporter is a box into the 
contains relation. 

create trigger check_box_supporter 
after insert on supports 
referencing new as x 
for each row 
when ('box'=(select shape from objects 

where id=x.supporter) 
insert into contains 

values(x.supporter, x.supportee) 

The next trigger checks whether the new supporter is contained in a box. If so, it 
inserts all rows of the form (container, x.supportee) into the contains relation to 
show that everything supported by x.supporter also has the same container. 

create trigger check_supporter_in_box 
after insert on supports 
referencing new as x 
for each row 
when (x.supporter in 

(select containee from contains) 
insert into contains 

select container x.supportee 
from contains 
where containee = x.supporter 
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Both of these triggers may cause recursive insenions into contains. The complexity 
of these examples results from the complex ways that boxes and other objects can 
be stacked and nested. In a procedural language, the programs ;would be even more 
complex. 

IMPLEMENTING LOGIC IN PRACTICAL SYSTEMS. In the 1970s, the research· 
on expert systems and relational databases showed that logic-based systems could 
be fast enough to compete with traditional computer programs. During the 1980s, 
the research was implemented in practical systems. The rule-based expen systems 
solved problems that had been abandoned as too complex to be programmed in 
conventional languages. In several debates on database languages, Ted Codd, Chris 
Date, and other relational advocates showed that SQL was simpler and more 
concise than an older language developed by the CODASYL DBTG (Data Base 
Task Group). In reply, one of the CODASYL defenders made the infamous claim 
that "programmers enjoy a challenge." Yet SQL was not widely accepted until 
relational databases could compete with the older systems in performance. 

Microplanner was ahead of its time in implementing forward chaining and 
backward chaining over a relational database. But even on the small databases in 
SHRDLU, it acquired a reputation for inefficiency. Gerald Sussman and Drew 
McDermott (1972) developed a rival system called.Conniver, which they described 
in the report "Why Conniving is Better than Planning." The design goal for 
Conniver was to improve performance by giving programmers more control over 
the search strategy. Unfortunately, it led them to use clever tricks rather than clean 
logical design. 

After Microplanner, most rule-based systems were specialized for one way of 
applying rules: backward chaining for Prolog and languages in the MYCIN tradi­
tion; and forward chaining for languages like OPS5 and CLIPS. Prolog has a 
simpler structure than Microplanner, which supports more efficient compilers and 
interpreters. Prolog also uses a powerful pattern-matching technique called unifica­
tion, which suppons a logic-based method for manipulating data structures. To 
improve the speed of pattern matching, CLIPS and other languages derived from 
OPS5 maintain a rete network, which maintains pointers to partial matches and 
helps avoid redundant searches. When CLIPS rules are entered, the compiler 
constructs a network of pointers from data elements to the rules that might be 
affected by updates to the data. 

Performance is the main reason for the structural differences between the 
CLIPS rules and the SQL triggers. In CLIPS, the makeContainsTransitive rule, for 
example, is invoke_d by an update to either the supports or the contains relations. 
The rete network enables either update to invoke the same rule. Since SQL 
databases do not use a rete network, the SQL programmer must explicitly state the 
conditions for invoking the triggers. For the check_container trigger, the condition 
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is "after insert on contains"; for the other two triggers, the condition is. "after insert 
on suppons." 

As these examples illustrate, logic serves as the common foundation for data­
base ~d expert systems. Good compilers can simplify the interfaces by deriving the 
information necessary to optimize performance directly from the logic. Without an 
optimizer, Microplanner was inefficient even on the toy databases in SHRDLU. 
With optimization, SQL database systems routinely manage terabytes of data while 
responding to requests from thousands of users around the world. 

3.4 Object-Oriented Systems 

The object-oriented programming systems (OOPS) combine a declarative style for 
specifying objects with a procedural style for defining the actions by and upon 
those objects. Object-oriented declarations, which specify the same kind of infor-1 
mation as frames, are organized in a type or class hierarchy that supports the same/ 
kind of inheritance. Instead of separating the declarations that define an objed 
from the procedures that operate on them, the 0-0 systems integrate the declal 
rations and the operations for each type of object in a single package. In effect:) 
an 0-0 language has three components: a programming language, a frame system,) 
and a structure that encapsulates the procedures ·with the frames. Various kinds of. 
languages have been extended to object-oriented languages: C to C+ +; Prolog' 
to Object Prolog; COBOL to Object COBOL; SQL to OQL; and CLIPS to 
COOL. 

0-0 DEcIARATioNs. To illustrate the similarities and differences, the frame 
examples can be translated to Java, one of the most popular object-oriented lan­
guages. Following is a Java declaration for a class that corresponds to the Truck 
frame: 

public class Truck extends Vehicle { 

II Define an instance variable for each slot in the frame. 

private WtMeasure unloadedWt, maxGrossWt; 

private VolMeasure cargoCapacity; 

private Wheel[] wheels; 

II The methods return the current values of the private variables. 

public WtMeasure unloadedWt() {return unloadedWt;}; 

public WtMeasure maxGrossWt() {return maxGrossWt;}; 

public VolMeasure cargoCapacity() {return cargoCapacity;}; 

public int numberOfWheels() {return wheels.length;}; 
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The top line declares Truck as an extension or subtype of Vehicle. The Truck class 
inherits declarations from the Vehicle class in the same way frames inherit from 
supertypes. The instance variables, which correspond to the slots in frames, are 
declared private to restrict access by other objects. To read or modify them, other 
ob jeers must invoke one of the procedures or methods defined in the Truck class or 
one of its subclasses. The Trailer Truck class extends Truck with another variable for 
the trailer and a method called a constructor, which initializes some of the variables: 

public class TrailerTruck extends Truck { 
II Inherits from Truck and adds the following: 
private protected Trailer trailer; 

II Constructor to initialize each new TrailerTruck. 
public TrailerTruck() { 

trailer = new Trailer; 
wheels= new Wheel[18]; 
for (int i=O; i<l8; i++) 

wheels[i] = new Wheel; 
} 

} 

The constructor creates a new object of type Trailer, which it assigns to the variable 
named trailer. To initialize the variable wheels, it creates an array to hold 18 wheels 
and creates a new instance ofWheel for each element of the array. Some other Java 
program could create a neW TrailerTruck with an assignment statement like the 
following: 

tt = new TrailerTruck; 

When this statement is executed, the TrailerTruck constructor is invoked, and a 
pointer to the new Trailer Truck is assigned to the variable tt. The Wheel and Trailer 
classes might have their own cons·rructors, which in turn could create other objects. 

MAPPING FRAMES AND RULES TO OBJECTS. The supertype slot in a frame 
corresponds to the extends qualifier in a Java class definition. The other slots 
correspond to ins~ance variables. The inheritance of slots in frames corresponds to 
the inheritance of variables and methods. Yet neither the frames nor the purely 
declarative definitions in Java provide a complete progranuning system. Each of 
them must be supplemented with procedural c~de in order to do something useful. 
Frames and 0-0 systems differ in the way they allow procedures to access the slots 
or instance variables: 

• To a host language like LISP or C, frames look like a network of globally 
accessible records. The programs can read the slots, modify them, and follow 
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chains of pointers from one frame to another. Although a frame system may 
have a recommended set of operators for doing "safe" operations on the frames, 
a programmer who uses the host language can ignore the recommendations 
and manipulate the frames as if they were ordinary data structures. 

• In an 0-0 system, the objects can be encapsulated. Only programs or methods 
in the declaration of the object class or one of its subclasses can access private 
variables directly. To access information from an object, external programs 
must invoke one of the class methods, which have complete control over the 
local data. 

The C + + language, for example, combines the procedural language C with a I 
frame system for declarations and inheritance. What distinguishes C + + from a 
hybrid of C with a separate frame system is.the packaging that supports encapsula­
tion and the strict type checking that enforces it. 

Compilers can automate the translations from logic to the declarative parts of 
object definitions. Frames in PowerLoom have been compiled to. C+ + declara­
tions, and type definitions in Cychave been compiled to Java (Peterson et al. 1998). 
Generating procedural code from logic specifications is more difficult, but many 
special cases can be automated: 

• Backward chaining. Deterministic Horn-clause rules, which require no back.­
tracking, can be translated to if-then statements and recursive subroutine calls. 
This technique, called recursive descent, is widely used to translate grammar 
rules to executable code. Terry Wmograd used it to parse a subset of English 
for his SHRDLU system. 

• Forward chaining. To support an SQL-style of triggers, the Java library defines 
two classes, called Observer and Observable. Each object of type Observable 
maintains a list of pointers to objects of type Observer, which may be affecred 
by changes in the observable data. Whenever a change occurs, the observable 
sends an update message to each ofits observers. A °"i"nethod in the observer can 
then perform the equivalent of the action pan of a CLIPS rule or an SQL 
trigger. 

See Chapter 4 for the representation of general procedures in a declarative style. 

ENCAPSU1.ATION. By encapsulating objects, 0-0 languages provide a way of 
distinguishing the external behavior of objects from their internal structure. The 
first 0-0 language was Simula-67 (Dahl & Nygaard 1968), which was designed 
for simulating a system of interacting objects. In an 0-0 simulation, the Truck class 
might have methods that determine how trucks move and interact with traffic 
signals, warehouses, and dispatchers. The way an individual truck behaves is deter­
mined by its internal structure and processes, not by an external program. In effect, 
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.each object instance is an autonomous agent whose behavior is determined by its 
class methods and the inputs it receives from other objects. 

Encapsulation helps to localize information about each object, but relation­
ships between objects introduce further complexities. As an example, consider the 
three classes Truck, Person, and Driver. The Truck and Person classes are distinct, 
but Driver would be a subclass of Person. Somehow, trucks and drivers should be 
associated, but the association is not a permanent one: 

~different times, each driver might drive different trucks, and each truck 
might be driven by different drivers. 

• If the information about the current driver is placed in the Truck class, the 
question Which iruck is Sam driving? would require a search through all the 
trucks in the database. 

• If the information about the truck is placed in the Driver class, the question 
Who is driving truck #587? would require a search of every driver. 

• If dupJicate infoqnat!Q.1_1 is placed m both the Truck and the Driver classes, then 
the possibifitYc>f up~e a71p!!l:..alies arises. Each time a truck is reassigned, three 
objects must be Changed: the T"ffick object, the old Driver, and the new Driver. 
Errors could arise if different programs happened to access data from those 
objects while they were being modified. · 

• A common technique in frame and 0-0 systems is to create a special class or 
type called Trip, whieh would specify the truck, driver, dates, cargo, staning 
point, and destination for a single trip. A ·new instance of Trip would be created 
for each assignment of a truck and driver, and no instance would ever be reused. 
The instance object for the driver Sam and the instance for truck #587 would 
eaeh contain a pointer to their common instance of Trip. 

Objects like Trip can simplify the update problem, but further conventions are 
needed for distributed systems. Different branch offices in different cities might 
have local databases for keeping track of trucks, drivers, and trips. When the trucks 
and drivers are moving from city to city, a safe and secure locking and updating 
strategy is essential Such issues have been studied in great detail for database 
systems. 

Since frames lack the 0-0 encapsulations, frame systems permit coding tech­
niques that might compromise the integrity of the objects. Yet encapsulation is not 
always an advantage. The proliferation of methods whose only purpose is to return 
the current value of a variable such as weight or cargo capacity increases the 
overhead. Although the time to invoke one method is negligible, the overhead may 
become significant in operations on large sets and databases. A query about the 
average weight of all trucks could take more time in an 0-0 system than in a system 
that scans a linked list of frames. To improve performance, some languages like 
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C++ and Java allow "friendly" programs to access their local variables. Such 
compromises are useful, but potentially dangerous. 

LOGIC-BASED 0-0 SYSTEMS. Frame systems and 0-0 systems that depend 
on procedures cannot state a general proposition directly. Instead, they encode the 
proposition in some procedure that determines how it is used. Consider the 
information that every trailer truck has eighteen wheels. That information could be 
used for many different purposes: to answer the question How many wheels does a 
trailer truck have?; to initialize the number of wheds, as in the Java definition for 
Trailer-truck; or to print an error message when a trailer truck with a different 
number of wheels is found. In logic, a single assertion could be used for all those 
purposes, but in a procedural system, the information must be encoded in a 
different program for each purpose. Besides the progranuning effort for writing 
multiple encodings, inconsistencies can arise when different parts of the code are 
updated and modified by different programmers at different times. 

To represent the encapsulated objects of object-oriented systems, logic must 
support contexts whose structure reflects the nest of encapsulations. In conceptual 
graphs, contexts are represented by concept boxes that contain nested graphs that 
describe the referent of the concept. In predicate calculus, the nesting can be 
represented by the description predicate dscr(x,p), which relates an object x to a 
proposition p that describes x. Chapter 5 discusses the semantics of contexts, the 
description predicate, and the rules of inference for importing and exporting 
information from the contexts. To illustrate the encapsulation, Figure 3.4 shows a 
graph for a birthday party that occurred at the point in time (PTim) of 26 May 
1996. . 

The concept box with the label BirthdayParty says that there exists a birthday 
party, bu~ it doesn't specify any details. The PTim relation indicates that it occurred 
on the date 26 May 1996. Figure 3.4 may be translated to the following formula 
in predicate calculus: 

(3x:BirthdayParty)(date(26Mayl996) A ptim(x,26May1996)). 

This formula says that there exists a birthday party x, 26 May 1996 is a date, and 
the point in time of xwas 26 May 1996. To see the details of what happened during 
the party, it is necessary to open the box and look inside. With a graphic display 
and a mouse for pointing, a person could click on the box, and the system would 
expand it to the context in Figure 3.5. In that graph, the large outer box is the same 

BirthdayParty Date: 26 May 1996 

FIGURE 3.4 A birthday party on 26 May 1996 
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Date: 26 May 1996 

Birthday Party: 

I Guest: {*}@40 Person: Marvin I 

I Candle: {*}@so ~ 
Present: {*} 

Process 

FIGURE 3.5 Expanded view of the birthday party context 

concept of type Birthday Party that was shown in Figure 3.4, but now the expanded 
box contains nested conceptual graphs that describe the party. 

Inside the large box in Figure 3.5, the first graph says that 40 guests are giving 
presents to a person named Marvin, and the second one says that 50 candles are on 
a cake. The rdations Agnt, Pmt, and Rcpt are linguistic case relations that indicate 
the agent (guests who are giving), the patient (presents that are being given), and 
the recipient (the birthday boy, Marvin). The notation{*} indicates a set of things, 
·and the qualifiers "@40" and "@50" indicate the count of dements in the sets. 

The nested graphs in Figure 3.5 describe the birthday party. In predicate 
calculus, the corresponding formula uses the description predicate dscr(b,p), which 
rdates the birthday party b to a nested proposition that describes it: 

(3b:BirthdayParty)(date(26May1996) "ptim(b,26May1996) A 

dscr(b, 
(3x:Set) (3.zi :Give) (3Zi,:Set) (3 y:Set) (3~:Cake) (3p:Process) 

(person(Marvin) I\ rcpt(.zi,Marvin) /\ 
count(x,40) /\ (V m1Ex)(guest(m1) /\ agnt(.zi,m1)) /\ 

count(y,50) /\ CV'miey)(candle(mi) /\ on(mi.~)) /\ 
(V~eaj(present(~) /\ thme(.zi,~)) ))). 
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This formula says that there is a birthday party b on the date 26 May 1996; b is 
described by the proposition that there exist a set x, an instance of giving .zi, a set 
z.z, a set y, a cake z.:i, and a process p; the person Marvin is the recipient of the giving 
.zi; the set x has 40 members, and for all mi in x, ml is a guest and mi is an agent 
of .zi; the set y has 50 members, and for all m;_ in y, m;_ is a candle and m;_ is on the 
cake ~ and for all m;, in the set z.z, m;, is a present and m;, is a theme of the giving 
z1• The logical effect of the context box or the description predicate· is to quote the 
nested proposi):ion, which may hold under different conditions from the containing 
context. 

ZOOMING IN AND ZOOMING OUT. At the bottom of the box in Figure 3.5 is 
another concept [Process]. By clicking on that box, a person could expand it to a 
context that shows the steps in the process. In Figure 3.6, the process box contains 
three other nested contexts: a state with duration.15 seconds, followed by an event 
that occurs at the point in time 20:23:19 Greenwich Mean Time, followed by a 
state with duration 5 seconds. The relation Dur represents duration, PTim repre­
sents point in time, and Succ represents successor. Dur links a context to a time 
interval during which the graphs that describe the context are true; PTim links a 
context to a time point, which may be considered a very short interval whose 
surting and ending times are not distinguishable. 

At the top of Figure 3.6, two new variables *x and *y appear on the concepts 
of the 40 guests and the 50 candles. Those variables mark defining nodes that are 
referenced by variables of the form ?x for the guests and ?y for the candles in graphs 
nested inside the process context. In the pure graph notation, variables are not 
needed, since coreference links are shown by dotted lines. But when the graphs 
contain a lot of detail, variables can help reduce the clutter. An interactive display 
could provide an option of showing coreference links either as variables or as dotted 
lines. 

In Figure 3.6, the graphs nested inside the concepts of type State and Event are 
too small to be read. By clicking on the box for the first state, a peison could zoom 
in to see the details in Figure3.7. The expanded state shows the candles ?y burning 
while the guests ?x sing the song "Happy Birthday." Then the e\rent box could be 
expanded to show Marvin blowing out the candles, and the next state would show 
the candles smoking for 5 seconds. Context boxes can encapsulate details at any 
level At a lower level, the concept [Sing] might be expanded to show one guest 
singing in the key of G while another is ·singing in G flat. In this way, the 
encapsulated description of any object could be contained in. a single context box, 
which could be expanded to show the details or contracted to hide them. 

TRANSLATIONS TO NATURAL LANGUAGE. Although conceptual graphs are 
quite readable, they are a formal language that would normally be used by program-
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BirthdayPany: 

Guest: {*}@40 *x Person: Marvin 

Candle: {*}@50 *y 

Process: 

Interval:@ 15 sec 

TlDle: 20:23:19 GMT 

Interval:@ 5 sec 

FIGURE 3.6 Expanded view of the binhday party to show details of the process 

mers, systems analysts, and other professionals. End users would usually prefer 
natural languages. But even programmers use natural language for comments, 
documentation, and help facilities. Since conceptual graphs were originally de­
signed as a semantic representation for natural language, they can help form a 
bridge between computer languages and the natural languages that everyone reads, 
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State: 

Guest: {*}?x _Song: Happy Birthday 

FIGURE 3-7 Expanded view of the first state of the process in Figure 3.6 

writes, and speaks. A stylized English description could be generated by translating 
each context of Figure 3.6 to a sentence or paragraph: 

There is a birthday party b on 26 May 1996. 

In b, 40 guests x are giving presents to the person Marvin. 50 candles y are on a 
cake. 

There is a process p. 
In the process p, there is a state s1 with a duration of 15 seconds. The state s1 is 

followed by an event eat the time 20:23: 15 GMT. The event e is followed by a 
state .r:z with a duration of 5 seconds. 

In the state Sp the candles y are burning. The guests x are singing the song "Happy 
Birthday." 

In the event e, the person Marvin blows out the candles y. 
In the state .r:z, the candles y are generating smoke. 

Translating a natural language to a formal language is difficult because of the 
ambiguities in ordinary language, but translating a statement in an unambiguous 
formal language to a natural language sentence is much simpler. The hardest part 
oflanguage generation is the cask of deciding what to say and how to organize it in 
sentences and paragraphs. For stylized English, that process can be simplified by 
mapping the context structure of conceptual graphs to the English paragraphs. Such 
stylized language may not be elegant, but it is useful for comments and exphina­
tions. 

OBJECTS AND THEORIES. There is a close correspondence between the hier­
archy of theories in the ontology of Figure 2.14 and the hierarchy of types or classes 
in 0-0 systems. The two.kinds ofhierarc.hies can be compared point by point: 

• Each object-oriented class corresponds to some type in the ontology. 

• For each object class, the preconditions and postconditions for its methods or 
procedures are the axioms of the theory associated with the corresponding type 
in the ontology. 
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• Every instantiation of an object class is described by proposinons (or their 
abbreviations in frame-like slots) that are consistent with the axioms. 

• Multiple inheritance in 0-0 systems corresponds to multiple inheritance in 
the hierarchy of theories. If object class C inherits from classes A and B, then 
the theory for C is formed by merging the axioms for A and B. 

The preconditions, postconditions, and class definitions can all be specified in 
first-order logic. · 

The bjggest difference between procedural and logic-based 0-0 languages lies in 
the implicit order of execution in the procedural code. For subjects that have a natural 
time sequence, that implicit order can ofren simplify the representation. For subjects 
that have no natural sequence, the order of execution is irrelevant or potentially 
misleading. Graphics user interfaces (GUis), for example, are especially difficult to 

program in procedural languages because the order of execution is not determined by 
the linear flow of the program instructions, but by the user's selections on a computer 
display. To accommodate the nonsequential dependencies, GUis are usually driven 
by an event-based mechanism that invokes short procedures in an order determined 
by the user. Chapter 4 presents an event-based formalism called Petri nets, their 
application to concurrent processes, and their translation to logic. 

3.5 Natural Language Semantics 

Natural languages are the ultimate knowledge representation languages. They are 
used by everyone from infants learning their first words to scientists discussing the 
most advanced theories of the universe. Aristotle began his study of knowledge 
representation with an analysis of the semantic categories and relationships expressed 
in natural language. Those same categories correspond to the types or classes that are 
encoded in the latest AI languages and object-oriented systems. Natural language 
semantics ~s related to knowledge representation as physics is related to mathematics: 
one is a source of empirical data, and the other is a source of rich formalisms and 
computable operations. They stimulate and complement each other. 

Afrei thousands of years of evolution in intimate contact with every aspect of 
human experience, natural languages have attained a greater. flexibility and expres­
sive power than any artificial language. Mathematics is more concise because its 
vocabulary is so small that each concept can be represented by a single character; 
the equation "2+2=4" uses the same number of symbols as the English 'Two plus 
two equals four." Besides the limited vocabulary, the limited syntax of mathematics 
and programming languages also helps to avoid ambiguity and vagueness. There is 
no such thing as a vague computer program. Like the magic incantations in 
Goethe's "Sorcerer's Apprentice" (Zauberlehrling), a program always does some­
thing very precise, although what it does may have no relationship to what was 
intended. Despite their potential ambiguity and vagueness, natural languages serve 
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as the ultimate foundation for defining the formal languages. The textbooks that 
define and explain them are all written in natural languages. Even when an artificial 
language is defined in an artificial metalanguage, the original metalanguage used to 
start the cycle of definitions is always a natural language. 

BACKGROUND KNOWLEDGE. The expressive power of. natural languages, 
which is their greatest strength, is also one of the greatest obstacles to efficient, 
computable operations. Since the early 1950s, highly talented linguists, logicians, 
and computer scientists have been working on the probiem of language under­
standing by computer. Yet no program today can read and understand a newspaper 
at the level of an ayerage high-school student. The crux of the problem is not in 
syntax, because modern grammars and parsers are powerful enough to ,analyze 
almost any sentence in a newspaper in a fraction of a second. The major difficulty 
is to represent the vast amount of background knowledge necessary to understand 
th6se sentences. To illustrate the issues, consider the problem of designing a system 
that could produce a satisfactory response to the following request, entered either 
by voice or by keyboard: 

Show me the scene from Casablanca where Humphrey Bogart says "Play it again, 
Sam." 

There are two distinct parts to this problem. The first part requires the system to 
analyze the sentence outside the quotation as language about a movie. The second 
part requires the system to find a scene in the movie that contains the quoted 
sentence (which does not actually occur in the form quoted). Both parts of the 
sentence contain problems, but of very different kinds: 

1. Understanding the pan outside the quotation marks requires a parser that is 
able to analyze every word and its syntactic and semantic role in the sentence. 
It also requires a. semantic interpreter that can find and use a considerable 
amount of domain knowledge about movies: e.g., Casablanca is a movie rather 
than a city; Humphrey Bogart is an actor who portrays a character in the movie; 
a movie consists of a time-indexed sequence of scenes; and scenes contain 
dialog made up of sentences spoken by characters portrayed by actors. 

2. Finding the quoted sentence raises a new set of problems. Searching the sound 
track for a spoken sentence is a difficult and time-consuming task. If the script of 
the movie is searched instead, the scenes must be cross-indexed to the lines of the 
script. The sentence as quoted never occurs in the script, but there is a passage 
where the character Bogart portrays tells the character named Sam to "play it." 

Putting enough domain knowledge into the system to handle problems of the first 
kind is not easy, but for small domains, it can be done. Yet current systems require 
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highly skilled knowledge engineers who are familiar with both the application 
domain and the linguistic patterns used in talking about the domain. For each 
domain, someone would have to add different knowledge and vocabulary. The 
following examples illustrate typical applications: 

• Understanding a question about a Tang Dynasty horse and giving a museum 
visitor directions to the appropriate floor, wing, room, and exhibit case, 

• Finding a person in a large organi7.ation by function rather than by name; e.g., 
"Find me a programmer at Chase Manhattan Bank who is familiar with 
computer graphics," 

• Selecting one of 500 television channels that might have a program that 
matches the range of interests of two or more people in a fumily. 

In current natural language systems, the background knowledge for understanding 
these questions must be hand-coded by a linguist or a trained specialist who has 
mastered the specialized formats and commands of the computational system. The 
challenge is to design a system that could acquire sufficient background knowledge 
from a museum guide, an administrator in a company personnel department, or an 
assistant producer at a TV station - especially if the guide, administrator, or 
producer had no prior linguistic or computer training. 

The second part of the problem involves information retrieval, which could be 
done by a search engine that matches words in the request to words in the database. 
One search engine, which is devoted to finding quotations from famous movies, 
failed to find the quotation when given the request "play it again," but it succeeded 
when given just the two words "play it." Another search engine, which invokes several 
others to find as much material as possible on the World Wide Web, is appropriately 
named "Dogpile." For this example, the pile includes the exact quotation and even an 

·excerpt of the soundtrack with Humphrey Bogart speaking it. To find that selection, 
however, the user must either wade through thousands of irrelevant texts or make 
intelligent guesses of keywords to narrow down the selection. A more challenging 
task is to find the name of the song Sam plays. A person who already knows the exact 
name, "As Time Goes By," can find the lyrics by giving the name to the search engine, 
but it is much harder to find the song without giving its name. Keyword search is 
highly effective when the person asking the question already knows some of the 
words that occur in the answer. Finding conceptual patterns expressed in different 
words or in a different language is much more difficult. 

For a museum search, the keywords Tangand horse would quickly locate the 
correct exhibit. The words China and horse might find the answ~, but with some 
extraneous references to pottery and draft animals. To find a programmer who 
knows about graphics would be easy if the bank had a department with the word 
graphics in the title. Otherwise, a graphics expert might be working in a publication 
department or an international loan department. For selecting TV channels, the 
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result is more likely to be influenced by the advertisers who are promoting their 
wares than by the people who are looking for entertainment. The problem of 
getting the best answer to any question depends less on the input language than on 
the way the knowledge in the system is organized, represented, and used. 

LANGUAGE ANALYSIS. To illustrate the difference between what is easy and 
what is difficult, it is helpful to consider an example from an implemented system. 
The following sentence from an Italian newspaper was successfully processed by a 
system called DANTE, which was implemented by Velardi et al. (1988). 

L'associazione degli industriali a approvato un nuovo piano di investimenti nel 
mezzogiorno. 
(The association of the industrialists approved a new project of investments in 
the south.) 

DANTE took input sentences from news services and analyzed their word forms 
(morphology), their grammar (syntax), and their meaning (semantics). Figure 3.8 
shows the stages of processing a sentence and translating it to conceptual graphs. 

Each of the three stages in sentence processing depends on a repository of 
linguistic knowledge: dictionaries of word forms for the morphology, grammar 
rules for the syntax:, and conceptual patterns for the semantics. Following is a brief 
summary of what happens in each stage: 

1. Morphology. The first stage looks up all the words in a dictionary, determines 
their root forms plus inflections, expands contractions, and finds the parts of 
speech. The word degli (of the) is a contraction of the preposition di (of) and 
the masculine plural article gli (the). The word approvato (approved) is the past 
paniciple of the verb approvare (to approve). 

2. Syntax. The second stage uses grammar rules to compute a parse me, which 
represents the syntax: as a combination of phrases and subphrases. On the right 

. of Figure .3.8 is a tree for the first noun phrase (NP). That phrase has three 
parts: an article, Ur, a noun, associazione (association); and a prepositional 
phrase (PP). The prepositional phrase has tw0 parts: a preposition, di (of); and 
another noun phrase, gli industriali (the industrialists). 

3. Semantics. Finally, a semantic interpreter scans the parse tree and translates it to 

a conceptual graph that represents the me:muig. The graph at the bottom of 
Figure 3.8 contains two concepts linked by a conceptual relation. The concept 
[Association: #] represents the phrase the association; the concept [Industrialist: 
{*}#] represents the industrialists, and the relation (Part) represents "to have as 
part." Altogether, the conceptual graph means "the association has as pans the 
industrialists." 
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~associazione degli industriali ha approvato 
un nuovo piano di investimenti nel mezzogiomo. 

Morphology degli = prep.di.mas.pl.an 

Syntax 

Semantics 
Det N Prep Det N 

I I I I I 
la associazione di gli industriali 

Association: # Industrialist: {*} # 

FIGURE 3.8 Stages in analyzing a narural language sentence 

For the entire sentence, DANTE generated the conceptual graph shown in Fig­
ure 3.9. 

CONCEPTS AND RELATIONS. The seven circles in Figure 3.9 represent con­
ceptual relations. They are derived from word inflections like the tense markers on 
verbs, the word order for distinguishing subject &om object, and prepositions like 
di (of) or nel (in the). Following is a brief description of each of them: 

• Agent (Agnt) links a concept of an action to a concept of an animate being 
(person, animal, or robot) that performs it: approve has the association as agent. 

• Theme (Thme) links a concept of an event or state to a concept of the principal 
entity that is involved: approve has project as theme. 

• Past (Past) marks the past tense: approve occurred in the past. 

• Part (Part) links a concept of an entity to some other concept that represents a 
part of the entity: the association has the industrialists as parts. 

• Attribute (Attr) links one concept to another one that represents some attribute 
of the first: a project has the attribute new. 
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Industrialist: {*} # lnvesttnent: {*} SouthOfitaly: # 

FIGURE 3-9 Conceptual graph that represents the input sentence 

• Goal (Goal) links a concept to another one that represents its goal: a project has 
the investments· as goaL 

• In (In) links a concept whose referent is contained in the referent of the concept 
it is linked to: the investments are in the south of Italy. 

These low-level relations, which are derived from lin~t:i~ <?!tegories, are the basic 
building blocks for defining more complex relations m databases arid expert systems. 

RESOLVING AMBIGUITIES. Ambiguous words and phrases are a common 
source of complexity in natural languages. For the sample sentence, DANTE found 
the following ambiguities: 

• The morphological analyzer found that_ the word industriali was three ways 
ambiguous: it could be a plural noiln meaning "industrialists"; it could be a 
plural adjective meaning "industrial";/ or it could be the imperative form of the 
verb industriare (to be busy) with an attached or enclitic pronoun li (it). This 
ambiguity in the morphology was resolved in the syntactic stage because only 
the noun was permissible in the given context. 

• The word piano is even more ambiguous. The morphological stage found the 
following options for parts of speech and possible meanings: 

& a noun, it could mean project, plan, plane (surface), story (of a building), 
or pianoforte. 

& an adjective, it could mean plain, smooth, or clear. 
& ap. adverb, it could mean gently, slowly, or quietly. 

In the given context, the syntax ruled out the possibility of adjective or adverb, but 
it could not determine the correct meaning of the noun. To resolve that ambiguity, 
the DANTE developers decided that the type label Project was general enough to 

represent both project and plan. They decided that the other meanings were less 
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likely in the domain of financial news and adopted the brute-force solution of 
deleting them from the dictionary. 

• The Italian word mezzogiorno, like the French midi, literally means midday or 
noon. But since the sun at noon is in the south, midi has come to mean the 
south of France, and mezzogiomo means the south of Italy. In this case, the 
ambiguity was resolved by checking the choice of preposition: a mezzogiorno 
would mean at noon, but nel mezzogiorno means in the south. 

• In dictionarie8, the preposition di, like its English counterpart of, has dozens of 
word senses. But the large number of word senses does not indicate a lot of 
meaning. Instead, it indicates that the word has very little meaning in itself and 
that most of its meaning is derived from context. In the phrase the association 
of the industrialists, it represents the Part relation; but in plan of investments, it 
represents the Goal relation. To select the correct relation, DANTE checks the 
semantic patterns associated with the words linked by the prep0sition. 

As these examples illustrate, current systems can adequately deal with the linguistic 
problems of syntax and morphology. The semantic problems, however, require a 
large dictionary of word meanings, a broad range of background knowledge, and an 
inference engine that can use the knowledge effectively. Several projects around the 
world are developing methods to encode and use such knowledge. The Cyc system 
~designed by Doug Lenat and R. V. Guha (1990) has the world's largest and most 
detailed knowledge base, and the Cyc developers are collaborating with linguists and 
lexicographers to link that knowledge with machine-readable dictionaries. 

QUESTION ANSWERING. After building up a knowledge base of conceptual 
graphs, DANTE could answer questions or select documents that contain relevant 
information. Figure 3 .10 shows the processing steps in question answering. 

The input question Che cosa si approva? (What thing is approved?) is analyzed 
by the same processes used for the original text. The result is a query graph that 
Jrepresents the meaning of the question. It is a conceptual graph that contains one 
::or more concepts with a question mark in the referent field, as in [Thing: ?]. The 
'question mark, which is derived from the question word che (what), serves as a 
trigger that initiates a search through the knowledge base. As an answer, the search 
engine finds a conceptual graph that specializes the concept [Thing: ?] to the 
concept [Project] for the purpose of [Investment: {*}]. Finally, the generation stage 
translates the answer graph to the sentence Si approva un progetto di investimenti (A 
project of investments is approved). If the user wanted more detail, DANTE could 
also retrieve the original text from which the answer was derived. 

INFERENCE. A knowledge representation at the conceptual level can support 
inferences that are not possible at the level of character strings. For the question 
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Che cosa si approva? 

$ 
Knowledge BaSe 

Approve Investment: {*} 

Si approva un progetto di investimenti. 

FIGURE 3.10 Stages in answering a question 

What do the industrialists belong to?, DANTE could answer an association that 
approved a project of investments. That inference depends on the variety of linguistic 
expressions for the Part rdation: the association of the industrialists, the industrialists 
in the association; or the industrialists belong to the association. But many questions 
require a deeper knowledge of the subject. As an example, DANTE analyzed the 
following sentence correctly: 

Il consiglio di amministrazione ha raggiunto un accordo sulla nomina di Raul 
Gardini a presidente de! gruppo Montedison al posto di Mario Schimberni. 
(The board of directors has reached an agreement on the appointment of Raul 
Gardini as president of the Montedison group in the post of Mario Schimberni.) 

From that input, DANTE could answer the question Who was appointed president 
of the Montedison group? But the next two questions are much harder to answer: 

• Who was president of the Montedison group before the appointment? 
• Who was president of the Montedison group after the appointment? 

To answer these questions, a system must have specialized knowledge: the board of 
directors of a company has the power to appoint the president; making such 
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decisions requires an agreement by the board; after an appointment, the person who 
was appointed assumes the post to which he or she was appointed.; since there is 
only one president at a time, the previous president must stop being president when. 
a new one is appointed. With its purely linguistic knowledge, DANTE could not 
answer such questions; but with its more detailed background knowledge, the Cyc 
system could. 

3.6 Levels of Representation 

To be useful, a computer program must represent information about things in the 
world, but the computerized information passes through many levels of repre­
·sentations of representations of representations. As an example, Figure 3 .11 shows 
an image that represents a person named Harry, the letters "Harry" used to 

represent the sound of his name, and four ways of encoding the letters. The symbol 
Ox486"172727900 is the C language representation of the hexadecimal represen­
tation of the ASCII encoding of the character string; and X'C8819999A8' is the 
PL/I representation of the corresponding EBCDIC encoding. On the right side of 
Figure 3.11 are two strings of ls and Os that represent the bits stored on disk or 
transistors. 

The number of levels shown in Figure 3.11 is a small fraction of the variety of 
representations that actually occur. Neither the person Harry nor the acrual bits in 
:the computer can be printed on paper. The image on the left is a rough caricature 
that may resemble the person, but it is not the real physical person. The strings of 
l's and O's on the right are not the actual magnetic spots on a disk or the currents 
flowing in transistors. To print the character string 'Harry' in the chosen font and 
size, each 8-bit sequence in the ASCII encoding was mapped to a Postscript 
specification of the curves that represent the shapes of the letters. Then another 
computer inside the printer converted the Postscript commands to a pattern of 
dots, which were used to modulate a laser beam, which modified charged spots on 
a plate, which attracted black dust particles, which were finally baked on paper in 
the shape of letters. The procedure is more outlandish than anything Rube Gold­
berg ever conceived, but somehow it works. 

KNOWLEDGE LEvns. In moving from left to right in Figure 3.11, the focus 
shifts from physical objects to names to computer-oriented details. In analyzing 

t ~ {Ox486172727900 ~ 01001000011000010111...0 
~'Hany' -----r 

X'C8819999A8' ~ 11001000100000011001...0 

FIGURE 3.n A physical object and some computer repf'esentations 
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that shift, John McCarthy and Patrick Hayes (1969) drew a sharp distinction 
between the declarative, logic-like representations, which they called the epistemo~ 
logical, level and the more procedural encodings; which they called the heuristic 
level The epistemological level is solely devoted to knowledge about objects and 
processes in the application domain, while the heuristic level introduces data 
structures for representing the objects and programs for simulating the processes. 
Ron Brachman (1979) renamed the heuristic level the implementational level and 
split the epistemological level into four separate levels: 

1. Implementational The level of data structures such as atoms, pointers, lists, 
and other programming notions. 

2. Logical Symbolic logic with its propositions, predicates, variables, quantifiers, 
and Boolean operators. 

3. Epistemological A level for defining concept types with subtypes, inheritance, 
and strucruring relations. 

4. Conceptual The level of semantic relations, linguistic roles, objects, and ac­
tions. 

5. Linguistic. The level of arbitrary concepts, words, and expressions of natural 
languages. 

Lenat and Guha (1990) adopted the McCarthy-Hayes terminology for the Cyc 
system, but they made essentially the same distinctions that Brachman made. The 
heuristic level in Cyc corresponds to Brachman's implementational level, and the 
Cyc epistemological level has sublevels that match Brachman's other four: the Cyc 
constraint language corresponds to level 2; the Cyc definitions correspond to level 
3; and the Cyc ontology corresponds to levels 4 and 5. 

COMPETENCE LEvELs. A robot is an AI system that receives signals from the 
environment and acts on the environment in a way that helps it to achieve some 
preestablished goals. In what he called the subsumption architecture for mobile 
robots, Rodney Brooks (1986) distinguished eight levels of competence, each with 
increasingly more sophisticated goals and means for achieving them: 

I. Avoiding. Avoid contact with other objects, either moving or stationary. 

2. Wandering. Wander around-aimlessly without hitting things. 

3. Exploring. Look for places in the world that seem reachable and head for them. 

4. Mapping. Build a map of the environment and record the routes from one 
place to another. 

5. Noticing. Recognize changes in the environment that require updates to the 
mental maps. 
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6. Reasoning. Identify objects, reason about them, and perform actions on them. 

7. Planning. Formulate and execute plans that involve changing the environment 
in some desirable way. 

8. Anticipating. Reason about the behavior of other objects, anticipate their 
actions, and modify plans accordingly. 

Each of these levels depends on and subsumes the competence achieved by the earlier 
levels. Each level responds to signs, signals, or stimuli from the input sensors and 
generates output for the motor mechanisms. Yet the robot as a whole does not 
depend on a strict control hierarchy. The first few levels by themselves could 
support an insectlike intelligence that responds directly to immediate inputs with­
out doing abstract reasoning or planning. The higher levels could inhibit the lower 
levels and take control for more sophisticated or intelligent behavior, but the lower 
levels would still be capable of automatic, reflexlike reactions to danger signals. 

The behavior of the lower levels depends primarily on immediate inputs. The 
higher levels depend more heavily on internal representations, such as maps of the 
environment, memories of previous inputs, stored patterns for recognizing familiar 
objects, and established habits for repeatable behaviors. Every level responds to 
signs from the external environment and from other internal levels, but there is an 
increase in complexity from the automatic responses at the lower levels to the 
knowledge-based reasoning at the higher levels; 

DESIGN LEVELS. For his Information System Architecture USA), John Zach­
man (1987) distinguished five separate levels, with the distinctions between levels 
based on design issues. Zachman's top three levels correspond to the epistemologi­
cal level, and his bottom two levels correspond to the heuristic or implementational 
level. His first level, called the scope, and his second level, called the enterprise model, 
describe aspects of the world independent of how they might be represented in a 
computer. At the third level, called the system model, the descriptions are still 
implementation-independent, but the selection of details is made by a systems 
analyst who works on the border between the computer and the outside world. At 
the bottom two levels, Zachman distinguished the technology model from the 
components. At the technology level, an application programmer relates data struc­
tures designed for efficient computation to data structures that represent physical 
objects at the top levels. At the component level, a system programmer deals with 
implementation details whose connections to the outside world are no longer 
apparent. 

Zachman organized his five levels in a matrix with six columns to show thirty 
different perspectives on the knowledge representation. To illustrate the ISA frame­
work, Sowa and Zachman (1992) drew Figure 3.12, which shows the kind of 
information that goes in each cell. These are English descriptions of some of the 
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FIGURE 3.12 Design levels in the Zachman ISA framework 

data, functions, network, organization, schedules, and strategies of the Oz Car 
Registration Authority (OCRA), which was adapted from an ISO report on con­
ceptual schemas (van Griethuysen 1987). Each of the five rows in Figure 3.12 
describes the entire OCRA system at one level of detail. Each is a complete, 
self-contained description from the viewpoint of a certain type of person: a planner 
who is proposing the general idea; the owner or manager who would use the system 
from day to day; a designer who works out the underlying details; a builder who is 
in charge of constructing the system; or a subcontractor who assembles individual 
components: 

1. Scope. The first row corresponds to an executive summary, which describes in 
gross terms the purpose of the system, its scope, its cost, and what it would do. 
The entities in this row are discussed without mentioning any implementation 
details. 

2. Enterprise model The next row describes the system from an operational point 
of view, as it would appear to the people who work with it in the daily routines 
of business. The entities at the enterprise level are the people, resources, 
products, and tasks of the business. 
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3. System model The third row describes the information system as designed by 
a systems analyst who must determine the data elements and functions that. 
represent business entities and processes. The information entities are data 
structures that represent physical entities in the row above and procedures that 
simulate the behavior of those entities. 

4. Technology model The fourth row deals with the technology used to imple­
ment the information elements in the third row. It is the representation used 
by the programmers who must map the system analyst's view to the program­
ming languages, I/O devices, and related components of the computer system. 

5. Components. The last row represents the detailed specifications that are given 
to programmers who code individual modules without concern for the global 
context or purpose. They are the people who design abstract algorithms that 
are independent of the application domain. Sorting routines, for example, 
could be used equally well to sort employee names, stock market quotes, or 
chemical formulas. 

In designing the ISA framework, Zachman emphasized its applicability to physical 
objects in the top row, to low-level programming details in the bottom row, and to 
mixed interfaces in the intermediate rows. The first object-oriented language, 
Simula 67, was designed to simulate the kinds of objects that populate the top rows 
of the ISA framework, but current 0-0 textbooks tend to concentrate on the 
technology at the bottom rows. The major contribution of the ISA framework is 
its global view of all the rows and columns and their interrelationships. It helps to 
remind programmers that the information objects they manipulate inside the 
computer refer to physical objects on the outside. 

The six columns of the ISA framework correspond to the six question words in 
English: what, how, where, who, when, and why. Each column contains one perspec­
tive at each row: what entities are in the system, how do they behave, where are they, 
who works with the system, when do events occur, and why do the events take place? 
Immediately below each question word is a pair of words that indicate the basic 
concept type that answers the question word and the kind of relation associated with 
that concept. At the bottom of each column is a single word that summarizes the 
collective contribution of the things in that column to the working system: 

1. Enti-ty!Relationship. The answer to the question What? is a list of the entity 
types at eac!:i lc;,.v:el. Each of the~- :gas_one or.more rela,tionships that link 
i~ to other entities. The representation of all the entities and their relationships 
to other entities constitutes the total data of the working system. 

2. Function/Argument. The answer to How? is a list of functions performed by the 
system. Each function takes one or more entity types as arguments. The totality 
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of all the individual functions and arguments constitutes the overall system 
fanction. 

3. Location/Link. The answer to Where? is a list of the significant locations, which 
may be physical rooms, buildings, and cities or logical sites inside a computer 
system. Each location has one or more links that connect it to other locations. 
The connection of all the locations and links constitutes the network. 

4. Agent/Work. The answer to Who? is a list of the agents that play some role in 
the system. The agents include humans, such as employees and customers, and 
computerized agents that operate automatically. Each agent has associated 
activities, tasks, or work that he/she/it performs. The totality of all the agents. 
and their work constirutes the organization. 

5. Time/Cycle. The answer to When? is a list of times when significant events take 
place. Each point in time occurs on some cycle, which may be periodic, such 
as a billing cycle, or irregular, such as demand-driven events initiated by various 
agents. The totality of times and cycles determines the schedule. 

6. EndlMeans. The answer to Why? is a list of the ends or purposes for each 
entity, function, location, agent, or time. Each end has an associated means by 
which it may be accomplished. The totality of all ends and means constirutes 
the strategy. 

Although Figure 3.12 uses English in all thirty cells, different languages, linear 
or graphic, are often used for different rows and columns. The scope may be 
described by a list of words, but it could be supplemented with charts, tables, and 
maps. Many people recommend formal languages for enterprise modeling (Petrie 
1992), but narural languages supplemented with charts and tables are commonly 
used. For the system model, tools and languages have been designed for computer­
aided software engineering (CASE), but informal notations supplemented with 
natural language comments are also used. At the technology level, the dominant 
languages are programming languages like COBOL or Java, database languages like 
SQL, or various application packages that define problem-oriented languages and 
interfaces. At the component level, the languages tend to be machine-oriented 
languages like COBOL, FORTRAN, or C, which are supponed by efficient 
compilers. Altogether, the Zachman ISA framework represents a checklist of 30 
viewpoints to consider in the analysis, design, and implementation of an informa­
tion system. 

MEANING TRIANGLE. The ISA levels illustrate some of the relationships be­
tween symbols, objects, and meaning. Figure 3.13 organizes those relationships in 
a meaning triangle. On the lower left is an image of a person named Harry. On the 
right is a printed symbol that represents his name. The cloud on the top is an iconic 
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FIGURE 3-13 The meaning mangle 

suggestion of the unprintable mental concept or neural excitation induced by light 
beams bouncing off Harry's body. Ogden and Richards (1923) popularized the 
term meaning triangle, but Aristotle was the first to make the distinction: 

Spoken words are symbols of experiences [pathemata] in the psyche; written 
words are symbols of the spoken. As writing, so is speech not the same for all 
peoples. But the experiences themselves, of which these words are primarily 
signs, are the same for everyone, and so are the objects of which those experi­
ences are likenesses. (On Interpretation 16a4) 

i&>th Frege and Peirce adopted the three-way distinction from Aristotle and used it 
I.as the semantic foundation for their systems 'of logic. Frege's terms for the three 
vertices of the meaning triangle were Zeichen (sign) for the symbol, Sinn (sense) for 
the concept, and Bedeutung (reference) for the object. As an example, Frege cited 
the terms morning star and evening star. Both terms refer to the planet Venus, but 
their senses are very different: one means a star seen in the morning, and the other 
means a star seen in the evening. Following is Peirce's definition: 

A sign, or representamen, is something which stands to somebody for something 
in some respect or capacity. It addresses somebody, that is, creates in the mind 
of that person an equivalent sign, or perhaps a more developed sign. That sign 
which it creates I call the interpretant of the first sign. The sign stands for 
something, its object. It stands for that object, not in all respects, but in 
reference to a son of idea, which I have sometimes called the ground of the 
representamen. (CP 2.228) 

The terms morning star and evening star are distinct signs that create different 
interpretants in the mind of the listener. Both interpretants stand for the same 
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object, the planet Venus, but in respect to a different ground, namely, whether the 
planet is seen in the morning or in the evening. 

Aristotle observed that symbols could symbolize other symbols, as "written 
words are symbols of the spoken." Frege said that his logic could be used as a 
language to talk about the logic itself But Peirce went further than either of them 
in recognizing that multiple meaning triangles could be linked together to generate 
an arbitrary number of levels. Figure 3 .14 shows three linked triangles that repre­
sent the relationships between Zachman's levels in Figure 3.12. 

The triangle on the left relates Harry as a physical object at the enterprise 
level to his name, which is an information object at the system level. The middle 
triangle relates 'Harry' to the symbol Ox486172727900, which represents the 
character string as a programmer might see it at the technology level. The triangle 
on the right relates the string to its bit representation at the component level. At 
the top of each triangle is a cloud that suggests the concepts in the minds of a 
manager who is thinking about Harry, a systems analyst who is thinking about 
the name, and a programmer who is thinking about the string. Since thought 
clouds are not physically observable or printable, each one has a box above it that 
represents the concept as a node in a conceptual graph. The concept of the person 
Harry is linked by the characteristic (Chrc) relation to a concept of the nam, 
which is linked by the representation (Repr) relation to a concept of the string 
Ox486172727900. 

METALEVELS. Besides linking the triangles side by side as in Figure 3.14, 
Peirce also considered the concept or interpretant at the top of each triangle as 
another sign that could form another triangle. The concept would be represented 
by a metalevel symbo4 whose interpretant would be a metalevel concept. As an 

Person:Hany 

Physical 
Object 

Information 
Object 

Name:'Hany' 

Temnology 
Object 

String: Ox486172727900 

·component 

FIGURE 3-14 Linked meaning triangles representing Zachman's ISA levels 



Harry 

CHAPTER THREE KNOWLEDGE REPRESENLJ\TIONS 

Concept 

Concept of Representation 

'Harry' 
Symbol of Harry 

I Person: Harry I 
Symbol of Concept 

FIGURE 3.15 The concept of the representation of the concept of Harry 

example, Figure 3.15 has a metalevel triangle stacked on top of the triangle from 
Figure 3.13. The bottom triangle relates the person Harry to the symbol 'Harry' 
and the concept of Harry. The top tr~angle relates the mental concept of Harry to 
the printable symbol [Person: Harry] and the concept of representation in the mind 
of a knowledge engineer. 

As these examples show, meaning triangles may be linked side by side or 
stacked to generate arbitrarily many levels. Figure 3 .14 could be extended with 
further triangles on the right to show how a computer engineer would relate the 
bits to transistors or how a printer designer would relate them to dots on paper. 
Figure 3 .15 could be extended with more triangl~s on top for representing the 
metalevels used in talking about words, language, or even theories of representation. 
Natural languages are a rich source of metalanguage about language: the word red, 
for example, refers directly to physical patches ci a 'Certain color; the word color is 
a metaterm that refers to the way a red patch may be distinguished from a patch of 
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blue or yellow; the word characteristic is a metametaterm that refers to the mode of 
distinguishing by color, shape, size, or texture; and the word mode is a merameta­
metaterm about the act of distinguishing. Despite the breadth and depth of levels, 
Peirce's system of symbols is ultimately grounded in physical objects and processes. 
At the bottom left corners of Figures 3.13, 3.14, and 3.15, for example, is the real 
physical person Harry. Some symbols may ref er to mental, fictional, or hypothetical 
objects, but the foundation of the system as a whole rests on solid ground. 

MENTAL PROCESSES. The clouds in Figures 3.13, 3.14, and 3.15 suggest the 
mental processes that support thought. The philosophers Ludwig Wittgenstein 
(1953) and Gilbert Ryle (1949) deliberately avoided talk about mental processes 
because knowing the meaning of a word does not depend on understanding the 
nature of those processes. Since Wittgenstein never talked about mental processes, 
some people have confused his position with a behavioristic denial of such 
processes. But Wittgenstein himself was careful to avoid that confusion. He cri­
ticized idle speculation about "the yet uncomprehended process in the yet unex­
plored medium," but he added, "And now it looks as if we had denied mental 
processes. And naturally we don't want to deny them." What Wittgenstein denied 
was that an understanding of mental processes is necessary to understand the 
normal use of language. Children learn the meaning of a word by seeing how adults 
use it. Philologists determine the meaning of a Latin word by analyzing Latin texts, 
even though the brains that composed those texts have long since crumbled into 
dust. _Conceptual analysis, either formal or informal, is the basic method of deter­
mining meanings, and it requires no peering into the inner workings of brains or 
machines. 

Wittgenstein declined to speculate about mental processes, partly because they 
were unobservable, but primarily because the nature of meaning does not depend 
on the nature of the mental processes. But some of his followers, such as Norman 
Malcolm (1977), went much further than the master in dismissing AI, theoretical 
linguistics, and cognitive psychology as a "mythology of inner guidance systems" 
(p. 169). Malcolm is correct in saying that a study of the human brain cannot 
explain the meaning of a word. He is also justified in doing conceptual analysis of 
language without considering "inner guidance systems." But he is wrong in dismiss­
ing such systems as unimportant, uninteresting, or even nonexistent. The meaning 
triangle does not depend on whether concepts are represented in a spiritual soul, a 
bloody brain, or silicon chips. But some kind of representation is necessary to 
complete the triangle. -

Aristotle, Frege, and Peirce would agree that physical objects and the signs that 
represent them are publicly observable, but that the senses, interpretants, or expe­
riences in the psyche are not directly observable. None of them used introspection 
to study the mental contents or neurosurgery to study the neural excitations. 
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Instead, they devdoped formal systems of logic for representing and reasoning 
about the logically necessary but physically unobservable concepts. They did not 
consider logic to be a descriptive science about the way people think or reason, but 
a normative science for evaluating the results of the reasoning. No matter how the 
reasoning happens to be carried out, the results must be tested against the norms 
of sound reasoning as determined by logic. 

EXERCISES 

1. The earliest traffic lights had only two colors, ~ed and green. Later, yellow 
was introduced as a warning that a green light was about to become red. 
Then some cities began to use combinations such as red and yellow or green 
and yellow as signals for pedestrians. Finally, WALK and DON'T WALK 
lights were introduced, with blinking DON'T WALK lights as a warning that 
the light was about to change. Simulating all those lights would require 
different extensions to the procedural loop, the logical axioms, or the for­
ward-chaining rules. In Section 3.1, the traffic light used as an example had 
only two colors, red and green. Revise the specifications to include another 
color, yellow: 

a. First, revise the informal description to mention that a green light turns 
yellow before it rums red. 

b. Then revise the more detailed English specifications to state the conditions 
more precisely. 

c. Then revise the rules, programs, formulas, and CGs in Section 3 .1 to 
incorporate the new color and the conditions for dealing with it. 

Try to make the implementations as systematic as possible so that they could 
readily be extended to handle WALK and DON'T WALK lights. 

2 Herben Simon (1989) emphasized the importance of diagrams as an aid to 
formulating the representations necessary for solving a problem. As an exam­
ple, he gave the following English statement: 

A weight Wl is supponed by a string A that runs over a pulley B; the other 
end of the string is attiched to a second weight W2. The pulley B is supponed 
by another string C, which runs over a second pulley D, then under a third 
pulley E, and finally is attached at its end:.tQ,_th~_ ceiling. The second pulley D 
is also attached by a string to the ceiling. The third pulley E, supported by 
string C, suppons another string F, which is attached to the weight W2 Thus 
W2 is supported by both strings A and F. The system is in equilibrium, and 
Wl weighs one pound. What is the weight of W2? 
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Study this statement and do the following exercises: 

a. Draw a diagram that shows the pulleys, strings, weights, and their relation­
ships as described in the problem statement. 

b. Solve the problem by analyzing the diagram and determining the forces that 
support the weight W2. 

c. Analyze the methods you used to solve the problem and state them as 
general principles that could be used to solve similar problems. 

cl. Develop systematic guidelines for translating a problem statement about 
weights and pulleys into some knowledge representation language that 
could be used to find the solution. 

e. Apply those guidelines to this problem statement and show that the Iesult­
ing representation is capable of getting the same answer that you derived by 
analyzing the diagram. 

3. The World-Wide Parcel Delivery Service (WWPDS) ships parcels via local 
trucks, long-distance trucks, and planes. Define the frames or object classes 
for a system that would enable WWPDS to keep track of parcels, trucks, 
planes, truck drivers, and air crew at every stage of their travels. The frame 
for Trip should have subframes for LocalTrip by local truck, IntermediateTrip 
by long-distance truck, and LongTrip by plane. Each trip has a single truck 
or plane and a single driver or air creW. Local trips start and return to the 
same WWPDS distribution center, making a number of customer stops to 
pick up and deliver parcels. Intermediate trips start and end at a WWPDS 
distribution center, with 0 or more stops at airports or other WWPDS dis­
tribution centers. Long trips start and end at an airport with 0 or more stops 
at other airports. If necessary, make reasonable assumptions about the way 
WWPDS plans their trips and assigns parcels, personnel, and equipment to 

the trips. 

4. Study the CG type definition ofMax:GrossWeight. Then translate the English 
sentence The unloaded weight of a vehicle is the difference between the weight 
of the vehicle minus the weight of any cargo in it to a CG definition of the 
concept type UnloadedWeight. To represent the difference, assume a triadic 
relation Diff whose. third argument is equal to the first minus. the second. 
Translate the CG definitions of Max:GrossWeiglit and. UnloadedWeight to 
lambda expressions in predicate calculus. . 

5. In Section 3.2, the claim was made that EC logic, as used in frames and 
relational databases, could not express the absence of a hippopotamus. Yet 
those systems are routinely used to express the absence of something just by 
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failing. to mention it. Why doesn't that approach refute the claim that EC 
logic cannot state or imply that something is absent? 

6. The following sentences about the weather explain a phenomenon called the 
lake effect. They represent the kind 9f knowledge that may be encoded in 
expert system rules. 

If a lake is warmer than the air above it, the air is saturated. If air is 
saturated, it rises. If air rises,. it becomes cooler. If moisture precipitates in 
air that is above freezing, it is raining. If moisture precipitates in air that is 
below freezing, it is snowing. If saturated air becomes cooler, moisture 
precipitates. If wind is blowing from the west and location x is east of y, 
then the attributes of the air at. x are the same as at y. 

Define an ontology for describing the air at location x that is sufficient to 
represent the knowledge in these sentences. Then translate each sentence to an 
implication in predicate calculus that uses that ontology. For example, th~ first 
sentence might be translated to the formula, 

C'i/ x:Location)(lakeWannerThanAir(x) ~ air(x,saturated)). 

Literally, this formula may be read For every location x, if a lake warmer than 
the air is at x, then the air at xis saturated. Note that the air predicate relates 
a location to an attribute of the air at that location. In this example, the 
attribute saturated is a constant, but the second argument of the air predicate 
could be a variable. The ontology may include such constants as well as 
predicates. . 

- -~ 

7. Following are some statements about geography and the weather. Translate 
them to predicate calculus using the same ontology you defined for the pre­
vious exercise. 

Buffalo is east of Lake Erie. Lake Erie is warmer than the air above it. The 
air over Lake Erie is below freezing. W md from the west is blowing over 
Lake Erie. 

From these statements and the rules for the previous exercise, perform the 
following deductions with pencil and paper: 

a. Use forward chaining to prove that it is snowing in Buffalo. 

b. What other conclusions can be deduced from the above sentences by 
forward chaining? 

c. Represent the question Is it mowing in Buffalo? by the formula that corre­
sponds to the negation It is not mowing in Buffalo. Then use backward 
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chaining to derive a contradiction, i.e., a formula of the form -p where p is 
one of the formulas derived from the above sentences. 

d. Many ·expert systems generate explanations by translating a sequence of 
inference steps to natural language sentences. For this example, list each rule 
and fact used in the backward-chaining deduction; then reverse that list, 
and translate each formula to an English sentence. The result should be a 
paragraph that explains why it is snowing in Buffalo. 

8. The lake-effect rules can be used to explain the weather patterns at various 
places around the Great Lakes, which lie on the border between the United 
States and Canada. Explore the following extensions to those rules and facts: 

a. Deduce the implications of the following facts, which explain how Water-
town, New York, got its name: 

Watertown is east of Lake Ontario. Lake Ontario is warmer than the 
air above it. The air over Lake Ontario is above freezing. W md from 
the west is blowing over Lake Ontario. 

b. The wind across the Great Lakes, which typically blows from the west, may 
sometimes come from other directions. Add another rule to predict the 
weather in Clevdand, Ohio, which is south of Lake Erie. 

c. Instead of adding more rules, add eight facts of the form opposite(n,s), 
opposite(ne,sw), and opposite(e,w). Then generalize the lake-effect rules to 
accommodate wind from any of the eight directions. 

d. Translate the modified rules to English sentences. 

9. In pure logic, the same rules can be used in forward or backward chaining 
without modification, but most expert-system tools are designed for one method 
or the other. Readers who know some such tool may use it to implement the 
lake-effect rules: 

a. For languages in the OPS5 family like CLIPS, a direct translation of the 
lake-effect rules would be executed by forward chaining. Backward chaining 
can be simulated by defining special working memory elements to represent 
goals. Giarratano and Riley (1994) show how to simulate a backward-chain­
ing inference engine in CLIPS; that simulation would be adequate for small 
problems like the lake-effect rules, but it would be inefficient for larger 
problems. 

b. For languages like Prolog and expert systems in the MYCIN family, a direct 
translation of the rules would be executed by backward chaining. Most 
languages in the MYCIN family cannot simulate forward chaining, but 
Prolog is rich enough to implement interpreters for forward chaining. Many 
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textbooks on Prolog, such as Walker et al. (1990), show how to implement 
various kinds of interpreters. 

c. Microplanner and some of the more sophisticated expert-system shells 
support both forward and backward chaining, but they usually require each 
rule to be tailored for a specific inference method. Some hybrid systems 
support multiple inference methods by providing multiple languages, such 
as OPS5 arid Prolog. 

d. In SQL, views support backward chaining, and triggers support forward 
chaining. Although the lake-effect rules could be represented as views or 
triggers, the SQL language and its implementations are not designed to 
facilitate such applications. Readers who know SQL might try implement­
ing the lake-effect rules to see how they would perform. 

Winograd's book on SHRDLU (1972) is obsolete for techniques of narural. 
language processing, but it is still useful as a source of examples of forward and 
backward chaining. The SHRDLU implementation shows how English ex­
planations can be generated by translating the steps of a proof to English 
sentences. Buchanan and Shortliffe (1984) discuss the importance of such 
translations for explaining the results of an expert system. 

10. After solving the previous exercises about the weather, state some English 
sentences that represent the knowledge that might be encoded in an expert 
system for some other subject. Sample topics might be taken from photog­
raphy, cooking, choosing college courses, finding a job, or debugging a com­
puter program. Define a suitable ontology for representing the sentences, 
translate them to predicate calculus, and do the same kinds of forward and 
backward-chaining deductions as in the previous exercises. 

1 L Review the translation of music to logic in Sections 1.2 and L4. Then trans­
late the music examples to a rule and frame representation: 

a. Define a frame for the type Note, with slots for tone, duration, and next. 
Then specify the mdody in Figure 1.5 by an 4istance frame for each note. 
For each note, the next slot should either be nil or contain the identifier of 
the following note. Don't bother to write all 32 instances; just show the 
frames for the first few notes and the last note. 

b. Use stylized English to write a forward-chaining rule that checks the se­
quence of frames and prints a warning message if it finds a tritone between 
any note and the next. Assume an inference engine that will check the 
conditions in the if-part of a rule and automatically invoke the rule when 
its conditions become true. The then-part may contain one or more actions, 
such as an assignment statement, a print statement, or a subroutine call. 
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c. Extend the frames to represent the two-voice harmony in Figure 1.8 . 
. Instead of representing the duration as a slot in each note, define a frame 
for the type Interval with slots for start time, ending time, and duration. 
Then add a slot to the Note frame that specifies the identifier of the instance 
of the interval in which it is sounded. 

d. Add a slot named simul to the frame definition to indicate a list of notes 
that are sounded simultaneously. Then write a forward-chaining rule that 
checks the frames and fills in the simul slots. Assume that the if-part of a 
rule can contain conditions such as "The time in the start slot of the interval 
named in the interval slot of the note x is equal to the time in the start slot 
of the interval named in the interval slot of the note y."' If you decide to use 
more concise abbreviations, define them. 

e. Finally, write a forward-chaining rule that checks the frames to find any 
dissonant intervals that may be sounded simultaneously. If the next notes 
do not resolve the dissonance to a harmonious interval, print a warning 
message. Assume that the harmonious intervals are unisons (two identical 
notes sung in different voices), thirds (two notes separated by one other, 
such as G and B), fourths (G and C), fifths (G and D), sixths (G and E), and 
octaves (G and the next higher G). Assume that dissonant intervals include 
seconds (such as G and A), tritones (C and F#), sevenths (G and F#), and 
ninths (a G and the A in the next higher octave) . 

. If you are familiar with a frame or rule-based language that is suitable for this 
exercise, you may use its notation instead of stylized English. Otherwise, use the 
synrax for frames shown in Section 3.2, and write the rules in a stylized English 
similar to the examples in Section 3.1. The if-part of a rule should check cc:indi­
tions without changing any values; the then-part of a rule may perform some 
action such as calling a subroutine or changing values in the slots. 

12. After writing the frames and rules for the previous exercise, write the corre­
sponding representations in another language, either one discussed in this 
chapter or some other language you may happen to know. 

13. The techniques for optimizing the search in SQL, Prolog, and Microplanner 
are essentially the same. Some optimizations are independent of the data, but 
others depend on the number of instances stored in a relation. Consider the 
three goals that SHRDLU generated to answer the question Which block 
~pports a pyramid? · 

(goal (objects ?xl block?)) 
(goal (objects ?x2 pyramid?)) 
(goal (supports ?xl ?x2)) 
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A translation of the English sentence to Prolog or SQL would generate three 
·equivalent goals, which would cause the same number of database acceSses. 
Study the effects of optimization in the following cases: 

a. Assume that each goal statement causes one database access whenever 
execution reaches the statement directly or by backtracking. For this se­
quence of goals and the database in Figure 3.3, count the number of DB 
accesses that must be made to find the answer. Then.count the number of 
accesses that would be made if the second and third goals were inter­
changed. 

b. Draw another diagram in which there are more blocks than pyramids, and. 
enter the data in the objects and supports rdations to represent that dia­
gram. Then count the number of DB accesses that would be made for the 
original sequence of goals and for the revised sequence with the second and 
third goals interchanged. Would any other ordering of the goals reduce the 
number of accesses with this new database? If so, count the number of 
accesses with your new sequence of goals for both the original database in 
Figure 3.3 and the new database. 

c. Different kinds of DB accesses r.ake different amounts of time. The fastest 
ones test a single row of the table for each access; ea.ch subsequent execution 
of the same goal would step to the next row without requiring any search. 
Other DB accesses must search for a row with a particular value in a 
particular column, such as the identifier B or the color red. If a column with 
N entries has an index, a search for a particular value in the column could 
be done by a binary search that tests logiN rows for each DB access. The 
most complicated DB acc~ses perform a data-dependent test that requires 
a sequential search; they must test an average of N/2 rows for each DB 
access, and an index would not speed up the search. For the three goals in 
this exercise, which would test one row at each access, which would test 
log2N rows, and which would test N/2 rows? How would a reordering of 
the goals affect the number of tests? 

d. Most SQL database systems support indexes that enable binary searches, 
but the database designer must specify whether an index should be created 
for a particular column of a table. If the DB designer does not specify an 
index, no binary searches can be done. Repeat the analysis for parts a, b, 
and c of this exercise, but instead of simply counting DB accesses, find the 
total number of rows that must be tested, assuming either a sequential 
search or a binary search. State the answers in terms of the number of rows 
Nin the tables, and estimate the improvement that an index could make 
for table sizes N=8, N=64, and N=32768. 
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14. The SHRDLU system translated the sentence Find the biggest Mock that sup­
ports a pyramid to Microplanner code of the following form: 

((goal (objects ?xl block? 
(goal (objects ?x2 pyramid ?) 
(goal (supports ?xl ?x2) 
(not 

(and 
(goal (objects ?x3 block ?) 
(goal (objects ?x4 pyramid ?) 
(goal (supports ?x3 ?x4)) 
(goal (moresize ?x3 ?xl)) ))) 

.. : ... :--:-· 

This code was inefficient, even for rather small databases. Study this code and 
the discussion of Microplanner in Section 3.3, and solve the following prob­
lems: 

a. Translate the Microplanner code to a version of stylized English that uses 
the same variable names and sequence of searching. Assume that the objects 
relation has another column for the volumes of the objects and that more­
size is defined by comparing the volumes. 

b. Translate the code to some programming language you happen to be 
familiar with. The translation to Prolog or SQL would be the most direct, 
but the code could also be translated to a rule-based language like CLIPS 
or to a procedural language like C. 

c. Assume that the underlying Microplanner implementation does a sequen­
tial search to look up a value in its database of relations. If there are N blocks 
in the database and each block supports an average of k other blocks, how 
would the execution time of the Microplanner code or its direct translation 
to a procedural language vary as a function of k and N? 

d. Assume that the database relations are indexed by object identifiers so that a 
value could be found by a binary search. For the same Microplanner or 
English code, how would the expected search time vary in terms of k and N? 

e. Assume that the system you are using has a sorting procedure whose 
execution time is proportional to MogN Rewrite the stylized English to 
take advantage of the sorting procedure. How would the expected search 
time vary assuming binary search or sequential search? 

15. The CLIPS rule named updateEffectsOfPutOn modifies the supports relation 
to represent the effect of an assertion of the form (putOn ?x ?y). But it does 
not modify the contams relation if ?x happens to be removed from a box. 
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How should that CLIPS rule; be revised to accommodate the following pos­
sibilities? 

a. The original SHRDLU system was designed to simulate a robot named 
Shakey; which could only pick up one object at a time. For that case, assume 
that ?x does not contain or support any other objects. 

b. Assume that a more stable robot might be able to move an object and 
anything it supports in a single_putOn operation. That object might be a 
box, or it might be a block that supports a box. 

If x is a box nested inside another box, the single act of removing x and its 
contents would cause multiple violations of the constraints. Make sure that 
your revised rules correct any violations that may occur. Readers who are 
familiar with Java should try using the Observer and Observable classes to 
implement the equivalent of the CLIPS rules or the SQL triggers in the 
examples of Section 3.3. 

16. Analyze the encoding of the music examples in logic, frames, rules, and other 
languages, and compare the various languages according to the five principles 
of knowledge representation that were discussed in Section 3.1. Besides the 
music examples, review other examples, either in this book or in other sources 
you may know. Draw a table with five columns for the five principles and 
with one row for each of the n languages you have analyzed. In the Sn boxes 
of the table, rate each language on a scale of 0 (worst) to 10 (best) according 
to how well it satisfies the corresponding principle. Is a single number in each 
box adequate for evaluating the various knowledge representation languages? 
If not, discuss aspects of the languages that cannot be adequately measured 
by a single number. 

17. Study the sample sentences discussed in Section 3.6. Find some sentences in 
a newspaper that have about the same degree of complexity .. Analyze the 
ambiguities, both in syntax and in word senses. Look up each word in a 
dictionary to check for any unusual meanings that might confuse a computer 
program. For each ambiguity; determine the background knowledge a com­
puter would need to determine the correct syntax and word sense. 

18. A major theme of this chapter is the common logical foundation for various 
frame-based, rule-based, and object-oriented systems. Many other notations, 
such as HTML and XML, have been developed as special cases of the Standard 
Generalized Markup Language (SGML). The foundation for SGML is the 
existential-conjunctive (EC) subset of logic supplemented with an ontology 
for character strings. The tag.r defined in SGML specify an ontology for 
~ocuments and their parts, such as p~araphs, sections, chapters, indexes, 
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tables, and graphical inserts. Select any special-purpose declarative notation 
that has been developed for any application domain. Then analyze the subset 
of logic it expresses and the underlying ontology represented in it. Show how 
that notation could be translated to predicate calculus or conceptual graphs. 

19. Analyze the hotel reservation example in Append.ix C according to the Zach­
man ISA Framework, as described in Section 3.5. The first stage of the analysis 
addresses the ISA Level 1 or Scope. For each question word What, How, 
Where, Who, When, and W~ make a list of the relevant terms in the problem 
statement that answer the question/ For the question What, list the terms 
that represent entities, such as hotel, room rate, or cancellation number. For 
How, list the functions, such as make reservation, put on wait list, or check 
out. For Where, list locations, such as national park, hotel,. or room. For 
Who, list the kinds of people, such as guest or reservation clerk. For When, 
list the events, such as time of check in, time of change in room rates, or 
time of expiration of a Wait list. For Why, list the purpose or motivation, 
such as time stamp for auditing, accommodating guests' preferences for room 
type, making rooms available for new guests, or collecting payments. 

20. Begin implementing parts of the hotel reservation system in some language 
that illustrates principles that were discussed in this chapter: a rule-based 
language like Prolog or CLIPS; the database language SQL; or an object-ori­
ented language like Java. Review your answers to other exercises based on the 
hotel reservation example and determine whether your earlier analysis can be 
used as an aid to the implementation. If you modify ~r depart from your 
previous analysis, explain why. 

This exercise could be done as a class project, with different students using 
different languages or tools to implement the same parts of the system. Then 
compare the implementations to evaluate the suitability of each language for 
various aspects of knowledge representation. 



CHAPTER FOUR 

Processes 

I have heard from a learned man that the motions of the sun, moon. 
and stars constitute time, and I did not agree. For uhy shouldnt the 

motions of all bodies in general be time? Indeed, if the lights of heaven 
should cease, and a potter's wheel run round, would there be no time by 
which we might measure those revolutions? Could we say either that it 
moved with equal pauses, or if it sometimes moved slower, sometimes 

faster, that some revolutions were longer, others shorter? Or even while 
we were saying this, wouldnt we also be speaking in time? 

ST. AUGUSTINE, Confessions 

4.1 Times, Events, and Situations 

Charles Sanders Peirce was the first modem logician to treat processes and events 
as entities distinct from the things that participate in the processes. Another 
pioneer in logic, Alfred Nonh Whitehead (1929), went further in making proc­
esses the primary entities in his ontology. Yet elementary logic books relegate 
processes to a secondary status in comparison with the more stable things called 
objects. A typical logic book would map a sentence like Brutus stabbed Caesar to 
the formula 

stabbed(Brutus,Caesar). 

This translation ignores the detail implicit in the English sentence. It would require 
different predicates for present, past, and future tenses; it does not allow further 
relations to be linked to the verb, such as an adverb violent!J or a prepositional 
phrase with a shiny knife; and it cannot support cross references from other sen-
tences, such as The stabbzng was violent. . 

During the 1960s, the need to treat events as first-class entities was inde­
pendently rediscovered in linguistics, philosophy, and artificial intelligence. One 
of the most persistent advocates of event semantics has been the philosopher Don­
ald Davidson (1967), who waged a long campaign to get philosophers to admit 
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quantified variables for representing events. In linguistics, Terence Parsons (1990) 
used event variables to represent the sentence Brutus stabbed Caesar. 

(3.l:Interval) (before(J,now) A 

(3t:Trme)(teJ A 

(3e:Stabbing)(agent(e,Brutus) A patient(e,Caesar) A culminates(e,t)))). 

The first line of the formula says that there exists an interval I, where I is before 
now. The second line says that there exists a time t, which is contained in 1 The 
third line says that there exists a stabbing event e, the agent of e is Brutus, the patient 
of e is Caesar, and e culminates at time t. With the proliferation of predicates and 
variables, Parson's representation is more complex than the simple stabbed relation, 
but it captures more of the meaning in the English sentence. 

SrroATIONS AND EVENTs. With his c{JfTelational nets, Silvio Ceccato (1961) 
was one of the first computational linguists to map nouns, verbs, and adjectives to 
nodes with equivalent status. Other versions of semantic networks (Quillian 1966; 
Schank & Tesler 1969) also represented the basic content words of language with 
equivalent concept nodes. Since conceptual graphs combine Peirce's logic with the 
semantic networks of AI, they represent attributes and events with the same kinds 
of concept nodes used for concrete things. Figure 4.1. shows a conceptual graph for 
the sentence Brutus stabbed Caesar violently with a shiny knife. The conceptual 
relations Agnt for agent, Ptnt for patient, and Inst for instrument correspond to the 
thematic roles used by linguists. The relation Attr for attribute links the knife to the 
instance of shirµness. The relation Manr for manner applies to processes usually 
expressed by verbs in the same way that Attr applies to objects expressed by nouns. 
Surrounding the graph for the entire sentence is a concept of type Situation, which 
is linked to the relation Past, which indicates the past tense. of the verb. 

The graph in Figure 4.1 incorporates some abbreviations that simplify the 
notation. The Past relation, which is not a priminve, is defined by the following 
lambda expression: 

Past = [Time: #now]+-(Succ)+-[Time]+-( PTim)+-[Situation: A.J. 

This definition says that there is a time #now, which is the successor (Succ) of some 
reference time, which is the point in time (PTim) of a situation, which is marked as the 
formal parameter by the Greek letter A. The current tiine #now is neither a constant 
nor a va.rulble; it is an indexicalthat must be resolved to the time specification of some 
containing context. Other examples of indexicals include #I and #you for the speaker 
and listener; #this and #that for objects indicated by location or pointing; and the 
general indexical marker# for the definite article the. 

When a concept of type Situation contains a conceptual graph in its referent 
field, the graph itself is not the referent, but a symbol that describes the referent. 
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Violent 

FIGURE 4-l Conceprual graph for "Brutus stabbed Caesar violently 
with a shiny knife." 

Figure 4.1 asserts that there once existed a situation described by the proposition that 
Brutus stabbed Caesar violently with a shiny knife. "When the abbreviations for 
situations and tenses are expanded, Figure 4.1 may be written in the following form: 

[Time: #now]+-(Succ)+-[Time]~(PTim)+-[Situation]­
(Dscr)~[Proposition: 

[Stab]-
(Agnt) ~[Person: Brutus] 
(Ptnt)~[Person: Caesar] 
(Inst)~ [Knife]~ (Attr)~ [Shiny] 
(Manr) ~[Violent] J. 

The hyphens following the concepts [Situation] and [Stab] indicate that the relations 
attached to them are listed on subsequent lines. The Dscr relation indicates that the 
situation is described by the proposition stated by the nested conceptual graph. 

Before a conceptual graph can be translated to predicate calculus, the indexicals 
must be resolved to constants or variables. For this example, assume that the 
sentence was uttered in a context whose point in time was 15 March 1996. Then 
#now could be replaced by the constant 15Mar1996, and the graph could be 
translated to the following formula: 

(3t:time)(3s:situation)(time(15Mar1996) A succ(t;l5Mar1996) A ptim(s,t) A 

dscr(s, (3x:knife)(3y:stab)(3z:violent)(3w:shiny)(person(Brutus) A 

person(Caesar) A agnt(y,Brutus) A pmt(y,Caesar) A 

inst(y,x) A manr(y,z) A attr(x,w)))). 
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This formula may be read There exist a time t and a situation s, where t has 
15Mar1996 as successor, the point in time ofs is t, ands is described by the proposition 
mat there exist a knife x, a stabbing y, an instance of violence z, an instance of shininess 
~ where Brutus is a person, Caesar is a person, y has agent Brutus, y has patient Caesar, 
y has instrument x, y has manner z, and x has attribute w. 

The graph in Figure 4.1 implicitly contains every detail of the formula, but it 
has a more direct mapping to English. Each of the six concept nodes inside the 
situation box expresses one of the six content words in the sentence. Each of the six 
circles corresponds to some syntactic feature: (Past) to the -ed ending on the verb; 
(Inst) to the preposition with-, (Attr) to the word order of adjective modifying a 
noun; (Manr) to the -ly ending on the adverb; and (Agnt) and (Ptnt) to the subject 
and object, which are shown by word order in languages like English and Chinese 
or by case markers in Latin and Japanese. 

Mm:rn>LE OCCURRENCES. The Past relation in Figure 4.1, which is attached 
to a concept of type Situation, shows that everything described inside the box 
occurred at some time in the past. That relation could also be attached directly to 
the verb, where it would indicate that the event expressed by the verb occurred in 
the past without explicitly saying anything about the time of the other entities. As 
an example, the sentence Yojo chased a mouse could be translated to a CG with the 
Past relation attached to the concept [Chase]: 

(Past)~ [Chase] -

(Agnt)~[Cat: Yojo] 

(Thine)~ [Mouse] . 

This graph indicates that the chasing occurred in the past, but it says nothing about 
the mouse, which ceased to exist shortly after the event. To show that that all three 
entities occurred together in the same situation, the Past relation can be attached 
to a concept of type Situation, which encloses the concepts of the act and its 
participants: 

(Past)~[Situation: 

[Cat: Yojo]~(Agnt)~[Chase]~(Thrne)~[Mouse] ] . 

Both graphs are permissible representations of the English sentence, but the second 
explicitly indicates the scope of the tense marker. · 

When a sentence in the past tense is translated to a CG, the simplest rep­
resentation is to attach the tense relation to the concept expressed by the verb. 
Then a later inference step could widen the scope of the tense to include the 
entire situation. Sometimes, however, that inference step is not permissible. As an 
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example, consider the sentence Yojo chased two mice, as represented by the follow-
ing conceptual graph: . 

(Past)~ [Chase] -

(Agnt)~[Cat: Yojo] 

(Thme)~[Mouse: {*}@2]. 

The symbol {*} represents a generic plural, the qualifier @2 indicates two distinct 
entities, and the type label of the concept indicates that the entities are mice. This 
graph happens to be true, but the graph with the past tense attached to an enclosing 
situation would be false, because there was never a situation when Yojo was chasing 
two mice at the same time. 

The paradox of sentences that are true in the past tense, but were never true 
in the present was discovered by Diodorus Cronus in the fourth century B.C .. 
The CG in Figure 4.2, which illustrates his paradox, may be read Alma had three 
husbands, Gustav, Walter, and Franz. That sentence, which is true in the past tense, 
was never true in any present because Alma Maria Schindler Mahler Gropius 
Werfel married her husbands sequentially rather than collectively. The prefix Dist 
on the set {Gustav, Walter, Franz} indicates a distributive (one at a time) relation­
ship between the elements of the set and the proposition asserted by rest of the 
conceptual graph. 

Person: Alma Husband: Dist{Gustav,Walter,Franz}@3 

Husband: Gustav 

· Person: Alma 

jPerson: Alma Husband: Franz 

FIGURE 4.2 Expanding a distributive plural 
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The arrows in Figure 42 show how a distributive plural referent is expanded 
to three separate conceptual graphs, one for each of the three individuals in the 
set. The definition of the Past relation includes an implicit existential quantifier 
for some reference time that precedes the current time #now. For the unexpanded 
graph at the top of Figure 4.2, the Past relation could not be moved to an 
enclosing situation because it contains only one implicit reference time. But for 
the expanded graphs, the three separate Past relations would each include a sepa­
rate existential quantifier in their definitions. Therefore, they could be moved 
to three separate enclosing situations, each of which would have its own reference 
time. 

If Alma had married her husbands collectively, the plural referent would have 
the prefix Col, as in the concept [Husband: Col{Gustav, Walter, Franz}@3]. If this 
concept were expanded, only the relations directly attached to_ it would be copied. 
The resulting graph would have three copies of the Theme relation (Thme): 

(Past)~ [Havel -
(Expr)~[Person: Alma] 
(Thme)~[Husband: Gustav] 
(Thme)~[Husband: Walter] 
(Thme)~[Husband: Franz]. 

For this graph, the Past relation could be moved to an enclosing situation. In 
general, the collective marker Col allows the Past relation to be moved, since it 
implies that there is only a single event involved in multiple relationships. The 
distributive marker Dist, however, blocks the move, since the expanded graphs 
might not be true at the same time. A plural without any prefix, like [Mouse: 
{*}@2], does not distinguish between the collective and distributive interpret:i.tions. 
Therefore, a tense marker on such a graph cannot be moved without further 
evidence of the existenq: of all participants in the same situation. In effect, the 
marker{*} specifies only the minimal information that the original noun phrase 
was plural; the other information must come from other words in the sentence, 
such as together or simultaneously. Sometimes, general background knowledge or the 
discourse context may be needed to resolve the scope. 

AnVERBIAi. MODIFIERS. The question of whether an adverb modifies the 
verb or the entire situation raises the same kinds. of issues as tense markers. Roben 
Moore (1995) cited the following examples: 

john simg strangely. 
Strangely, John sang. 

Moore observed that in the first sentence, the manner of singing is considered 
strange. Perhaps John sang "Happy Birthday" off key or with unusual variations in 
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the melody. In logic, the concept [Strange] or the corresponding predicate could be 
linked directly to [Sing] by the manner relation (Manr): 

(Past)~[Situation: 

[Person: JohnH-(AgntH-[Sing]~(Manr)~[Strange] ] . 

This graph says that there existed a situation in the past in which John was the agent 
of singing in a strange manner. For this sentence, the Past relation could also have 
been attached directly to the concept [Sing], and the surrounding concept box for 
the situation could have been omitted. 

In the second sentence, the fact that John sang is considered strange, even 
though his manner of singing might have been quite pleasant. Perhaps he stood up 
during a funeral service and began singing "Happy Birthday" to the deceased. 
Therefore, the Manr relation is attached to the concept of type Situation: 

(Past)~[Situation: 

[Person: John]~(Agnt) ~[Sing] ] ~(Manr) ~[Strange]. 

In this graph, the manner of the situation is marked as strange, and the manner of 
singing is not indicated. 

In English, the -ly ending distinguishes the adverb strangely from the adjective 
strange. That syntactic distinction may signal a difference in the conceptual relation: 

• Manner. Adverbs, which usually modify verbs, commonly express the manner 
of performance or happening of some occurrent. 

• Attribute. Adjectives, which usually modify nouns, commonly express an at­
tribute of some continuant. 

This correlation, however, does not hold when an occurrent is expressed by a noun 
or a gerund. For the sentence John's singing was strange, the semantics of the concept 
overrides the synrax of the word: the gerund singing is modified by the adjective 
strange, but the concept [Sing] would be linked to the concept [Strange] by the 
Manr relation. Many languages, such as German and Chinese, do not have a 
syntactic marker for distinguishing adjectives from adverbs. In those languages, 
semantics alone determines the choice of relation. 

ACTIONS AS RoLEs. The same criteria used to classify objects by phenomenal 
types or role types can also be used to classify actions. Some vetbs directly describe 
an action's form or structure, but others describe an action by its role. Consider the 
sentence Mary hid the ball by placing it in a box. Hiding and placing are two 
different ways of describing exactly the same action. An external observer could see 
Mary "plac~g" the ball by the form of her action, but could not tell that she was 
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"hiding" it without knowing her intentions. As another example, consider the next 
two sentences: 

The mayor spent a longtime outlining his proposals. He spoke for nearly three hours. 

The three verbs, spending, outlining, and speaking, describe the same activity. Speak­
ing determines the form, which an external observer can recognize even without 
being able to understand the language. Outlining, however, does not ref er to the 
activity (Firstness), but to the results (Secondness). Spending time ignores the 
nature of the activity and refers only to its duration, which is a different aspect of 
the result. In conceptual graphs, the three verbs would be represented by three 
separate concepts with coreference links drawn between them. The concept [Speak] 
would represent the form; the two concepts [Outline] and [SpendTrme] refer to the 
same activity, but with emphasis on different effects. 

With different verbs, the same action could be described by its form (Firstness), 
by its effects (Secondness), or by the agent's intentions (Thirdness). As an example,/ 
a person may walk (Firstness) into a forest and disappear from view (Secondness). 
If the person's intention (Thirdness) was to disappear, then the act of walkin~ 
would be an act of hiding. The next three sentences describe another act in each of 
those ways: 

1. Brutus stabbed Caesar. 

2. Brutus killed Caesar. 

3. Brutus murdered Caesar. 

By Firstness, an act of stabbing can be recognized by objective criteria at the instant 
it happens. No oi:her events or menuu attitudes need to be considered to identify 
an act as stabbing. But an act of stabbing cannot be identified as killing unless a 
second event of dying occurs. Caesar.had time to ask "Et tu, Brute?" before the 
stabbing could be interpreted as a killing. Murder is Thirdness that depends on the 
motives of the agent. Determining whether an act of st.abbing that resulted in 
killing should be considered a murder may depend on subtle clues whose interpre­
tation could require a judge, a jury, and a lengthy trial. 

4.2 Classification of Processes 

Processes can be described by their starting and stopping points and by the kinds of 
changes that take place in between. Figure 4.3 shows the category Process subdivided 
by the distinction of continuous change versus discrete change. In a continuous 
process, which is the normal kind of physical process, incremental changes take place 
continuously. In a discrete process, which is typical of computer programs or ideal­
ized approximations to physical processes, changes occur in discrete steps called 
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Process 

/~ 
ContinuousProcess DiscreteProcess 

/~it 
Initiation Continuation Cessation -

FIGURE 4.3 Types of Processes 

events, which are interleaved with periods of inactivity called states. A continuous 
process with an explicit starting point is called an initiation; one with an ending point 
is a cessation; and one whose endpoints are not being considered is a continua.ti on. 

Beneath.each of the five categories at the leaves of Figure 4.3 is an icon that 
illustrates the kind of change: a vertical bar indicates an endpoint, a wavy horizontal 
line indicates change, and a straight horizontal line indicates no change. A discrete 
process is a sequence of states and events that may be symbolized by a chain of straight 
and wavy lines separated byvertical bars. A continuous process may be symbolized by 
a continuous wavy line with occasional vertical bars. Those bars do not indicate a 
break in the physical process, but a discontinuity in thewa y the process is classified or 
described. The weather, for example, varies by continuous gradations, but different 
time periods may be classified as hot or cold, cloudy or sunny. 

The categories in Figure 4.3 oould be differentiated further by considering an 
agent's intentions. A cessation that satisfies the agent's goals is a success; one that does 
not satisfy the goals is a failure. Suppose, for example, that Farmer Brown plowed 
the east field on Monday; stopped on Monday evening, and then plowed the west 
field on Tuesday. If Brown had promised to finish the work in two days, the activity 
could be considered a single event with a successful completion on Tuesday and a 
temporary pause on Monday evening. If each field was considered separately, the 
same activity could be classified as two events with a successful completion at the 
end of each day. But if Brown had promised to finish the work in one day, the 
cessation on Monday evening might be considered a failure. 

In language, the features of tense arid aspect relate the event described by a verb 
to the type of process and to the reference times of one or more observers. The simple 
tenses - past, present, and future - relate the time of an event to the time of the 
speech. The compound tenses, such as paSt perfect or future perfect, involve an 
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additional reference time in some real or hypothetical past or future. Aspect 
describes the initiation, continuation, or completion of some acti_on with respect to 
the reference times. As in the example of Farmer Brown, whether an action is 
continuing or completed may depend on some agent's intentions. The definitions 
of many verbs depend on the intentions of their agents, and the same physical 
process described by different verbs can be classified in very different ways. Differ­
ent classifications, in turn, have different implications: depending 'on the verb that 
is applied, Brown may be praised for a success or blamed for a failure. 

FLUENTS. Isaac Newton used the word jluentfor a time-dependent physical 1 

quantity, such as position, pressure, or temperature. Leibniz developed the more/' 
general notion of a function, whose values could depend on an argument of any 
type, including time. Newton's fluents can be considered special cases of Leibniz's 
functions. They can also be considered indexicals whose referents depend on the 
current context. As examples, Exercises 1.18 and 1.19 illustrated two ways of 
representing time dependencies: 

• Implicit. With temporal logic, the operator D for always means for every 
~emporal context; and 0 for sometimes means for some context. Then everything 
within the scope of D or 0, including predicates like part(x,y), is a fluent 
governed by an implicit quantifier for time. 

• Explicit. With the quantifiers ('lir.Time) and (3r.Tune), everything that can 
change must have an explicit argument for time, as in the triadic predicate 
part(x,y,t). In effect, the variable t serves as the index of a separate context for 
every instant of time. 

Fluents and indexicals can be considered abbreviations that allow one argument of 
a function or relation to be left implicit. When they are translated to predicate 
calculus, the extra variable tis either hidden in the definition of an operator like D 
or shown explicitly with a quantifier like ('lir.Tune). In conceptual graphs, the 
PTim relation links a context to an explicit concept for the point in time, and 
relations like the tense marke.r Past hide the time concept inside the definition. 

In AI, the term fluent has been generalized beyond Newton's physical quantities 
and beyond time-dependent functions to any kind of state or situation-dependent 
property. Even the property of being president can be considered a fluent, as in the 
following example: 

The president of the United Stm:s is elected every four years. 
Bill Clinton is the president of the United States. 
Therefore, Bill Clinton is elected every four years. 

The fallacy ID this syllogism results from an undistributed middle term: the definite 
article indicates that the phrase the president is a context-dependent indexical. In 
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the major premise, it is within the scope of the quantifier every four years, which 
introduces a new context for each election. The minor premise, however, is only 
~e within the context of Bill Clinton's time in office. Many other role types, such 
\as Employee, Client, or DesignatedDriver, can be also treated as fluents. 

BASIC DISTINCTIONS. In his book Features and Fluents, Erik Sandewall pre­
sented a comprehensive analysis of fluents, their representation in logic, and the 
techniques for reasoning .about them. For knowledge representation, the interac­
tions of fluents with time, change, sequencing, and context are· major concerns. 
Sandewall presented a list of distinctions for classifying processes according to the 
complexity of their interactions with fluents: 

• Discrete or continuous. In physics, continuous processes are represented by dif 
ferential equations. On digital computers, time is divided into discrete time 
points, called integer time when they are numbered 0, 1, 2 .... Continuous 
processes can be approximated by decreasing the time step and thereby increas­
ing the number of points that must be represented, stored, and computed. 
Differential equations represent the limiting case when the time step ap­
proaches zero and the number of points approaches infinity.. 

• Linear or branching. A linear order of time points and their associated events 
creates a deterministic process that is easy to represent and compute. Condi­
tional alternatives, however, create branching time, with a nondeterministic 
increase in the future possibilities that must be represented and analyzed. 

• Independent or ramified. If the fluents are independent, a change to one has no 
effect on the others; in a ramified process, a change to one can cause changes 
in the others. Sandewall drew a three-way distinction: local independence, where 
all the fluents are independent; local ramification, where an event that changes 
one fluent only changes other fluents that are directly involved in the current 
event; and structural ramification, where the effects of changing one fluent may 
propagate to other events and cause indirect changes to remotely related 
fluents. 

• Immediate or delayed. If the changes caused by an event occur immediately, 
they can be represented or simulated during the same time step as the event. A 
delayed effect, however, does not cause an observable change until some sub­
sequent states or events. 

• Sequential or concurrent. In a sequeniial process, only one event occurs at any 
instant. In a concurrent process, multiple independent events occur in parallel. 

• Predictable or surprising. A predictable process follows a script that specifies all 
the possible causes and effects of each event. A surprising or exogenous event 
causes a change that is not anticipated by the script. 
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• Normal or equinormal Some processes have a highly probable or normal fl.ow 
of events that can be assumed as the default. In an equinormal process, multiple 
courses of events are equally likely, and no single outcome can be coruidered 
the default. 

• Flat or hierarchical In a flat process, each event is described by a short list of 
the changes it can cause. In a hierarchical process, any event may be composed 
of subevents. A third option is a recursively hierarchical process, in which some 
events are composed of subevents oftlie same type. 

• Timeless or time-bound. The simplest processes to analyze involve a fixed 
number of timeless objects that are neither created nor destroyed during the 
process. Time-bound objects, which may be created or destroyed during the 
interval of interest, lead to processes with an ever-changing inventory of ob­
jects. 

• Forgetful or memory-bound. In a forgetful process, the future course of events 
depends only on the current state, not on the history of how the current state 
came about. A memory-bound process retains some information from earlier 
states, which may affect future outcomes. 

The product of these di~nctions generates an ontology with 28X32 or 2304 
categorie8 of processes. The first option in each distinction leads to a process as 
predictable as a clock; the later options lead to richer but more complex processes. 
Unfortunately for computational purposes, most naturally occurring processes 
involve some or all of the later options. 

Sandewall's list does not exhaust all the possible distinctions for classifying 
processes and fluents. A system designer, for example, might distinguish a process 
local to a single system from a process distributed across a network. Sandewall did not 
consider that distinction because the location of a process is independent of the 
methods for reasoning about it. For different purposes, new categories can be gener­
ated by adding more distinctions to the list or by deleting some that are not relevant. 

4.3 Procedures, Processes, and Histories 

Discrete processes can be simulated by digital computers, but continuous processes 
are more naturally simulated by analog computers. Yet if the time step is small 
enough, the granularity of a digital simulation might not be noticeable. Movies and 
television, for example, represent continuous motion by a sequence -0f discrete 
frames. State-transition diagrams, which represent states by circles and events by 
arrows that connect the circles, are a common representation for discrete proeesses. 
Finite-state machines are the simplest and most widely used version of state-transition 
diagrams. Petri nets, designed by Carl Adam Petri (1962), are a generalization of 
state-transition diagrams for representing concurrent processes. For object-oriented 
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design, Petri nets have been adopted as the basis for activit.y diagrams in the Unified 
Modeling Language (UML). 

For programming the original von Neumann machine, Herman Goldstine and 
John von Neumann (1947) designed flow charts, which are complementary to finite­
state machines. In a flow chart, boxes .represent computational events, and diamonds 
represent decisions where the flow of control can take an alternate path. In a finite­
state machine, circles represent states, and arcs mark the tr.µisitions from one state to 
the next. Figure 4.4 shows how a flow chart and a finite-state machine can be merged 
to form a Petri net, which is more general than either of them. The circles of the Petri 
net, which are called places, correspond to the states of the finite-state machine; the 
bars, called transitions, correspond to the events of the flow chart. 
· The same kinds of notations used to specify computer procedures can also be 
used to specify, describe, or approximate discrete processes of any kind. Petri nets 
are especial! y convenient for representing cause and effect: each transition represents 
a possible event, the input states of a transition represent the causes, and the output 
states represent the effects. By executing the Petri net interpretively, a computer can 
simulate the processes and causal dependencies. 

MAPPING TO LOGIC. In the diagrams of Figure 4.4, the states are labeled p, q, 
r, s, and t; the events are labeled a, b, d, e, and f, the diamond labeled cin the flow chart 
represents a condition, which corresponds to the arc of the finite-state machine from 
state r to s if c is true and to the arc from state r to t if c is false. The state p is the 
precondition of the event a, and the state q is the postcondition of a and the precondi­
tion of the next event b. If the condition c is true in stater, the successor event is d:, if 
c is false, the successor event is J Any of the three diagrams in Figure 4.4 could be 
mapped to logic in either the predicate calculus or the conceptual graph notation. But 
a representation for Petri nets would be general enough to subsume the other two. 

Flow Chart Finite-State Machine Petri Net 

FIGURE 4.4 Three graphic notations for specifying procedures 
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State:~ 

FIGURE 4.5 Translating a Petri net to a conceptual graph 

Figure 4.5 shows the first transition of the Petri net and its translation to a 
conceptual graph. The input place p is described by a concept of type State, which 
contains a nested conceptual graph that describes p. The Next relation links that 
state to a concept of type Event, which contains another nested conceptual graph 
that describes the event a. Another Next relation links the event a to the state q, 
which contains a nested graph that describes q. In a general Petri net, a transition 
may have multiple input or output places. In the corresponding conceptual graph, 
the event concepts would have multiple predecessor or successor states linked to the 
events by relations of type Next. 

A conceptual graph that describes a Petri net can be translated directly to 
predicate calculus. For each state or event x that is described by nested conceptual 
graph g, the description predicate dscr(x,tp(g)) would link x to the formula tp(g), 

which is derived from the nested CG. The graph in Figure 4.5 would map to the 
following formula: 

(3p:State)(3a:Event)(3q:State) 
(dscr(p,tp(p-graph)) A next.(p,a) A dscr(a,tp(a-graph)) 
A next(a,q) A dscr(q,tp(q-graph))). 

In this formula, the nested conceptual graphs that describe p, a, and qare abbreviated 
p-graph, a-graph, and q-graph. The operator tp applied to these graphs produces the 
corresponding formulas in predicate calculus. The dscr predicates represent the CG 
convention that a nested graph describes the referent of a concept. 

The conceptual graph in Figure 4.5 represents a history of the execution of 
some process. Unlike a procedure, which may be executed many times, the CG 
states and events have implicit existential quantifiers to indicate that they existed at 
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one particular time. To distinguish processes, procedures, and histories, some 
further distinctions must be observed: 

• A process is an evolving sequence of states and events, in which one of the states 
or events is marked currentat a context-dependent time called #now. 

• A procedure is a pattern or script that determines the types of states and events 
that may ocC:ur in an entire family of processes. Each process in the family is 
called an activation of the procedure. 

• A history is a record of the sequence of states and events that existed in the 
evolution of some process. Each state and event of a history may be marked 
with a time stamp that records its point in time or duration. 

In a Petri net, the places (empty circles) represent types of states. An instance of a 
state is represented by a dot or token inside the circle. Without tokens, a Petri net 
is a procedure that specifies a sequence of types of states and events. A token passing 
through the places represents a process, and a record of the passage is a history. 

In logic, the distinction between procedures, processes, and histories is deter­
mined by the quantifiers o°' the variables of a formula or the referents of a 
conceptual graph. Figure 4.6 shows three CGs derived from the Petri net. The one 
on the left is a procedure, in which the first state is marked with a universal 
quantifier \/. It implies that every state of that type is followed by an event of the 
type described in the next concept box, which is followed by another state of the 
type described in the third concept box. The graph in the ffiiddle shows a process. 
It has the same sequential structure as the procedure, but its first state has an 
attached relation (PTnn), which indicates that a state of the specified type exists at 
the point in time #now. The graph on the right is a history in which the first and 
third boxes have attached relations (Dur) to indicate their duration; the event in 

Procedure Process 

State: 
r><>=><x:::I 

Internil: @ 15 sec 

Intecyal: @ 5 sec 

History 

FIGURE +6 Representing a procedure, a process, and a history 
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the middle has an attached PTim relation to indicate its point in time. For 
representing procedures, the conceptual graphs or the corresponding formulas 
contain one or more universal quantifiers; for processes, they include one or more 
indexicals, such as #now; and for histories, they contain only constants and exis­
tential quantifiers. 

BRANCHES AND LOOPS. The CGs in Figures 4.5 and 4.6 represent linear 
processes with no loops or branches. But in Figure 4.4, the two alternatives at state 
r create a branch, and the arc from e to q creates ·a loop. For branches and loops, 
the simple translation of Figure 4.5 cannot be used: 

• Branches. When the flow of control takes a branch, the states and events on 
the path not taken never occur, and the concepts that represent them should 
not have existential quantifiers. 

• Loops. When the flow of control loops back to a place that was previously 
visited, a new instance of that type of state occurs. In CGs, a separate concept 
box is needed to distinguish the new instance from the previous instance. 

These issues, which occur in every. mapping from a procedural language to a 
logic-based language, were first formalized by C. A. R. Hoare (1969). His axioms, 
based on preconditions and postconditions, describe the changes that occur as a 
computer executes a procedure by following the branches and loops and executing 
commands along the way. 

If a branch does not create a loop, it can be represented with the operator v in 
predicate calculus or an If-Then-Else block in CGs. Following is the CG repre­
sentation of the branch in Figure 4.4 from state r to event d or event f Labels such 
as r-graph or c-graph represent the nested conceptual graphs that describe the 
corresponding states, events, and conditions of the Petri net. 

[State: *r r-graph] 

[If: [State: ?r c-graph] 

[Then: [?r]~(Next)~[Event: d-graph] ] 

[Else: [?r]~(Next)~[Event: £-graph] ] ] . 

The first line represents a state labeled *r, which is described by the nested r graph. 
The If-context contains a concept asserting that the c graph is also true of the state 
?r. If that assertion is true, the next event is described by the d graph; otherwise, the 
next event is described by the f graph. 

The concepts that represent the d or /events are nested inside the Then or Else 
contexts. Without the ne8ting, ·the implicit existential quantifiers in the concepts 
would incorrectly suggest that instances of both event types d and f would exist. 
With the nesting, the events would only exist within one or the other of the 
mutually exclusive Then or Else contexts. Since predicate calculus does not have an 
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if-then-else operator, the translation from the CG uses an equivalent consuuction 
with the v operator: 

(3r:State)(dscr(r,tp(r-graph)) A 

(dscr(r,tp(c-graph)) A 

(3dEvent)(next(r,d) A dscr(~tp(d-graph))) ) 
v (dscr(r,-tp(c-graph)) A 

(3fEvent)(next(r,f) A dscr(f,t;o(fgraph))) )). 

The first line says that there exists a state r, which is described by the translation of 
the r-graph to predicate calculus. The next two lines present the first option: the 
translation of the c-graph is true of rand the next event dafter r is described by the 
d graph. The last two lines present the second option: the translation of the c-graph 
is not true of rand the next event f afcer r is described by the fgraph. When the 
if-then-else construction is mapped to an v operator, the condition c must be tested 
in both options, once with and once without a negation. 

In logic, recursively defined types and relations are used to represent the 
equivalent of a loop. Following is the CG definition of a recursive event type named 
Loop!: 

[Type: Loopl]-+(Def)-+[LambdaExI?Jression: 

[Event: ,1. 

[Event: d-graph]-+ (Next)-+ [State: s-graph] -

(Next)-+[Event: e-graph]-+ (Next)-+ [State: q-graph]­

(Next)-+[Event: b-graph]-+(Next)-+[State: r-graph *r] 

[If: [State: ?r c-graph] 

[Then: [?r]-+(Next)-+[Loopl] l l ] ] . 

This definition says that the type Loop! is defined by a lambda expression whose 
formal parameter is an event described by a nested conceptual graph. In the nested 
CG, there is a sequence of events and states described by the graphs ~ s, q, b, and 
r. The last state in that sequence is marked by the coreference label *r. Finally, the 
If-Then implication says that if the condition stated by the c graph is true of the 
state marked ?r, then the state ?r is followed by another occurrence of the composite 
event type Loop!. 

Recursion is commonly used to represent loops in logic, formal grammars, and 
=logic-programming languages. A recursive formula can be derived by translating the 
CG definition: 

Loop I = (.HEvent)dscr(4 
(3dEvent)(3s:State)(3e:Event) 
(3q:State)(3b:Event)(3r:State) 

(dscr(~t;o(d-graph)) A next(~s) A 

dscr(s,tp(s-graph)) A next(s,e) A 



4-4 CONCURRENT PROCESSES 

dscr(e,tp(e-graph)) A nexr.(e,q) A 

dscr(q#(q-graph)) A next(q,b) A 

dscr(b,tp(b-graph)) A nexr.(b,r) A 

(dscr(r,tp(c-graph)) :::> 

(34:Loopl)nexr.(r,4) ))). 

Since the event of type Loop 1 is only used for the recursive call, there is no 
need to add the label Loop 1 to the permanent type hierarchy. Instead, a macro 
named While, which is defined in Appendix A5, can be used to simplify the 
representation of loops. With that macro, the Petri net in Figure 4.4 could be 
written as the following CG: 

[State: p-graph]--+ (Next)-+ [Event: a-graph]-+ (Next)-+ [State: q-graph]­

(Next)--+ (Event: b-graph]--+ (Next)--+ [State: r-graph] -

(Next)--+ [While: c-graph 

[Loop: 

[Event: d-graph)--+(Next)--+[State: s-graph)--+(Next)--+[Event: e-graph]­

(Next)--+ [State: q-graph]--+ (Next)-+ [Event: b-graph] -

(Next)-+[State: r-graph) ll-

(Next)-+[Event: .f-graph]--+(Next)--+[State: t-graph). 

The first two lines are a translation of the Petri net states and events from p through 
r. The third line introduces the While loop, which continues as long as the 
condition described by the c graph is true. The nested loop contains the sequence 
from d through r, and the la.St line finishes with the event f and state t. Although 
the usual predicate calculus notation does not support macro definitions, it would 
be possible to extend the notation with a construction similar to the While loop. 

PROCEDURAL OR DEcI.ARATIVE. Conventional programming languages are 
usually called procedural, and logic is the epitome of nonprocedural or declarative 
languages. Yet the examples show that logic can represent the same kinds of 
procedures as a programming language. The primary difference is that logic requires 
explicit relations or predicates to express the sequence, while procedural languages 
depend on the implicit sequence of the program listing. Ideally, programmers 
should use whatever notation they find easiest to read and write, and compilers 
should translate that notation to different code for different purposes: a logic-based 
language for program analysis, or machine-oriented code for high-speed execution. 

4.4 Concurrent Processes 

Although flow charts and finite-state machines can represent branches and loops, 
they are limited to sequential processes. The major strength of Petri nets is their 
ability to represent parallel or concurrent processes. Every other mechanism or 
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FIGURE 4. 7 Petti net far a bus stop 

formalism for representing discrete concurrent processes can be treated as a vari­
ation or special case of a Petri net. The t:okens that flow through a Petri net are 
generalizations of the markers that Ross Quillian (1966) and Scott Fahlman (1979) 
implemented in their versions of semantic networks. To illustrate the flow of 
tokens, Figure 4.7 shows a Petri net for a bus stop where three tokens represent 
people waiting and one token represents an arriving bus. 

At the upper left of Figure 4.7, each of the three dots is a token that represents 
one person waiting at the bus stop. The token at the upper right represents an 
arriving bus. The transition labeled Bus stops represents an event that fires by 
removing the token from the arriving place' and putting a token in the waiting 
place. When the bus is waiting, the transition labeled One person gets on bus is 
enabled:, it fires by first removing one token from the place for People wai.ting and 
one token from the place for Bus wai.tingand then putting one token in the place 
for People on bus and putting a token back in the place for Bus waiting. As long as 
the bus is waiting and there are more people waiting, that transition can keep firing. 
It stops firing when either there are no more people waiting or the Bus starts 
transition fires by removing the token for the waiting bus and putting a token in 
the place for Bus leaving. Figure 4.7 simulates a bus driver who stops whether or 
not anyone is waiting and leaves even when more people are still trying to get on. 
A Petri net for a more thoughtful bus driver would require more states and events 
for checking whether anyone is waiting. 

When the nodes and tokens of a Petri net are identified with particular features 
of a process, they can represent all the categories of discrete processes in the 
ontology of Section 4.2. In colored or typed Petri nets, the colors represent the type 
of state for each place, the type of event for each transition, and the type of objectli 
or data associated with the tokens that flow through the net. When a colored Petri 
net is t:ranSlated to logic, the colors map to type labels on the concepts of CGs or 
the variables of typed predicate calculus. Each transition in a colored Petri net is 
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defined either by another Petri net or by a subroutine written in a programming 
language. Nested definitions ca.ii support hierarchical and recursively hierarchical 
processes. For memory-bound processes, data associated with the tokens can repre­
sent information about earlier states. 

FLOW OF ToKENS. Figure 4.8 shows a concurrent Petri net and a conceptual 
graph that describes the execution of the Petri net from time t=O to t=8. In the 
conceptual graph on the right of Figure 4.8, concepts of the form [A-State] or 
[B-Event] are used as abbreviations for concepts with nested CGs, such as [State: 
a-graph] or [Event: b-graph]. For the time measures, a concept of the form [@5sec] 
is an abbreviation for [Interval: @Ssec], which is an abbreviation for the graph 

[Interval]~(Chrc)~[Amount: <5,sec>]. 

The expanded graph may be read an interval that has a characteristic amount of 5 
seconds. ' 

The diagram in the upper left of Figure 4.8 is an example of a Petri net at a 
particular time t=O. The token in place a represents a state of type a, which occurs. 
at time t=O. The flow of tokens through a Petri net is governed by three rules: \ 

• Enabled. Whenever a transition has one or more tokens in each of its input; 
places, it is ~aid to be enabled. / 

• Active. An enabled transition may become active by removing one token fron 
each input place. / 

• Finished. An active transition finishes by adding one token to each outpji 
place. The event from activation to finish is called a firing of the transition] 

The token in place a enables transition b. When b becomes active, it removes thel 
token from place a. When b finishes, it adds one token to each of its three output 
places c, d, and e. At the bottom left of Figure 4.8 is the Petri net at time t=8, just 
after the firing of transition b. 

On the right of Figure 4.8 is a conceptual graph that describes the states that 
occurred just before and just after the firing of transition b. It says that a state of type 
A (represented by a dot in place a) lasted for a duration (Dur) of 5 seconds, which 
started (Sm) at the time 0:00:00. The Next relation shows that the A-State w.as 
followed by a B-Event, which had a duration of3 seconds. The event finished at the 
time t= 8, which is the sum of the time 0:00:00 plus the two durations of 5 seconds 
for the state and 3 seconds for the event. The successors of the event were states of 
type.SC, D, andE, which had durations ofl l, 4, and 13 seconds, respectively. 

In te~ms of the categories of Chapter 2, a Petri net without any tokens represents 
a script (Al 0) that determines the behavior (P20) of a family of processes (PiO). A 
token in a place represents a proposition (A2) that some condition (P2C) is true at the 
current time #now. Figure 4.3, which is an extension of the lattice in Figure 2.6, 
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FIGURE 4-8 States and events of a Petri net described by a conceptual graph 

shows states and events as types of occurrents (0), which represent the changes 
(events) and the absence of change (states) that occur in discrete processes. The 
conceptual graph on the right of Figure 4. 8 represents a history (A20) that describes 
the sequence of states before and after an event of type B. 

In a colored Petri net, each token carries some associated data, which may be 
generated by one transition, stored temporarily in a place, and later used by another 
transition. The color of a token represents the type of entity represented by the data, 
jwhich may be abstract or physical. For example, a PERT chart (Project Analysis and 
/Review Technique) is a special case of a Petri net used in project management. Each 
transition represents one task to be performed as part of an overall project. The 
input arcs of each task show how it depends on the results of previous tasks, and 
rthe output arcs show other tasks that depend on it. The tokens that flow through 
the net can represent the people who perform the tasks, the resources used in the 
tasks, or the money paid for the completion of a task. Since no task may depend 
on itself, a PERT chart cannot have cycles: it must be an acyclic Petri net. 

TIMING DIAGRAM. Conceptual graphs and predicate calculus are general-pur­
pose notations that may become cluttered with detail for specific kinds of problems. 
A special-purpose notation, such as the timing diagram in Figure 4.9, is a more 
succinct way of showing the history of states and events that occur as the Petri net in 
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Figure4.8 is executed. The calibrated arrow at the bottom represents the flow of time. 
The diagram above the time arrow show~ sequences of events (wavy lines) and states 
(straight lines) separated by vertical bars at various points in time. 

At the left of Figure 4.9, a state of type A begins at time t=O and ends at t=S. 
Then an event of type B occurs that corresponds to the firing of transition bin 
Figure 4.8. After 3 seconds, states of type C, D, and E begin. Each of those states 
is followed by an event of the type determined by the Petri net. The token in place 
c, for example, enables transition f, which is fired in an event of type F. At time 
t=22, that event is completed, and another token appears in place a to show 
another state of type A. Meanwhile, other states and events are following parallel 
paths, as in a multithreaded operating system. 

The Petri net, the conceptual graph, and the timing diagram are different ways 
of representing aspects of discrete processes. The Petri net highlights the procedure, 
which determines a family of processes, but it does not show the details of the times 
and durations of any particular process. The timing diagram explicitly shows the 
flow of time and the parallel threads of processes made up of discrete states and 
events. The multiple paths in the timing diagram show the states where resources 
are waiting to be used and the critical path that has no wait states: every resource 
along a critical path is used as soon as it becomes available. 

As complete representations for logic, conceptual graphs and predicate calculus 
are general enough to represent everything that can be represented in a Petri net, a 
timing diagram, or any other notation for discrete processes. That generality, 
however, comes at the expense of a more detailed notation that can become less 
readable: the conceptual graph has many more nodes and arcs, and the predicate 
calculus has many more predicates and variables. The general and special notations 
complement one another: Petri nets and timing diagrams show fewer relationships, 
but they highlight them more clearly. 

MEASURING TIME. As St. Augustine obserired, the motions of the heavenly 
bodies do not constitute time, but they can be used to measure its passage. Any 

j 11 11 j 1111 j 1111 j 11 11 j 1111 j 1111j1111 j 1111 j 1111j1111 j 1111!1111 j 111 I time ~ 
o ro w ~ ~ ~ ~ 

FIGURE 4.9 A timing diagram for representing a history of states and events 
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FIGURE 4.10 A Petri net for a clock at time r-4 

other objects whose motions are sufficiently regular could also be used as a standard 
for measuring time. 9allieo used his own heartbeats to time fulling bodies. Clocks 
have been based on dripping water, sifting sand, swinging pendulums, and the 
vibrations of springs, tuning forks, crystals, and atoms. Figure 4.10 shows a Petri 
net for a clock that could be based on any such process. The transition named Tick 
is enabled by the token at the left. When the transition fires, it immediately replaces 
that token and adds another token to the place labded Tune. The four tokens that 
have accumulated in that place indicate that four ticks of the clock have elapsed. 
The time unit for one tick might be a month for a clock based on the moon, a 
second for water drops, or a nanosecond for a vibrating crystal. 

The clock in Figure 4.10 measures time by the number of tokens that have 
accumulated in the Time place, but the tokens might accumulate so fast that some 
additional mechanism may be needed to count them. Inside a mechanical clock, 
most of the gears are used to translate the high-speed ticks of a pendulum or vibrating 
spring to the much slower movement of the hour and minute hands. A digital clock 
would use a counter to translate a sequence of pulses to a number that counts how 
many pulses occurred. Figun; 4.11 shows a Petri net that could be used to count 
tokens. It has four places: the input place accepts new tokens from some process, such 
as the clock; the even place indicates a count of O; the odd place indicates a count of 
1; and the carry place accumulates tokens that overflow beyond the limit of 1. 

By itself, a one-bit counter is not very useful, but multiple copies of the counter 
can be linked together to count as high as desired. The carry place of each counter 
would be merged with the input place for the next higher bit; with n one-bit 
counters, the combined counter could measure times up to 2n. The Petri net could 

FIGURE 4.11 A Petri net for a one-bit counter 
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be extended with more transitions for drawing a notch on a line at every tick, a 
slightly longer notch at every 5 ticks, and the current total at every 10 ticks. As a 
result, the Petri net could print a calibrated arrow, such as the one at the bottom of 
Figure 4.9. The combined dock, counter, and printer could be used as a standard 
for riming other Petri nets, such as Figure 4.8. All methods of measuring time are 
based on the same principle: select some process whose ticks are assumed to be 
regular, and use the count of ticks to measure the progress of other processes. In 
effect, qualitative observations are more fundamental than quantitative measure­
ments: every measuring instrument ever invented is based on counting instances of 
some repetitive event type that is recognized by qualitative similarities. 

SYNCHRONIZING PROCESSES. The transitions of a Petri net are independent 
of one another and may fire asynchronously. That property makes them a better 
model for independent activities than a strictly sequential computer program. But 
if two processes have to cooperate, Petri nets can also be used to represent the 
control primitives, synchroi:lizing mechanisms, network protocols, and deadlock 
management techniques. 

As an example of interacting processes, Figure 4.12 shows a Petri net for two 
processes that produce messages and one process that consumes them. The six-place 
producer loop contains two tokens, each of which represents a process that is in 
some stage of producing messages. The five-place consumer loop contains only one 
token, which represents a process that is consuming messages. Two additional 
places, named Buff er Full and Buffer Empty, are used to synchronize the processes 
and ensure that sufficient buffers are available to hold the messages. 

Buffer Full 

FIGURE 4.12 A Petri net with producers and consumers 
interacting via semaphores 
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The two tokens on the producer loop move independently of one another; one 
token might overtake and pass the other. The single token on the consumer loop is 
even more independent. But to prevent messages from being lost, the two places 
labded Buffer Empty and Buffer Full enforce synchronization between producers 
and consumers: 

• Buffer empty. The three tokens in this place indicate three instances of empty 
buffers ready to be filled with messages. When a token on the producer loop 
reaches the transition labded P 1, it cannot pass unless there is at least one token 
in the buffer-empty place. If there is, the Pl transition removes one token from 
each of its input places and puts a token in its output place. More tokens 
accumulate in the buffer-empty place whenever the consumer passes through 
transition V2 and rerums an empty buffer. 

• Buffer fall The absence of a token in this place indicates that there are no 
buffers filled with messages. Therefore, the token on the consumer loop must 
wait at transition P2 until a producer token passes through transition V2 and 
puts a buffer containing a message in the buffer-full place. When a token 
appears in the buff er-full place, the consumer can pass through P2 and read the 
message; then it can pass through V2 to return the qnpty buffer. 

These two places and the transitions that add or remove tokens implement a 
synchronizing mechanism called a semaphore, which was introduced by the Dutch 
computer scientist Edsger Dijkstra. 

In operating systems, a semaphore is represented by a variable that maintains 
a count of available resources of some type. The two permissible operators on 
semaphores, called P and V, must be performed as uninterruptable actions: 

• Free. The V operation frees some resource, such as a buffer, to make it available 
to other processes. It adds 1 to the semaphore s to show that another resource 
is available. 

s:=s+l. 

The letter V comes from the Dutch word vrij (free). 

• Pass. The P operation makes a request for some resource and waits until it 
becomes available. If one or more resources are available, it subtracts 1 from s 
and lets the process pass through: 

If s= 0 then wait. 
If s>O then s := s - l; pass. 

• The letter P comes from the Dutch word passeer (pass). 

For the Petri net in Figure 4.12, the variables for the Buffer-Empty and Buffer-Full 
semaphores would represent the number of tokens in the corresponding places. 
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THEOREMS ABOUT PETRI NETS. The places and transitions of a Petri net 
form a static pattern of types; the tokens fl.owing through the net form a dyn~ic 
pattern of instances. From the pattern of types, it is possible to prove theorems that 
predict the permissible changes in the instances: 

• If a transition has n input places and m output places, then every time it fires, 
there is a net gain of (m-n) tokens on the Petri net. 

This theorem follows immediately from the rule for firing tran:sitions. An enabled 
transition fires by removing one token from each input place and adding one token 
to each output place. For the Petri net in Figure 4.8, transition b (which is called a 
fork) causes a net gain of (3-1) or 2 tokens whenever it fires. Transition k (which 
is called a join) causes a gain of (1-2) or a loss of 1 token whenever it fires. None 
of the other transitions cause any gain or loss, since they all have the same number 
ofinputs and outputs. · 

Each token in a Petri net corresponds to a separate thread or task in a multi­
tasking system. The timing diagram in Figure 4.9 shows that one thread starts at 
time t=O with the single token in state a. After transition b, there are three threads, 
which become two after transition k. At time t=64, there are five threads, caused 
by two more firings of transition band one of transition k. Two of the threads at 
the end of Figure 4.9 correspond to tokens in state 4 which is not an input to any 
transition. Those threads will remain dormant indefinitely. In an operating system, 
such dormant tasks cause memory leaks; they keep accumulating until they fill all 
available computer storage without performing any useful service. That problem, 
which is often caused by programs that do not maintain a balance between task 
opening and closing, can be avoided by the following theorem: 

• If for every transition, the number of inputs equals the number of outputs, then 
the number of tokens on the Petri net remains constant. 

A speci-al case is a conventional fl.ow chart or finite-state machine, which is trans-1 

lated to a Petri net such as Figure 4.4 with exactly one input and one output for 
every transition. 

Another way to avoid useless threads is to ensure that every path that leads t~ 
an n-way fork evenrually brings the threads together with an n-way join. Figure 
4.12 illustrates that solution. Although the number of tokens on the net may 
increase or decrease over time, there is an upper bound and a lower bound on the 
possible total at any moment. The following theorem can be used to determine 
those bounds: 

• On any cycle, if every place has one input arc and one output arc that is part 
of the cycle, then the number of tokens on the cycle remains constant (even 
though the number of tokens on the net as a whole may be changing). 
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Note that this theorem depends only on the number of inputs and outputs to each 
pl_ace of the cycle, not to each transition. Figure 4.12 has three cycles that meet that 
condition. The first two are the producer loop, which has two tokens, and the· 
consumer loop, which has one token. But there is also the buff er cycle in the 
middle, which has one place that overlaps the producer cycle and one place that 
overlaps the consumer cycle. In Figure 4.12, the buffer cycle has four tokens, one 
of which is shared with the producer cycle. The upper bound is 2 + 1 +4 or seven 
tokens, which would occur when there are no tokens in the shared places. The lower 
bound of four tokens would occur when both tokens on the producer cycle are in 
one shared place and the single token of the consumer cycle is in the other shared 
place. Figure 4.12 shows an intermediate state with six tokens. 

4.5 Computation 

As purely declarative notations, logic and mathematics have no inherent directional­
ity. A computation, however, always has a purpose. It must thread its way through a 
tangle of relationships to find the answer to some question. As an example, Newton's 
f.unous equation relates the force F on a body to its mass m and acceleration a: 

F =ma. 

By the way it's written, this equation suggests that force is the unknown result to 
be computed from the given mass and acceleration. Yet the equation could just as 
well be used to compute the mass fro~ F and a or the acceleration from F and m. 

·Similar observations apply to logical implications, which can be used in forward­
chaining or backward-chaining applications. The following implication was dis­
cussed in Section 1 A as a rule for the harmonious resolution of a dissonant chord: 

(Vx,y:Note)((simul(x,y) A tone(x,Ti) A tone(y,Fa)) :::::> 

(3z,w:Note)(next(x,z) A tone(z,Do) A next(y,w) A tone(w,Mi)) ). 

According to the way this formula is written, the expected reading would proceed 
from left to right: For every note x and~ if x and y are simultaneous, the tone of x is 
Ti, and the tone of y is Fa, then there exist notes z and w, where the next no"te after xis 
z, whose tone is Do, and the next note after y is w, whose tone is Mi. The if-then 
implication seems to suggest that a composer writing music should follow the rule 
in the way it is written: after writing a dissonant chord, follow it with a harmonious 
resolution. In practice, the composer might plan ahead to the final chord and then 
apply the rules backward to derive a series of chords with an intermediate disso­
nance before the final harmony. 

The relationships stated in logic and mathematics are like a road map: they 
affect every possible route, but they don't determine any particular direction a 
driver should take. The directionality of a computation, like the route the driver 
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chooses, depends primarily on the starting point and the desired goal. A road map 
is a statement of constraints the driver must observe to find a route with the best 
balance of speed, economy, convenience, and scenery. The constraints stated in a 
road map or a logical formula determine the options; the driver's goals determine 
the direction. 

DATAFLOW DIAGRAMS. Functions are relations that behave like one-way 
st!eets in guiding a computation. In graphic form, they correspond to datajlow 
diagrams, which have a preferred directionality. By definition, a function is a relation 
that has one argument called the output, which has a single value for each combi­
nation of values of the other arguments, called the inputs. In conceprual graphs, the 
output concept of a function is attached to its last arc, whose arrow points away 
from the circle. If fis a function from type Tl to type T2, the constraint of a single 
output for each input can be stated by an axiom in a conceptual graph or predicate 
calculus: 

[Tl: \f]--?(f)--?[T2: @l]. 
01 x:Tl)(3!y:T2)f(x,y). 

Both the graph and the formula say that for every input of type Tl, /has exactly 
one output (3!y) of type T2. Since the distinction between functions and other 
relations is important for many applications, it is useful to have a special notation 
thatmarks a relation as a function. InFigure4.13, the diamond nodes indicate that 
the relations Sum, Pred, and CS2N are functional. 

The variables ?a, ?b, and ?c are inputs that refer to concept nodes on other 
graphs. The output variable *x marks a defining node that could be referenced 
elsewhere by ?x. The functions Sum and Prod each take two numbers as input and 
generate one number a,s output. The function CS2N converts a character string 
input to a number as output. Figure 4.13 could be mapped to the following 
expression in predicate calculus supplemented with an infix notation for the mathe­
matical operators: -

x = (a + b) * cs2n(c). 

Number: ?a 

Number 

N~ber: ?b Number: *x 

String: ?c Number I 
FIGURE 4.I3 A dataflow diagram with functional relations 
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This equation looks like an assignment statement, and it could be translated to one 
in a conventional programming language. But the converse does not hold: not every 
assignment statement can be translated to a dataflow diagram. The following· 
assignment statement, for example, could never be interpreted as a true equation 
for any value of x: 

x=x+I. 

Such assignments, which change the value of a variable, cannot be represented in a 
dataflow diagram. The programming languages that correspond to dataflow dia­
grams are called fanctional. V aria bl es in those languages are not truly variable, since 
their values can never be modified after their first assignment. For that reason, they 
are also called single assigrzment languages. 

Without loops and branches, dataflow diagrams cannot support a complete 
programming system. When supplemented with a conditional operator and the 
ability to call diagrams recursively, however, they form the basis for a language that 
pn specify any computable function. Only three control mechanisms are needed 
for a complete fant:tional programming language. recursive function definition, 
ifunction application, and a conditional operator. As an example, Figure 4.14 shows 
'a conceptual graph for defining the function facto, which computes the factorial x 
of a nonnegative integer n. 

The relation Sub 1 subtracts 1 from its input; it corresponds to the function sub 1 
in LISP or the decrement operator in C. The conditional relation Cond corresponds 
to an if-then-else expression or the ternary?: operator in C. In Figure 4.14, the first 
argument of Cond is the truth value of 2> n; if true, the output of Cond is the second 
argument 1; otherwise, the output of Cond is the third argument, which results from 

relation Facto(*n,*x) is functional 

Boolean 

Integer: ?x 

Integer: 1 

Integer 

FIGURE 4-14 Using a conceptual graph to define a recursive function 
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the recursive call. The keyword functional is a metalanguage abbreviation for the 
axiom that there exists exactly one output x for every input n. The next three lines 
show how the conceptual graph would be translated to a lambda .expression in 
predicate calculus, a function in C, and a function in LISP: 

• Predicate calculus. facto = (,1.n:Integer)cond(2>n, l, n*facto(n-1)). 

• C. int facto{int n) {return ((2>n) ? 1 : n*facto( - n)); } 

• LISP. (defun facto (n) (if(> 2 n) 1 (* n (facto (subl n))))) 

These translations illustrate the equivalence between a specification in logic and a 
purely functional specification in a programming language. For convenience, effi­
ciency, and the ability to control multiple processes, la11oauages like C and LISP 
support many other features, but the functional mechanisms alone are sufficient to 
simulate a Turing machine. For parallel machines, functional languages can often 
achieve higher efficiency than conventional languages because all the dependencies 
are specified before compile time; no surprises can occur that would interrupt the 
parallel processes. 

COMPUTING WITH PETRI NETS. When a dataflow diagram such as Figure 
4.13 is translated to a Petri net, concepts map to places, and relations map to 
transitions. But recursive diagrams, such as Figure 4.14, would cause the Petri net 
to grow and shrink dynamically. Each recursive call to Facto would cause the label 
Facto to be repiaced by a copy of its defining graph. That new copy, which is 
invoked to compute another value, is erased after it returns the result. For. efficiency, 
an optimizing compiler would avoid copying the entire graph; instead, it could use 
a pushduwn stack to store only the changeable data. 

If concurrent processes have interacting side effects, dataflow diagrams can 
be supplemented with general Petri nets. Kurt Jensen (1992) took advantage of 
that distinction in his system for compiling colored Petri nets to executable code. 
He used the functional language ML (Stansifer 1992) to specify the basic com­
putation within a transition and developed graphic tools to simulate the in­
teractions between transitions. This distinction enables the different kinds of 
computations to be specified, tested, and debugged in a modular fashion. After 
the testing and debugging, the complete Petri nets are compiled to C for efficienq 
and portability. 

Petri nets are especially useful for event-driven programs that respond to unpre­
dictable surprises from outside the computer system. Some large applications were 
implemented with Jensen's tools: a radar simulation Sy-stem,· electronic money 
transfer between banks, and communication protocols for a digital telephone 
network. Since the activity diagrams in UML are based on Petri nets, such tools can 
be used to simulate UML models and compile them to executable code. 
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MEssAGE PASSING. Surprises in event-driven systems are commonly repre­
sented by passing messages from one process to another. The kinds of systems can 
be distinguished by the way the sending process communicates with the receiving 
process: 

• 
r 
\· 

'· 

Synchronous or asynchronous. In synchronous communication, the process that 
sends the message waits for an answering message before continuing. In asyn­
chronous communication, the process that sends the message continues with­
out waiting for a response. 

Addressed or associative. In addressed communications, the sending process 
invokes a particular process by its address, name, or other identifier. In associa­
tive or pattern-directed communication, the process that sends the message does 
not know the identity of the process that accepts and responds to the message. 
Instead, the sending process puts the message in a pool, called a blackboard or 

i · bulletin board(BB), and the responding process selects a message from BB that 
matches a pattern it is prepared to handle. In the Java language, BB is called 
the InfoBus. 

Combinations of these two distinctions lead to four kinds of communication by 
message passmg: 

1. Synchronous addressed communication corresponds to a function or subrou­
tine call, in which the calling program is suspended until the called program 
returns a result. 

2. Asynchronous addressed communication supports parallel processing for in~ 
put/output devices and mutithreaded operating systems. 

3. Synchronous associative communication is based on an ag~ for ordering or 
prioritizing tasks in forward-chaining languages St1ch as CLIPS. 

4. Asynchronous associative communication resembles the New York Stock Ex­
change, with a pandemonium of brokers making trades for buyers and sellers 
who never know each other's identity. It is used in distributed processing, 
triggers in database systems, and data sharing among independent Java pro-
grams that communicate via the InfoBus. · 

Logically, addressed communications correspond to backward-chaining inferences, 
and associative communications correspond to forward-chaining inferences. The 
question of whether a process waits or continues is an implementation issue that 
does not affect the logical relationships, but it does affect efficiency: Synchronous 
communication is easier to control, but asynchronous communication can keep 
more processes active at the same time. 
· Associative communication, whether synchronous or asynchronous, requires a 

common place, such as the bulletin board BB, where the processes deposit their 



4· 5 COMPUTATION 

messages and look for new messages that match their patterns. Since CLIPS is a 
synchronous language, the only active process is the inference engi.ne. The CLIPS 
BB is the working memory that stores all the facts; the inference engine carries out 
all the pattern matching, sequencing, and rule execution. For asynchronous asso­
ciative communication, the common place can become as busy as the floor of a 
stock exchange. Despite the apparent chaos, useful work- can be accomplished as 
long as the processes follow well-defined rules for the formats of messages and the 
ways of sending and receiving them. 

LINDA. The language Linda, designed by David Gdernter (1985), has a 
simple but powerful set of rules for asynchronous associative communication. In 
Linda, messages are passed via BB as n-mples or lists of n data items. There are three 
kinds of tuples: 

• Data. A data tuple represents a fact that is being assened,-a value that has been 
computed, or a response to some earlier message. It looks like an instance 
frame, an assertion in CLIPS, or a row of a relational database. 

• Patterns. A pattern tuple, like a condition in CLIPS, has a variable marked 
with ? in zero or more of the slots in the tuple. When a process requests a data 
tuple from BB, it provides a pattern tuple. If the pattern matches some data 
tuple currently in BB, the variables in the pattern tuple are replaced with values 
from the corresponding slots in the data tuple. 

• Executables. An executable or live tuple differs from a data tuple by containing 
an expression in one or more slots. For each expression, a new process is started 
asynchronously to evaluate the expression before the result is placed in BB. 

In effect, the Linda bulletin board resembles a relational database, in whlch a BB 
manager responds to requests from multiple concurrent processes. The sample 
database in Figure 3.3 could be stored in BB as a collection of data tuples: 

(objects A pyramid red) -
(objects B pyramid green) 

(supports A D) 
(supports B D) 

To ask a question like What is the name and shape of a green obje.ct?, some process 
would send a request to BB with the pattern tuple (objects ?name ?shape green). 
The BB manager would match this pattern to a data tuple and replace the variable 
?name with "B" and the variable ?shape with "pyramid". If no matching data tuple 
is found, the two Linda operators lnP and ReadP send a negative response, but the 
In and Read operators keep the requesting process waiting until a matching tuple 
is placed in BB. 

Processes communicate by six possible operations that put tuples in BB or take 
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\ r. lnP~ 
~@ 9 ~ C..-null 

Evaluate 

~~ 
~ 
~ _,\ )-JResponse Rep7 

FIGURE 4.15 Petri nets for the Linda operators 

matching tuples out of BB. Figure 4.15 shows the Petri nets that represent the 
following Linda opera tors: 

1. In. The In operator sends a pattern tuple to BB, which is matched to some 
data tuple in BB. If a matching tuple is found, it is sent to the calling process. 
If no match, the calling process must wait until some other process sends a 
matching data tuple to BB. The Petri net for the In operator is in the upper left 
of Figure 4.15. 

2. Read. The Read-operator is like In, but with one extra feature: when a match­
ing tuple is found in BB, a copy is sent to the calling process, and the original 
is returned to BB. Its Petri net is like the net for In, but with an arc to return 
the tuple to BB. 

3. Out. The Out operator sends a data tuple to BB and lets the sending process 
continue. Its Petri net is in the upper middle of Figure 4.15. 

4. EvaL The Eva! operator evaluates the expressions of an executable tuple and 
sends the resulting tuple to BB. Its Petri net resembles the net for Out, but with 
a transition labeled Evaluate before the result goes to BB. For each expression 
in the executable tuple, Eva! starts a separate process. Depending on the 
complexity of those expressions, the new processes could call Eva! recursively 
to start more processes. 

5. JnP. The InP operator is like In, but if no matching tuple is found in BB, it 
sends a null tuple to the requesting process instead of making it wait. The Petri 
net for InP, which is shown on the right side of Figure 4.15, has four additional 
transitions and places .. The first transition generates a null tuple for its left 
output and passes the original pattern tuple to the right output. The transition 
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labeled In is the saine as the In operator. The one labeled Delay pauses to give 
In a chance to search for a match; then it passes the null tuple to its output 
place. If In finds a match, the matching tuple is sent to the place labeled 
Response; otherwise, the transition labeled Null passes the null tuple to the 
Response place and deletes the original pattern tuple, which is still waiting. 
Finally, the transition labeled Reply passes whatever tuple is in the Response 
place to the original process and deletes the leftover null tuple. 

6. ReadP. The ReadP operator is like InP, but if a match is found, it sends a copy 
of the matching data tuple to Response and sends the original data tuple back 
to BB. Its Petti net, which is not shown in Figure 4.15, is like the net for InP, 
but with one extra arc to return the tuple to BB. 

From the calling program, the six Linda operators appear to be ordinary subroutine 
calls. They can be called from languages like FORTRAN and C, which do not have 
any built-in features for multirasking. With the addition of Linda calls, such 
languages have been used to implement highly parallel distributed systems (Carri­
ere & Gelemter 1990). In a Petri net, the Linda operators Ca.n be called as subnets; 
to the calling net, they look like simple transitions whose internal details are not 
visible. For examples, see the exercises at the end of this chapter. 

A Linda-like system could be designed for any form of knowledge repre­
sentation, including frames, Prolog terms, or conceptual graphs. Logically, BB is a 
repository of facts and goals that can be accessed, in parallel by multiple inference 
engines. Computationally, many systems implement Linda'-like operations in vari­
ous ways. An SQL database, for example, can be viewed as a bulletin board with 
indexed tables of tuples that are accessed concurrently by multiple distributed 
processes. Sandewall's category of surprises could be represented in SQL or any 
other Linda-like system by processes that deposit "surprising" messages in the 
database or BB. Processes that are sensitive to surprises could use SQL queries or 
the Linda ReadP operation to check for messages that might affect their outcome. 

4.6 Constraint Satisfaction 

A computation follows a method to achieve a goal that satisfies cenain constraints. 
In procedural languages, the programmer states the method in detail and leaves the 
goal unstated, except perhaps in the comments and documentation. In nonpro­
cedural languages, the programmer states the goal and lets the computer system 
select an appropriate method. In either kind of language, the constraints must 
always be specified. The SQL database language is a typical nonprocedural lan­
guage: the programmer specifies a goal in the select clause of a query and the logical 
constraints in the where clause; then the database system determines an' appropriate 
method for satisfying the constraints. 
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By itself, a constraint is a proposition stated in some logic-based language. What 
makes a constraint different from an ordinary statement is the ulterior purpose 
behind it: some agent has declared that the constraint must be true. Computation­
ally, some goal triggers a search for a combination of values that make the constraint 
true. The method of searching depends on both the goal and the constraints. In 
SQL, for example, very different search methods would be generated by different 
sdect options with the same where clause. 

GENERATE AND TEST. For his system of rotating disks, Ramon Lull discov- · 
ered a general method for solving constraint-satisfaction problems: generate and test. 
Figure 4.16 shows the two-step flow chart: the box at the top contains a generator 
that assigns values to all variables each time it is invoked; the diamond applies all 
the tests to see whether the latest assignment solves the problem. In Lull's system, 
the generate box corresponds to a systematic method of rotating the circles to 
generate possible combinations, and the test corresponds to Lull's tables and dia­
grams for checking the resulting combinations. In ·a modern programming lan­
guage, the generate box could be implemented by a nest of loops, a backtracking 
method, or some other method of systematically stepping through all possibilities. 
Whenever a new combination of values is generated, all tests are applied. If any of 
them fail, the algorithm goes back to generate a new combination. 

The generate-and-test algorithm has one important property: it is gen~ral 
enough to solve all constraint satisfaction problems. For realistic problems, how-

1Ume Generate values 

left? for all variables 

enough values 
avai'4ble? 

failed? 

:FIGURE 4.16 Generate-and-test algorithm for constraint satisfaction 
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ever, it is impossibly slow, since its execution time increases exponentially with the 
number of variables. Its saving grace is that many of the most useful programs can 
be converted to highly optimized ones just by changing the order of generating 
values and testing constraints. The general method of reordering, which is used in 
rdational database systems and many AI systems for planning and problem solving, 
is called constraint propagation. 

CRYl7L\RITHMETIC PROBLEM. To illustrate the effects of constraint propaga­
tion, consider the puzzle SEND+MORE=MONEY, which is an example of a 
cryptarithmetic problem. The goal is to replace the letters with digits that make the 
equation true; each letter represents a single digit, no digit is repeated, and the 
initial digits Sand M must not be zero. In their studies of human problem solving, 
Allen Newell and Herbert Simon (1972) studied how people solve such puzzles in 
the hope of finding heuristics for making AI programs more natural. Yet a conscious 
imitation of human techniques is unnecessary.. An optimal solution that is remark­
ably similar to the best human approaches can be derived directly from an analysis 
of the logical constraints. An optimizing compiler could use such an analysis to 
determine an efficient sequence of execution. 

The constraints are derived from the equation SEND+ MORE= MONEY and 
the rules of arithmetic. Besides the eight variables S, E, N, D, M, 0, R. Y, there 
must be four variables to represent possible carries: let C 1 represent a carry from 
the units position; C2, a carry from the tens position; C3, a carry from the 
hundreds position; and C4, a carry from the thousands position. Then the puzzle 
determines five constraint equations: 

D + E = Y + lOXCl. 
N + R + Cl = E + 10XC2. 
E + 0 + C2 = N + 10XC3. 
S + M + C3 = 0 + 10XC4. 
C4=M. 

The carries Cl, C2, C3, and C4 are restricted to be 0 or 1 with possible repetitions; 
the other variables are restricted to 0 through 9 with no repetitions; and the leading 
digits must not be zero: S>O and M>O. 

The structure of the generate-and-test algorithm and the method of optimiza­
tion would be essentially the same in any programming language. The unoptimized 
code, which corresponds to the fl.ow chart in Figure 4.16, would be translated to 
tw0 separate blocks of code for the generate box and the testing dianiond. The 
generate box would use some method of iterating, such as looping, recursion, or 
backtracking. At each iteration, it would generate the next combination of values 
for all variables. Then the code for the testing diamonds would check whether all 
the constraints are satisfied. If not, it would loop or backtrack to the generate box 
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Generate value 
for first variable 

Generate values 
for all variables failed? 

Generate value 
for next variable 

FIGURE 4.17 Optimizing the generate-and-test algorithm 
by constraint propagation 

failed? 

to find another combination. When it finally finds a satisfactory combination, the 
program exits with the answer. 

In the back of this book, the answer to Exercise 4.17 gives a solution in Prolog, 
which is more concise than most other languages. For problems of this kind, a few 
lines in Prolog would expand to a page of code in LISP or many pages in C. The 
unoptimized version of the Prolog program eventually finds the correct combin;i.­
don: M=l, S=9, O=O, E=5, N=6, R=8, D=7, and Y=2. The total CPU time 
is aboui: 13 seconds on an IBM 3090 computer. Although 13 seconds is not a long 
time for a complex problem, this problem could be solved in just a few milliseconds 
with a different ordering of the generating and testing. 

OPTIMIZATION. By constr.!int propagation, the unoptimized program can i:>e 
improved by interleaving the operations of generating values and testing constraints. 
The optimized version corresponds to the flowchan on the right side of Figure 4.17. 
Following are two metalevd principles that determine which constraints to move: 

• When values have been generated for all variables in a constraint, test that 
constraint before new values are generated for other variables. 
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• If all remaining constraints depend on variables that have not yet been as- , 
signed a value, generate values for the constraint that has the smallest choice 
space. 

To define the size of a choice space for a· constraint, let x1,Xi_, •• • ,xn be the variables 
that have not yet been assigned values. Then let choice{x) be the number of possible 
values x; can assume. The size of the choice space is defined as the product 
choice(x1) X ... X choice{xn). 

- To illustrate these principles, apply them systematically to optimize the 
SEND+MORE = MONEY problem. The first constraint to test is ihe one 
with the smallest choice space: C4=M. Since M is determined by the value of 
C4, its choice space is limited to the two possible values of C4. The funher 
constraint M>O eliminates the value 0 and completely detennines the values 
M=l and C4=1. The beginning of the optimize4 program therefore has no 
choices: 

• Assign M=l and C4=1. 

• The available values that can be assigned to other variables are [0,2,3,4, 
5,6,7,8,9]. 

After the values of C4 and M are determined, the next most restricted constraint is 
S+M+C3=0+IOXC4. In this equation, three variables, S, o: and C3, are 
without values; a choice for any two determines the third. Since C3 is limited to 0 
or 1 and Sis restricted by the funher constraint that S>O, the choice space is 2X8 
or 16. All the other equations have a choice space of 112 or more. The procedure 
should then choose a nonzero value for S, choose a value for C3, compute the value 
of 0 from the choices for S and C3, and check whether the computed value for 0 
is one of the possible values left in the list R8. The next part of the optimized 
program would be 

• Choose 0 or 1 for C3, and choose a nonzero value for S from the availability 
list. 

• Compute 0 := S + M + C3 - 10XC4. 
• If 0 is not in the available list, backtrack to make another choice. 

The next most restricted constraint is E+O+C2=N+IOXC3, in which the 
variables E, N, and C2 need values. There are two choices for C2, and seven for E 
or N. Since E and N have the same choice space, either one can be chosen first to 
determine a value for the other; the choice space is 2X7 or 14. 

• Choose 0 or 1 for C2, and choose E from the availability list. 

• Compute N := E + 0 + C2 - 10XC3. 

• If N is not in the available list; backtrack. 
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Now the most restricted constraint is N+R+Cl=E+lOXC2. Only Rand Cl 
require values, and picking 0 or 1 for Cl determines R: 

• Choose 0 or 1 for C 1. 

• Compute R := 10XC2 + E - N - Cl. 

• If R is not in the available list, backtrack. 

Finally, the last constraint to be tested is D+ E=Y+ lOXCl, in which only D and 
Y need values. Picking a value for either one determines the other. The end of the 
program is 

• Choose a value for D from the availability list. 
• Compute Y := D + E - lOXCl. 

• IfY is not in the available list, backtrack. 

This optimized reordering of the generating and testing can be translated to any 
programming language. The improvemenr in performance is dramatic: the Prolog 
version takes only four milliseconds - more than 3200 times faster than the 
unoptimized version. See Exercises 4.15 and 4.16 and the answers at the back of 
the book for further discussion of this problem. 

OBSERVATIONS ON THE METHOD. The optimized program is still a form of 
generate and test, but a more distributed form, represented by the flowchart on the 
right side of Figure 4.17. Instead of having a single block that generates all 
combinations followed by another block that tests all constraints, the optimized 
version repeatedly generates a few combinations and immediately tests them. 
Reordering the sequence of generating and testing improves performance in three 
ways: 

1. Dependencies in the constraints allow certain values to be computed determin­
istically from the values already generated for other variables. In this example, 
the choice spaces for M, 0, N, R, and Y were narrowed down to 1. 

2. Some constraints, such as M>O and S>O, do not determine a unique value, 
but they help reduce the size of the choice spaces. 

3. Other constraints serve as filters that break up the monolithic generate block 
into a sequence of smaller generate blocks separated by constraint testing, as in 
the flowchart on the right of Figure 4.17. 

With weak constraints that hav; a l.ai-ge ·dioice space, the filtering effect is of little 
value. The worst case arises when every constraint requires values for all variables 
before it can be tested; then reordering is not possible. For many practical problems, 
however, each constraint depends on a small subset of the variables. The generate 
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block on the left side of Figure 4.17 can then be partitioned into a separate block 
for each subset of variables. The ideal case occurs when the constraints that separate 
the blocks filter out all but one combination. Such filtering breaks the problem into 
separable subproblems that completely eliminate backtracking. Then the total 
number of combinations that have to be tested is the sum of the choice spaces in 
each subblock rather than their product. In practice, the reordering reduces but 
does not elim.iriate the backtracking. In this example, even a partial reduction is 
good enough to improve performance by a factor of 3200. 

METALEVEL HEURISTICS. Generate and test is an exhaustive search for the 
best possible solution. Constraint propagation is a metalevel technique that reor­
ganizes the search to improve performance, but it still finds the best solution if one 
exists. Heuristics are also metalevel techniques for guiding the search, manipulating 
constraints, or evaluating different solutions at the object level. Unlike generate and 
test or constraint propagation, most heuristics cannot guarantee that a solution they 
find is the best possible. There are many such techniques, including genetic algo­
rithms, which simulate an evolutionary search for gradually improved methods. 
Peirce emphasized three ways of using logic: deduction, induction, and ahduction.. 
His third method, abduction, uses heuriStics to guess a solution, followed by 
deduction to verify its correctness. As a universal language for representing decla­
rative information, logic is equally suitable for deductive algorithms that determine 
the best soluti~n and metalevel heuristics that search for acceptable solu~ons. 

4.7 Change 

Reasoning about change and its causes and effects is one of the most important but 
difficult problems for Al Formally, a change occurs when certain facts that are true 
in a situation s1 are no l9nger true in a later situation Si· The problem lies in 
identifying which facts remain true, which change, how they change,.when they 
change, and why. Although the focus of this book is on representation rather than 
reasoning, the choice of representation can have a major effect on the way the 
reasoning is carried out and on its ultimate success or failure. 

SITUATION CALCULUS. In an early memo, John McCarthy (1963) intro­
duced a representation called the situation calculus, which has become one of the 
most popular logic-based methods for reasoning about change. His basic idea was 
to represent cause by a metalevel operator, which treats propositions as fluents that 
are true in certain situations:. 

cause(n)(s). 
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McCarthy said that this formula is "intended to mean that the situation swill lead 
in the future to a situation that satisfies the fluent n. Thus cause{n) is itself a 
propositional fluent." As an example, he wrote 

CV s:Situation) (V p:Person) 
[(raining/\ outside(p)) :::::> cause(wet(p))](s). 

McCarthy's brackets enclose a propositional fluent, which is applied to the situation 
s to derive a proposition. The complete formula may be read For every situations 
and person p, if it is raining and p is outside, then p will become wet in a situation 
caused bys. 

Over the years, everybody who has used the situation calculus has adapted it 
to his or her preferred notation. To conven McCarthy's formula to a conceptual 
graph, move the brackets to enclose the proposition about the situation: 

[Situation: V*s 
(Vp:Person)((raining A outside(p)) :::::> cause(s,wet(p))) ]. 

The:; result is a hybrid notation: the brackets represent a concept of type Situation 
with a universal quantifier; the nested formula states a proposition that describes 
the situation; and the metalevel cause predicate has an extra argument s to relate 
the situation to its effects. This hybrid could be translated to a pure CG form by 
replacing the nested formula with an equivalent conceptual graph. In the CG form, 
the concept box corresponds to an implicit description predicate dscr(s,p)_. Follow­
ing is a translation back to predicate calculus notation: 

(Vs:Si tuation)dscr(s, 
CV p:Person) ((raining A outside(p)) :::::> cause(s,wet(p)))). 

This formula says that every situations is described by the proposition that every 
person who is outside when it is raining gets wet. In this formula, the link between 
the situation s and the nested proposition is shown explicitly by the metalevel 
description predicate. That predicate enables McCarthy's fluents to be replaced by 
ordinary predicates and propositions. 

For problem solving with the situation calculus, Cordell Green (1969) used a 
theorem prover based on a rule of inference called resolution. But since his theorem 
prover was a first-order system without metalevels, Green translated McCarthy's 
notation to a form without fluents or metalevd Operators. In Green's notation, 
every predicate has an explicit argument for the situation: 

(V s:Situation)(V p:Person) 
((rainirig(s) A outside(p,s)) :::::> getWet(p,s)). 
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This formula may be read For every situation s and person p, if it is raining in s and 
pis uu.tside ins, then p gets wet ins. Unfonunately, Green's first-order notation also 
requires axioms to say what does not happen: 

(7 s:Situation) (7 p:Person) 
((raining(s) /\ inside(p,s)) :::J -getWet(p,s)). 

This formula says that every person who stays inside in a situation in which it is 
raining does not get wet. 

The need to say what does not happen has been one of the major drawbacks 
of the situation calculus. In Section 3.1, axioms of persistence were needed to say 
that after a traffic light turns red or green, it remains that color until something 
causes it to change. For many applications, the number of axioms that say what 
does not happen tend to overwhdm the axioms about the changes that actually do 
happen. McCarthy and Hayes (1969) called such a proliferation of negative axioms 
the frame problem. That name tends to be confusing since the frame problem 
primarily affects the situation calculus, and it usually does not occur with frame 
representations. 

°SOLVING THE FRAME PROBLEM. Leibniz's principle of sufficient reason is the 
key to solving the frame problem: Nothing at all happens without some reason. That 
principle is a metalevel statement that cannot be used in purely first-order theorem 
provers. Nevertheless, it has been implemented in many systems, both logic-based 
and procedural. The. first explicit solution to the frame problem was by Richard 
Fikes and Nils Nilsson (1971) with their system called STRIPS (Stanford Research 
Institute Problem Solver): 

While Green's formulation represented a significant step in the development 
of problem solvers, it suffered some serious disadvantages connected with 
the "frame problem" that prevented it from solving nontrivial problems. In 
STRIPS, we surmount these difficulties by separating entirely the processes of 
theorem proving from those of searching through a space of world models. This 
separation allows us to employ separate strategies for these two activities and 
thereby improve .the overall performance of the system. Theorem-proving 
methods are used only within a given world model to answer questions about 
it concerning which operators are applicable and whether or not goals have 
been satisfied. 

The world models of STRIPS correspond to McCarthy's situations. Each model is 
a collection of statements in the existential-conjunctive (EC) subset of logic. The 
metalevel for reasoning about the models is implemented in LISP procedures that 
search the network of models, generate the changed models by adding or deleting 
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propositions, and test whether the newly generated models have reached the desired 
goals. The search strategy is based on means-ends analysis, a technique pioneered by 
Newell, Shaw, and Simon (1959) with the General Problem Solver (GPS). 

In the STRIPS formalism, every possible action by a robot has three associated 
propositions or lists of propositions. The act of pushing, for example, has the 
following description: 

• 
• 

• 

Signature. push(Object:k, Location:m, Location:n) . 

Precurldition. atRobot(m) /\ at(k,m) . 

Delete list. atRobot(m), at(k,m). 

Add list. atRobot(n), at(k,n) . 

The signature states the types of entities to which the act applies: the robot pushes 
an object k from location m to location n. The delete and add lists are limited to 
statements in EC logic, but the precondition is an arbitrary first-order statement 
that must be true to enable the action. To simulate the act of pushing, STRIPS uses. 
a resolution theorem prover called QA3 (Question-Answering System #3) to verify 
that the precondition is true in the current model. Then it generates the changed 
model by making a copy of all the statements in the current model, deleting the 
ones on the delete list, and adding those on the add list. As a result, the propositions 
in the changed model say"that the robot and the object k, which were originally at 
location m, are now at location n. 

STRIPS avoids the frame problem by using a two-level or stratified reasoning 
method. By copying the current world model as the first step in generating the next 
one, STRIPS obeys Leibniz's metalevel principle ofleaving everything unchanged 
that is not affected by the current action. Without the metalevel, additional axioms 
are needed for every action and every changeable thing that is not affected by that 
action. The resulting explosion of first-order axioms is typical of systems that do 
not have a metalevel. Exercise 1.37, for example, shows how the single metalevel 
statement of Exercise 1.36 expands to 499,500 first-order statements. With an 
appropriate use of .inetalanguage, the proliferation of axioms caused by the frame 
problem disappears. · 

Variations of the STRIPS technique have been implemented in many systems of 
model-based reasuning. Like STRIPS, many of them implement the metalevel in a 
procedural language; Robert Kowalski (1979) showed how logic could do STRIPS­
like metareasoning declaratively; others do the met;alevel reasoning by techniques of 
belief revision or theory revision, which are described in Section 6.5. The reason frame 
systems do not suffer from the frame problem is that they must always use a two-level 
implementation, since the subset of logk expressed by frames is too limited to 
represent everything. Therefore, they combine the EC subset oflogic for representing 
world models with a procedural language for metalevel manipulation of the models. 
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Similar techniques are used for temporal reasoning in database systems: the current 
state of the database is a world model, which requires only EC logic; the precondition 
for an action is tested with an SQL query; and the deletions and additions are 
performed by database updates. 

YALE SHOOTING PROBLEM. Steve Hanks and Drew McDermott (1987) 
posed a problem that has raised controversies about the role of logic in reasoning 
about time. Named after their university, the Yale shooting problem concerns a 
person who is alive in a situation So· In their version of the situation calculus, they 
replaced McCarthy's metalevel cause operator with a function named result: 

• Situation sr is the result of a gun being loaded in s0: 

sr = result(load,.ro). 

• Situation Ji is the result of waiting for some interval of time after sr: 

Ji = result(wait,sr) = result(wait, result(load,sa). 

• Situation ~ is the result of the victim being shot by the gun: 

~ = result(shoot,Ji) 
= result(shoot, result(wait, result(load,.!Q))). 

Figure 4.18 shows a finite-state machine whose states represent the situations and 
whose arcs represent the actions that transform one situation to the next. The 
problem is to determine whether the victim is alive or dead in situation ~· 

Hanks and McDermott found that the axioms of persistence in situation 
calculus cannot definitely predict the fate of the victim. With their representation, 
the state of a person being alive would normally persist, but the state of a gun being 
loaded would also persist. The situation calculus cannot determine whether the gun 
switches state from loaded to unloaded or the victim switches state from· alive to 
dead. The length of time spent waiting between situation Sr and Ji, for example, is 
not specified. If the waiting time had been a minute, the gun would be likely to 
remain loaded. But if the time had been a year, it's more likely that someone would 
have unloaded it. The person or persons who carried the gun, loaded it, pulled the 
trigger, or perhaps unloaded it are not mentioned, and their motives are unknown. 
The type of weapon, the distance between the assassin and the victim, the victim's 
movements, and the assassin's shooting skills are unknown. Without further infor­
mation, no system of logic by itself can determine exactly what would happen. 

alive aliveVdead 

FIGURE 4.18 A finite-state machine for the Yale shooting problem 
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As someone who has long worked on logic-based approaches to AI, McDer­
mott had hoped that logic alone would be able to give a unique answer to the Yale 
shooting problem and other similar, but more practical problems. He reluctantly 
concluded that the versions of nonmonotonic logic used for reasoning about time 
cannot by themselves solve such problems: 

The whole point behind the development of nonmonotonic formal systems for 
reasoning about time has been to augment our logical machinery so that it 
reflects in a narural way the "inertia of the world." All of this effort is wasted 
if one is trying merely to express constraints on the physics of the world: we 
can solve the problem once and for all by saying "once a fact becomes true it 
stays true until the occurrence of some event causes it to become false." ... 
Many researchers; however, would not be satisfied with using logic only as a 
notation for expressing ontological theories. 

McDermott's method of solving the problem "once and for all" is a paraphrase of 
Leibniz's principle of sufficient reason. But as Leibniz observed, every entity in the 
universe has some influence on every other entity. Only an omniscient being such 
as God could account for the potentially infinite number of events that might cause 
a change. To determine which of those events are significant, finite reasoners -
human or computer - must use background knowledge about physics to select the 
. most likely causes and effects. 

DISTRIBUTED SITUATIONS. As Figure 4.18 illustrates, the usual situation cal­
culus is equivalent in strucrure to a finite-state machine, which can only represent a 
single-threaded sequence of situations and events. When multiple agents interact, 
however, they create distributed processes that are more naturally represented by Petri 
nets. Figure 4.19, for example, shows two representations for a robot r pushing an 
object k from m to n: on the left, a finite-state machine that corresponds to the 
situation calculus; and on the right, a Petri net. A token in a circle indicates that the 
corresponding condition is true at the indexical time now. 

For the situation calculus, the finite-state machine shows the preconditions and 

G) atRobot(m)Aat(k,m) 

-''- push(k,m,n) 

.,(,m) \ l "1.~m) 

!'\(.~.,,., 

at(r,n) Q Qat(k,n) 0 atRobot(n)Aat(k,n) 

Situation Calculus Petri Net 

FIGURE 4.19 ·Representing a robot r pushing an object k 
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postconditions for a robot pushing an objeci:, as Fikes and Nilsson stated them in 
STRIPS. Since finite-state machines correspond to Petri nets with just one token 
on the entire net, any version of the situation calculus that can be modeled by an 
FSM can only represent a single active agent, such as a robot worklng alone. The 
Petri net on the right, however, shows a distributed representation with separate 
input and output states for the robot rand the object k. With multiple circles and 
tokens, a Petri net can represent any number of active or passive entities, whose 
states can be updated independently. 

For the Yale shooting problem, Figure 4.20 takes advantage of the greater 
expressive power of Petri nets to show causal links between states and events that 
involve different participants. Following are the mappings from Petri nets to a 
distributed version of the situation calculus: 

• Places. Every place on the Petri net represents a type of condition that can be 
expressed by a proposition stated in predicate calculus or conceptual graphs. 
The seven places in Figure 4.20 represent seven types of conditions that might 
be true at some time in the past, present, or future. 

• Tokens. A token in a place means that the corresponding condition is true at 
the indexical time now, which is the point in time of the current situation. 
Instead of representing situations by single nodes, as in finite-state machines, 
a Petri net represents the current situation by a conjunction of the conditions 
for all the places that currently contain tokens. In Figure 4.20, the initial 
situation is described by a conjunction of two propositions: the assassin has a 
gun, and the victim is alive. 

• Events. Every transiti~n represents a type of event, whose precondition is the 
con junction of the conditions for its input places and whose postcondition is the 
conjunction of the conditions for its output places. In the example, the Misfire 
event has no output conditions. When it occurs, its only effect is to erase a token 
from the place labeled Firing-pin-struck, thereby disabling the event Gun-fires. 

• Arcs. The arcs that link places and transitions have the effect of the add and 
delete lists in STRIPS. For any transition, the input arcs correspond to the 
delete list because each of them erases a token from its input place, thereby 
causing the corresponding proposition to become false. The ouput arcs corre­
spond to the add list because each of them adds a token to its output place, 
thereby asserting the corresponding proposition. 

• Persistent places. A place that is linked to a transition by both an input and an 
output arc is persistent because its condition remains true when that transition 
fires. In the example, the place labeled Assassin-has-gun persists after the 
assassin loads the gun or pulls the trigger. For all the other places in Figure 4.20, 
their preconditions become false after their tokens are used as input to some 
transition. 
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Assassin 
has gun 

Assassin 
pulls trigger 

Assassin 
loads gun 

struck ~ / loaded 
Finngrpin Gun 

Misfir Gfu ~ ~ / Somebody 
e - un es T T unloads gun 

Victim 0_ Victim shot 0 0 Gun 

alive ·- . ~ / unloaded 

Victim dies T 
0 Victim dead 

FIGURE 420 A Petri net for the Yale shooting problem 

Figure 4.20 elaborates the Yale shooting problem with further detail. This elabora­
tion is by no means unique, since any problem can be analyzed and extended with 
any amount of detail. 

Questions about future situations can be answered either by executing the 
Petri net interpretively or by proving theorems about which states are reachable. 
To determine what happens to the victim, trace the flow of tokens through 
Figure 4.20: 

1. If the assassin loads the gun and pulls the trigger before anyone unloads it, the 
gun can fire, shooting the victim, who ends up dead. 

2. If somebody unloads the gun before the assassin pulls the trigger, the gun 
misfires, and the victim remains alive. 

3. -Even if the gun is loaded when the assassin pulls the trigger, there is a slight 
chance of a misfire because of sonie other malfunction. In that case, the victim 
also remains alive. 

With these possibilities, the most that can be concluded is a disjunction: 

Misfire v Victim-dead. 

A conclusion of this form is inevitable unless further information eliminates the 
possibility that the gun misfires or somebody unloads it. 
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CAUSAL NETWORKS. Network notations that resemble Perri nets have been 
used in many AI systems for representing cause and effect. Chuck Rieger (1976) 
developed a version of causal networks, which he used for analyzing problem 
descriptions in English and translating them to a network that could support 
metalevel reasoning. Benjamin Kuipers (1984, 1994), who was strongly influenced 
by Rieger's approach, developed methods of qualitative reasoning, which serve as a 
bridge between the symbolic methods of AI an~ the differential equations used in 
physics and engineering. Judea Pearl (1988, 1996), who has developed techniques 
for applying statistics and probability to AI, introduced belief networks, which are 
causal networks whos~ links are labeled with probabilities. 

To resolve the indeterminism that occurs at disjunctive nodes, Pearl would 
compute or estimate the probabilities of each of the options. When one option is 
much more likely than the other, he would derive a qualitative solution by assigning 
a small value e to the unlikely option and the complementary value (1-8) to the 
more likely option. For the network shown in Figure 4.20, there are three disjunc­
tive nodes, each of which has one likely path and one unlikely path. 

1. The first disjunction occurs at the top, where the order ofloading the gun or 
pulling the trigger is not specified. Unless the assassin were grossly incompe­
tent, the probability of pulling the trigger before loading the gun would be a 
small value e1, and the option ofloading first would be (l -81). 

2. After the gun is loaded, -the probability that someone might happen to unload 
it shortly thereafter is another small number 82• 

3. If the gun is unloaded, the probability of a misfire is 100 percent, since the 
transition labeled Gun-fires would not be enabled. But if the gun is loaded, the 
likelihood of a misfire is a small value 83. 

If the network correctly captures the relevant causal dependencies, the probabilities 
at different disjunctive nodes would be independent. Therefore, the probability of 
any possible outcome would be the product of all the options along the path from 
start to finish. The primary path, which takes each of the more likely options, 
would have a probability that corresponds to informal intuitions: 

(l-81)(l-8:z)(l -83). 

If each of the e options has a probability of 10 percent or less, the probability that 
the victim dies would be at least 72.9 percent. For a variety of problems in temporal 
reasoning, Peter Grunwald (1997) compared the solutions obtained with Pearl's 
belief networks to other proposed methods. For each of them, he showed that 
Pearl's approach was equivalent to, more general than, or intuitively more convinc­
ing than the others. 

As this example illustrates, Petri nets are causal networks that can be executed 
interpretively, be compiled to efficient procedures, or serve as the basis for metalevel 
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analysis. The theorems that were proved at the end of Section 4.4 illustrate one way 
to perform such analysis. Another way is to map the Petri nets to linear logic, in 
which the proof procedures mimic the firing of Petri net transitions by moving 
truth markers from the inputs to the outputs of an implication. Although some 
versions of linear logic are not decidable, Anne Troelstra (1992) showed that Petri 
nets are equivalent to a version oflinear logic whose outcomes are decidable. That 
result implies that causality problems expressible in Petri nets can be solved either 
by direct execution or by metalevel' analysis about how they could be executed. 

EXERCISES 

1. As Diodorus Cronus observed, sentences like Alma married three husbands can 
be true in the past tense even though there was never a time when the present 
tense of those sentences was true. Find similar examples, state the conditions 
under which they could be true or false, and represent them in conceptual 
graphs. 

2. Study the representation of the song "Frere Jacques" in Sections 1.2 and 1.4. 
Then draw a Petri net that would represent the singing of the song: 

a. Draw a Petri net with 34 places, which represent a starting state, a stopping 
state, and the 32 notes of the melody. Inside the circle for each note, wnte 
its tone and duration. There should also be 33 transitions: one to start the 
first note, one after the last note, and 31 to represent the next relations 
between notes. 

b. After you have drawn the Petri net for one voice singing the melody, modify 
. the net to allow multiple voices to sing it as a round, with each new voice 
entering at the third measure of the melody. It is possible to make this 
revision without adding any new places or transitions; one additional out­
put arc to one of the transitions would be sufficient. Would this modified 
Petri net ever stop? 

c. Make another modification to the Petri net to allow any number n of voiC:es 
to sing, where n:2: 1. Design it so that the first voice will begin when n 
tokens have been placed in the start state, voice i+ 1 will begin when voice 
i reaches measure 3, and all singing will stop when the n-th voice has 
finished. Hint: This modification requires just one new place. 

d. Study the mapping from the conceptual graph to the Petri p.et, and gener­
alize it to an algorithm for mapping any CG that represents a melody to the 
corresponding Petri net. Then show how the Petri net could be translated 
to a language like Java or Basic that could play the melody. How would you 
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represent multiple voices singing in paralld in the programming language 
you-chose? 

This exercise illustrates the transfer of information from one representation to 
another: musical score ~ conceptual graph ~ Petri net ~ computer program 
~ program execution ~ sound. It is possible to write programs to perform 
such translations automatically. 

3. A PERT chan for project management is acyclic, but a Petri net far a con­
tinuous process such as an assembly line would have cycles to represent re­
petitive processes. Draw a Petri net for a bakery that has one or more chefs 
who bake cakes, one or more people who decorate the cakes with icing and 
personalized messages, and one or more sales clerks who take orders and send 
the finished cakes to their destinations. 

4. In conventional programming languages, memory-bound processes can be 
represented by procedures that have the side effect of changing their internal 
data. To avoid such side effects, Jensen used the functional language ML to 
implement the transitions of colored Petri nets. Yet memory-bound processes 
can still be represented. in such nets by saving the changed data in the tokens 
rather than the places or transitions. How could that technique be used to 
represent memory associated with a single task or thread in a multitasking 
system? How could it be used to represent memory that is always associated 
with a specific transition, independent of which task OJ'. thread invokes that 
transition? Show that these techniques can represent memory-bound processes 
without changing internal data in the places or transitions. 

5. Draw a new Petri net by merging the output place of the net for the clock 
in Figure 4.10 with the input place of the one-bit counter in Figure 4.11. 

a. Apply the theorems about Petri nets in Section 4.4 to show that for every 
two ticks of the clock there is a net gain of one token on the combined Petri 
net. In which place does that token appear? 

b. Add three more copies of the one-bit counter to the new net to create a 4-bit 
counter that measures times from t=O tot= 15. 

c. Apply the theorems to show that for every 16 ticks of the clock there is a 
net gain of one token on this net. 

d. If the clock ticked every nanosecond, how much time would dapse before 
a 32-bit counter would generate an overflow token? 

NOTE: A 4-bit register, which does not seem very large, is still the typical size 
of the data path for the microprocessors used in many appliances such as clocks, 
calculators, cameras, and washing machines. After repeated doubling in size, 
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the first 4-bit microprocessor, the Intel 4004, evolved into the Pentium (Faggin 
et al. 1996). 

6. Using the techniques of Section 4.3, translate the Petri net for the clock in 
Figure 4.10 and the Petri net for the one-bit counter in Figure 4.11 ro 
conceptual graphs. Then translate the CGs to predicate calculus. 

7. Design a Petri net for a general purpose counter (GPC) that could be used as a 
component in a larger Perri net. GPC should have the following properties: · 

a. GPC can represent integers from 0 to 2N-1 for some fixed positive inte­
ger N. 

b. GpC has four places labeled Reset, Increment, Decrement, and Request­
Count, each of which may receive tokens from transitions outside of GPC. 
No other place in GPC may receive tokens from outside. 

c. G!>C has three places labeled CurrentCount, Overflow, and Underflow, 
from which transitions outside of GPC may remove tokens. No transitions 
outside of GPC may remove ·tokens from any other place in GPC. 

cl. The initial state of GPC has no tokens in any place that is accessible from 
the outside. It may have tokens iii certain internal places, such as the place 
labeled Even in Figure 4.11. . 

e. Whenever a token appears in Reset, GPC restores the distribution of tokens 
in its initial state. · 

£ Whenever a token appears in Increment, GPC removes that token and 
changes some places internal to GPC. If GPC is currently at the top of its 
range, GPC puts a token in Overflow and resets the initial distribution of 
tokens in all internal places of GPC, but it leaves any tokens in externally 

. accessible places unchanged. 

g. Whenever a token appears in Decrement, GPC removes that token and 
changes some places internal to GPC. If GPC is currently at the bottom of 
its range, GPC puts a token in Underflow and causes all tokens to disappear 
from all places internal to GPC. 

h. Whenever a token appears in RequestCount, GPC removes that token and 
puts a token in CurrentCount that has an associated integer n in the range of 
0 to 2N-L That integer represents the number of tokens removed from 
Increment minus the number removed from Decrement since the most 
recent occurrence of any one of the following even ts: the initial state, a token 
removed from Reset, a token put in Overflow, or a token put in Underflow. 

HINT: The Linda operators of Figure 4.15 could be used as subnets to imple­
ment the reset operation in GPC. When a token appears in the Reset place, 
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GPC would invoke the Out subnet to send the data tuple (reset all) to BB. For 
every other place in GPC, there would be a token waiting for a transition that 
invokes the Read subnet with the pattern tuple (reset all). 

8. Translate the dataflow CG in Figure 4.13 and the recursive CG in Figure 
4.14 to Petri nets. Then translate the Petri nets to programs in some proce­
dural language. Run the programs and check the results. 

9. Study the Petri nets in Figure 4.15 for defining the Linda operations. Which 
Linda operations increase or decrease the number of tokens in the blackboard 
(BB)? Analyze the flow of tokens through the net for the operation InP in 
the case that a matching tuple was found in BB and in the case that no match 
was found. Verify the following properties: 

a. If the four places in the net are empty (no tokens) at the beginning of the 
execution of InP, then the four places will also be empty at the completion 
of InP whether or not a matching tuple is found. . 

b. If no matching tuple is found, the number of tokens in BB remains 
unchanged. 

c. If a matching tuple is found, the number of tokens in BB decreases by one. 

d. There is no danger that the Petri net for InP might remove a tuple from BB, 
but a null tuple would be returned instead of the one from BB. 

10. Design a Petri net named BB Manager to implement all six Linda operations. 
It should have the following properties: 

a. BB Manager should have one output place and six input places labeled In, 
Read, Out, Eval, InP, and ReadP. 

b. Each token received in an input place should be associated with a tuple and 
the identifier (ID) of the sender. Each token generated for the output place 
should be associated with the expected response for the corresponding 
Linda operation and the ID of the original sender. 

c. Whenever BB Manager removes a token from an input place labeled In, 
Read, InP, or ReadP, it should take one of the following two actions before 
removing another token from the same input place: 

• If the tuple associated with the input token matches some tuple in BB, 
BB Manager completes the operation by generating the expected out-
put for the output place. . . -

• If the tuple associated with the input token does not match some tuple 
in BB, BB Manager returns the token with its original tuple and ID to 
its -original input place. 
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d. Let tr and ti be two times, t1<ti, when BB Manager is not in the process of 
performing any Linda operations. 

• At time ti> let B be the total number of tokens in BB, and let N be the 
total number of tokens in all places other than the input places, the 
output places, and BB. · 

• During the interval between ti and ti, let C be the number of completed 
requests, where 

C= Gi,, + C&ad+ Ci:.a1+ Cauc+ CW,+ CRcadP. 

• Show that at time ti the total number of tokens in all places other than 
the input, output, and BB remains N, and the number of tokens in 
BB is 

B+ Cau,+ C.&.1-Cin-Gi,,p- C&ac CR:cadP· 
e .. In Figure 4.15, the Delay transition waits for a time independent of the 

number of tokens in BB. Revise the Petri net for BB Manager to count the 
number of tokens in BB and to add another input to Delay from the current 
count so that the waiting time might be extended if there are many tokens 
in BB. If you have not yet implemented a general purpose counter accord­
ing to the specifications in Exercise 4.6, you may assume that someone has 
designed one for you. 

f. Performance can usually be improved by minimizing the number of transi­
tions executed for each operation and maximizing the number of threads 
executed in parallel. In designing the Petri net for BB Manager, try to 
optimize performance without violating conditions a, b, c, and d. 

This exercise shows how Petri nets can be used for designing software and 
verifying its correctness in a way that is independent of any particular machine 
or implementation ,language. 

11. In Section 4.4, the firing rules for Petri nets were defined in English, and 
several theorems about Petri nets were derived from those rules by informal 
arguments. Define an ontology of types and relations for making statements 
about Petri nets in some version of logic. Using that ontology, translate the 
definitions and theorems to logical graphs or formulas. Then use the rules of 
inference for that version of logic to prove that the theorems follow from the 
definitions. · 

12. Some Petri nets can be decomposed into a collection 9f finite-state machines 
that interact by passing messages. As an example, show that the producer­
consumer net in Figure 4.12 could be decomposed into finite-state machines 
that interacr by means of a bulletin board managed by Linda operators: 
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a. Make copies of the three cycles of Figure 4.12 to form seven separate Petri 
nets, each with a single token: two producer loops, _one consumer loop, and 
four buff er loops. 

b. Each of the separated nets should have a copy of one P transition and one 
V transition that came from the original net. Erase the extra arcs of the P 
and V transitions ~t were connected to the other loops. 

c. Show that the separated nets are now equivalent to finite-state machines. 

d. To represent the original interactions, two transitions on each of the sepa­
rated nets can be replaced by calls to Linda operators. Which transitions are 
they? Which Linda operators are used for each of them? What is the format 
of the tuples that are sent to and from BB? 

Discuss possible applications in which a collection of finite-state machines 
might be more convenient than a unified Petri net. When might a unified Petri 
net be preferable? 

13. Instead of decomposing Figure 4.12 into seven finite-state machines, as in 
Exercise 4.12, show that it could be decomposed into three finite-state ma­
chines by the following method: 

a. Design three finite-state machines, two for the producers and one for the 
consumer. 

b. Synchronize the producer machines with the consumer machine by passing 
messages via Linda operators. 

c. Each message should consist of a pair of the form (state, buffer-pointer), 
where state is one of {empty, full} and buffer-pointer is a variable for pattern 
tuples or the address of a buffer for a data tuple. 

Specify which transitions invoke Linda operators and which operators are 
invoked. What are the advantages and disadvantages of the decomposition of 
Figure 4.12 to three or seven machines? Discuss kinds of applications for which 
one method or the other might be preferable. 

14. The Petri net in Figure 4.8 cannot be decomposed into separate finite-state 
machines by the methods described in the previous exercises. What features 
of Figure 4.8 prevent that method from being used? Show that Figure 4.8 
could be decomposed. into finite-state machines by means of other Linda 
operators. 

15. Can all Petri nets be represented by finite-state machines that interact via 
Linda operators? Which features of Petri nets are the most difficult to simulate 
. by combinations of Linda operators? . 
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16. Draw two Petri nets for the SEND+MORE=MONEY problem. The first 
net should correspond to the unoptimized flowchart in Figure 4.16. The 
second net should correspond to the optimized flowchart in Figure 4.17. In 
the places of the Petri nets, write the conditions that are true in the corre­
sponding states. Draw the transitions as boxes and write brief descriptions of 
the corresponding events inside the boxes. 

17. Solve the SEND+MORE=MONEY problem in any suitable programming 
language. Prolog would be the easiest language to use, but the generate-and-test 
algorithms described in Section 4.6 could also be implemented in procedural 
languages, such as Java or C. Write both an optimized and an unoptimized 
version, corresponding to the two flowcharts in Figure 4.17. Compare the 
execution times of the two versions on the computer you are using. 

18. The where.clause of the SQL language is general enough to represent the con­
straintsof theSEND+MORE=MONEYproblem, but most implementations 
of SQL are not optimized to solve such problems. Readers who are familiar with 
SQLmighttryusingit to solve that problem. First create a table called Numbers 
with a column called Digit, which would contain the digits 0 through 9. Then 
write an SQL query with a where clause that states the constraints on S.Digit, 
E.Digit, N .Digit, and so on. Use the features ofSQL to state a querywith a single 
where clause that corresponds to the unoptimized flowchart of Figure 4.16. 
Then rewrite the query with separate select statements nested inside the where 
clause to represent the optimized flowchart. With an ideal optimizing compiler, 
both queries should take the_ same amount of time; try running the queries to 
check the di.ff~rence in performance. 

19. Classic AI systems such as Microplanner, described in Section 3.3, and STRIPS, 
described in Section 4. 7, pioneered techniques that have now become common­
place. The problems they addressed are still significant for modern database and 
knowledge-base systems. 

a. The STRIPS world models, which are conjunctions of relations whose 
arguments are all constants, are equivalent to the data stored in a relational 
database. Some of the relations in a world model might depend on others; 
the NextTo relation, for example, could be computed from the values of the 
At relation. In performing the. adds and deletes for an action, STRIPS 
would encounter the kinds of problems typical _of database updates. De­
scribe some of those problems and possible ways of handling them. 

b. Readers who are familiar with computational complexity should note that 
STRIPS uses a resolution theor.em prover to verify that the precondition of 
an action, which might be an arbitrary fi~st-order state~ent, is true in the 
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current world model. Does that mean STRIPS is expected to solve NP-
complete problems? . 

20. To represent more detailed causal links in the Yale shooting problem, try 

adding more states and transitions to the finite-state machine in Figure 4.18 
and the Petri net in Figure 4.20. Is it possible to draw an extended finite-state 
machine that represents some version or approximation to the states and 
events represented in Figure 4.20? 'What kinds of interactions can be repre­
sented in Petri nets, but not in finite-state machines? Give examples. 

21. Review the techniques of Exercises 4.12 to 4.15 for decomposing Petri nets 
into finite-state machines that interact via the Linda operators. Use that ap­
proach to decompose the Petri net of Figure 4.20 into four separate finite-state 
machines: one for the assassin, one for the victim, one for the gun, and one 
for the unknown person or persons who might unload the gun. Show which 
Linda operators are used to communicate between the finite-state machines, 
the points where each machine invokes a Linda operator, and the formats of 
the messages that are sent or received. 

22 Judea Pearl's method of computing the probabilities determined by a causal 
network depends on which nodes correspond to conjunctions (A operators) 
and which correspond to disjunctions (v operators). Formulate a general 
principle that can be used to determine at a glance which nodes are conjunc­
tive or disjunctive. Although Petri nets do not have an ·explicit method for 
representing negations, it is possible to implement the technique of negation 
as failure, as described in Section 3.3. Show how. Find an example of a Petri 
net in this chapter that uses negation as failure. 

23. To represent negation explicitly, some extended versions of Petri nets have 
inhibit arcs, whose input is a place and whose output is a transition. When 
a token is in the input place of an inhibit arc, the output transition is pre­
vented from firing. If there is no token in the input place of any inhibit arc, 
the output transition can fire in the normal way by removing a token from 
each of the ordinary input places and putting a token in each of the output 
places. How could inhibit arcs be used in Figures 4.15 and 4.20? 

24. Petri nets represent discrete processes, but most physical processes are continu­
ous. As an example, the following passage from themedievalArabic philosopher 
Avicenna (Ibn Sina) discuiises causal links between two continuous processes: 

The mind is not at all repelled by the statement "When .2ayd moved his 
hand, the key moved" or ".2ayd moved his hand, then the key moved." The 
mind is repelled, however, by the statement "When the key moved, .2ayd 
moved his hand," even though it is [rightly] said "When the key moved, we 
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knew that Zayd moved his hand." The mind, despite i:he temporal coexis­
tence of the two movements, assigns a (causal) priority for one, a posteriority 
for the other. For it is not the existence of the second movement that causes 
the existence of the first; it is the existence of the first movement that causes 
the second. (Translated by Nicholas Rescher 1967) 

Since Petri nets are designed for the kinds of discrete operations that are 
representable in digital computers, they cannot faithfully represent all the 
details of continuous interactions. One approach is to ignore the details and 
represent an entire action by a single transition: one transition would represent 
Zayd moving his hand, and another would represent the key moving. Another 
approach is to approximate a continuous process by a series of discrete steps: 
each partial movement by Zayd's hand would cause a partial movement of the 
key. Draw Petri nets for each of these two representations; in both of them, 
show that the movement of the key is causally dependent on the movement of 
Zayd's hand. 

25. Review Section 4.2 with Sandewall's list of distinctions for classifying processes 
with interacting fluents. Show how each type of process could be represented 
in a Petri net. Give some examples of Petri nets with multiple options, and 
show how it would be possible to generate all 2,304 combinations. 

26. Exercise 4.3 about the bakery did not mention exceptional cases, which might 
require workers to interrupt certain tasks to perform other tasks with a higher 
priority. A sales clerk, for example, might be interrupted by a telephone call 
while addressing a package. A chef might spill something while mixing cake 
batter. Revise the Perri net for the bakery to accommodate such interruptions. 
To avoid recursive interrupts, assume that the bakery has a telephone-answer­
ing machine, whose operation should also be represented in the Petri net. To 
simplify the representation of interrupts, post interrupt messages to a bulletin 
board with the Linda operators; then specify when the Petri nets for inter­
ruptible tasks check the bulletin board. If convenient, the Linda operators 
could also be used to communicate between the workers to state when a cake 
is finished or to specify the type of cake or the decorations. 

27. Isaac Newton (1687) assumed that space and time are "absolute" entities that 
exist independent of any physical objects or processes: 

• ''.Absolute, true, and mathematical time, of itself, and from its own nature, 
flows equably without regard to anything external, and by another name 
is called duration." 

• ''.Absolute space, in its own nature, without regard to anything external, 
remains always similar and immovable." 
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Whitehead (1929) observ<::d that Newton's view has been highly successful for 
developing mathematical physics, but that it conflicts with common sense and 
with the more recent developments in relativity and quantum mechanics: 

For the purposes of science, it was an extraordinarily clarifying statement, 
that is to say, for all the purposes of science within the next two hundred 
years, and for most of its purposes since that period. But as a fundamental 
statement, it lies completely open to skeptical attack; and also, as Newton 
himself admits, diverges from common sense - "the vulgar conceive those 
quantities under no other notions but from the relation they bear to 
sensible objects." 

In response, Whitehead described his own philosophy as "an attempt to return 
to the conceptions of the vulgar." He considered "actual entities" as the funda­
mental reality and defined space and time as abstractions from actual entities 
and their relationships. 

Is the discussion of the clock in Figure 4.10 more compatible with New­
ton's view or with Whitehead's? What implications would either view have on 
the classification of space and time in the twelve categories of Figure 2.7? How 
would measurements, dates, and geographical coordinates be classified? What 
about other kinds of physical measurements such as temperature? Can the 
physical notions be generalized to measurements in other fields such as a stock 
market index or intelligence quotient (IQ)? Where would those entities be 
classified in the categories of Figure 2.7? The issues raised in this exercise could 
be answered in a paragraph, an essay, or a dissertation. 

28. Show how the representations for time and causality in Petri nets could be 
related to the physical concepts discussed in Section 2.7. How could Born's 
postulates for cause, antecedence, and contiguity be stated in terms of Petri 
nets? What would correspond to a region, a time line, or a snapshot? What 
kinds of regions would correspond to continuants and occurrents? How would 
you define a spatial form predicate P(s) that applies to a snapshot s? 

29. After working on the previous exercise, check the answers at the back of the 
book. Then write some suggestions or guidelines that might help a knowledge 
engineer analyze physical processes and map them to Petri-net simulations. 

30. List the kinds of events discussed in the hotel reservation example in Appendix 
C. Draw a Petri net that shows the states and events that may take place from 
the time a guest makes a reservation to the time of check-out. Inside the 
circles of the Petri net, write a short description of the conditions that must 
be true in each state. Enlarge the transition bars to boxes, and write a s.hort 
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description of what happens in the corresponding events. Include various 
exceptional cases, such as a guest walking in without a reservation. 

Some places in the net might have multiple tokens, each one representing 
a clerk who is waiting for some gliest to request a service. Design the Petri net 
to ensure that no clerk is doing more than one task at a time, but a clerk who 
finishes a task should be available to perform other services for other guests. 

Some of the interactions in the Petri net might be more conveniently 
expressed by messages sent via the Linda operators. If you choose to use 
messages, show which transitions invoke Linda operators and the formats of 
the tuples they send or receive. For time-dependent conditions, you may 
assume that a Petri net for an alarm clock uses the Linda Out operator to send 
a message to BB. It is not necessary to show the internal details of the alarm 
clock net. 



CHAPTER FIVE 

Purposes, Contexts, and Agents 
~~ 

Can we realize for an instant what a cross-section of all existence at a 
definite point of time would be? While I talk and the flie: buzz, a sea gull 
catches a fish at the mouth of the Amazon, a tree falls in the Adirondack 

wilderness, a man sneezes in Germany, a horse dies in Tartary, and twins are 
born in France. What does that mean? Does the contemporaneit.y of these 
events with one another, and with a million others as disjointed, form a 

rational bond between them, and unite them into anything that means for us 
a world? Yet just such a collateral contemporaneity, and nothing else, is the 

real order of the world. It is an order with which we have nothing to do but 
to get away from it as fast as possible. As I said, we break it: we break it into 
histories, and we break it into arts, and we break it into sciences; and then 
we begin to feel at home. we make ten thousand separate serial orders of it, 

and on any one of these we react as though the others did not exist. 
WilllAM JAMES, The Will to Believe and Other Essays 

5.1 Purpose 

In Peirce's terms, purpose is the Thirdness that relates some mind or mindlike entity 
(first), which directs the course of a process (second) toward some goal (third). That 
mindlike entity need not be human or even a.nllnal; both Peirce and Whitehead 
believed in a continuity of mental aspects from the atomic level to the human level, 
and perhaps beyond. For knowledge representation, purpose determines the selec­
tion of subject matter, the categories for representing it, and the intentional granu­
larity or level of detail that is considered relevant. 

FINAL CAUSES. For purpose, Arisfotle used the word telos, which is the goal 
or final cause of an action. In Figure 5.1, the positions in the games of go and 
go-moku show how purpose can have a causal effect. Both games are played with 
the same equipment and with the same kind of moves: two players take turns 
placing black and white stones on the intersections of a 19X 19 grid. At a purely 
syritactic level, the moves in the two games appear to be the same: 

1. The game starts with an empty board. 

2. The player with the black stones places one stone on any empty intersection. 

265 
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FIGURE 5.1 The effect of purpose on the course of a game 

3. The player with the white stones places one stone on any empty intersection. 

4. Repeat from step #2 until the players agree that either one side has won or there 
is no advantage in making any funher moves. 

5. Finally, compute the score to determine which player wins. 

The difference between the games restilts from the way the score is computed at 
step #5. The method of scoring at the end affects every move from the very 
beginning. 

The two board positions in Figure 5.1 are typical ofintermediate stages in the 
two games: a go position usually has stones scattered around the edges, but a 
go-moku position has stones clustered in the middle. Those patterns result from 
the final scoring rules: 

• -. Go. The purpose of go is to surround territory: the players get one point for 
every empty intersection surrounded by their stones, and none for the space 
that the stones actually occupy. 

• Go-moku. The purpose of go-moku is to get five adjacent stones of the same 
color in a straight chain, vertically, horizontally, or diagonally. 

The scoring rules for go encourage the players to begin placing stones in loosely 
related positions near the comers and edges, where it is easier to surround a block 
of space. The first move in go is usually close to one of the four corners. The 
go-moku rules encourage the players to place stones close together, where they can 
form a chain or block an opponent's attempt to form a chain. Unlike go, the best 
opening move in go-moku is to occupy the center. Although the same moves are 
legal in the two games, .the scoring procedure at the end determines the purpose of 
the stones and affects the choice of moves from the beginning. , 

Purpose depends on a goal-seeking agent, but the agent need not be conscious: 
a computer program that searches for fu vorable moves can play games that resemble 
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experienced human play. Those programs are not mind.like at the human levd, but 
Peirce (1906) would have classified them somewhere between crystals and bees, 
which he considered capable of a mediating Thirdness. The crystalline lattices and 
the storage of honey for the winter are the final causes that explain the individual 
actions of the swarms of molecules and bees. For such entities, the goal-directed 
Thirdness is not derived from a conscious choice; instead, it is compiled into their 
computer programs, molecular suucture, or genetic code. 

COMPLEMENTARITY. A continuant is an object that retains its identity over 
an extended period of ti.me; an occurrent is an ever-changing process whose stages 
evolve from, but are not identical to one another. That distinction may seem clear 
in the abstract, but in practice, no physical object can remain unchanged over any 
extended interval. The changeable nature of all things was a major theme of 
Heraclitus: "One cannot step twice into the same river, nor can one grasp any 
mortal substance in a stable condition, but it scatters and again gathers; it forms 
and dissolves, and approaches and departs." In one sense, the Hudson River is the 
"same" river that Henry Hudson explored in 1609, but in another sense, it is in a 
constant state of flux. 

Whether a river is considered a ~ontinuant that retains its identity over centu­
ries or an occurrent that differs from one moment to the next depends more on the 
viewer than on the thing itself. As Whitehead (1938) observed: .. ----- ---.----

In logical reasoning, which proceeds by use of the variable, there are always two 
tacit presuppositions - one is that the definite symbols of composition can 
retain the same meaning as the reasoning daborates novd compositions. The 
other presupposition is that this self-identity of each variable can be preserved 
when the variable is replaced by some definite instance. . . . The baby in the 

· cradle and the grown man in middle age are in some senses identical and in 
other senses diverse. Is the train of argument in its conclusions substantiated 
by the identity or vitiated by the diversity? (p. 146) 

For some purposes, the baby x can be considered the same person as the adult x. 
But a baby and an adult play very different roles in society, and the identity :x:=x 
cannot be assumed for x at different times. The interpretation of an entity as a 
continuant or an occurrent depends .on the concept used to characterize it. 

The various ways of classifying things lead to complementary ontologies. At a 
conceptual levd, they resemble the quantum mechanical issue of whether an 
dectron is a wave or a particle. For some purposes, either view could be considered 
correct: either the wave theory or the particle theory could be used to describe the 
behavior of an dectron. For some experiments, one view may be easier to apply or 
calculate than the other. When they both apply, they predict the same observable 
results. But a mixture of the two theories cannot be used without producing 
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contradictions. The physicist Niels Bohr (1934, 1958) called this practice of alter­
nately using two incompatible descriptions of the same system the principle of 
complemmtarit:y. A similar principle holds for any aspect of the world that may be 
described by potentially contradictory theories. For legal purposes, a human being 
may be considered a person whose identity remains constant for a lifetime. But for 
other purposes, the same "person" may be classified at different times as a baby, a 
teenager, or an adult. Each view highlights a different aspect of what it means to be 
a human being. Each one may be appropriate in some context; but if both views 
are applied to the same individual in the same context, contradictions can arise. 

Although human beings may be described as processes, the type Person classi­
fies a human being as a continuant whose identity remains the same throughout a 
lifetime. In the following graph, the dotted line is a conference link, which shows 
that a person named Tom in 1976 is the same individual as a person named Tom 
in 1997: 

[Year: 1976]<--(PTim)<--[Person: Tom]- - -[Person: Tom]->(PTim)->[Year: 1997]. 

But consider the following graph: 

[Baby: Tom]- - -[Adult: Tom]. 

This graph says that there exists some individual named Tom who is both a baby 
and an adult. That graph is just as contradictory as the corresponding sentence in 
English or formula in predicate calculus: 

baby(Tom) /\ adult(Tom). 

By the rules of classical logic, additional qualifiers can make a statement contradic­
tory, but they can never remove a contradiction. With more PTim relations, the 
graph or the corresponding formula would still be contradictory: 

[Year: 1976]<--(PTim)<--[Baby: Tom]- - -[Adult: TomJ--+(PTim)->[Year: 1997]. 

Baby and Adult are incompatible concepts that characterize different stages of a 
process - a human life. When viewed as a process, Tom cannot be in both stages 
in the same context. But the concept type Person describes Tom as a continuant 
whose identity remains constant independent of any physical change. If Tom and 
the Hudson River are viewed as continuants, then "the same person" can step into 
"the same river" many times during the course of a lifetime. But if they are both 
viewed as process~s; then neither the human being nor the river can be "the same" 
at two different encounters. 

CONTEXTS. Complementary ways of describing the same object can be 
mixed, but only when the contexts are explicitly distinguished. Figure 5.2 shows 
the person Tom coreferent with a baby in a situation in 1976 and coreferent with 
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FIGURE 5.2 Incompatible concepts for describing Tom at different times 

an adult in 1997. That graph may be read as the sentence Tom was a baby in 1976 
and an adult in· 1997. The type Person classifies Tom as a continuant that has a 
long-term duration. The concepts Baby and Adult are also continuants, but they 
describe Tom at shorter intervals of his lifetime. The concepts [Baby] and [Adult] 
may both be coreferent with [Person: Tom] i.D. different situations, but there is no 
situation "in which they could be coreferent with each other. Figure 5.2 can be 
translated to the following formula in predicate calculus: 

(3x:Person) (name(x, Tom) A 

(3y:Situation) (year(1976) A pti.m(y,1976) A 

dscr(y, baby(x))) A 

(3:z-:Situation)(year(l997) A ptim(z,1997) A 

dscr(z, adult(x)))). 

This formula may be read There exists a person x named Tom, and there existed a 
situation y in the year 1976, which is described by x being a baby, and there existed a 
situation z in the year 19 97, which is described by x being an adult. The two situations 
described by the propositions nested inside the dscr predicates effectively create 
opaque contexts. The descriptions inside those contexts can refer to the individual x, 
which is quantified outside; but neither of the nested contexts can refer to or 
contradict any information in the other. 

Complementarity is not a property of the world itself, but of the conceptual 
systems used to classify and talk about the world. A dualistic view of an electron as 
either a wave or a particleis only an approximation. Its real nature is best described 
in purely quantum mechanical laws, which may be difficult for people to visualize; 
but that is a limitation of human imagination, not a characteristic of the electron 
itself A similar caveat applies to complementary views of a person as a baby, a child, 
a teenager, a young adult, a mature individual, or a senior citizen. Those terms 
classify the continuous process of growth as a series of discrete jumps. Discontinui­
ties between stages can lead to disputes and misunderstandings: A two-year-old girl 
protested "Mom, I'm not a baby any more!" Apparently, the mother still classified 
her according to the type Baby; but the girl wanted to jump to the next stage and 
assume the axioms appropriate to the type Child. · 
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IDENTITY. Even a concept as fundamental as identity depends on purpose. 
Mathematicians usually assume that everything is identical to itself. 0f x)x=x. But 
Heraclitus stated the equally fundamental principle that everything is in a state of 
flux. Plato and Aristotle reconciled these two principles by noting that the abstract 
mathematical fo!ms are the only things for which identity is true without qualifi­
cations. For the Greeks, the logos is unchanging, but the physis is in flux. 

In terms of the categories of Chapter 2, identity holds without qualifications 
only for the abstract branch of the lattice. For the physical branch, the identiry 
conditions depend on which features are considered significant. One of the oldest 
paradoxes of identity is the ship of Theseus, all of whose parts were supposedly 
replaced, one by one, over the years until not a single piece of the original remained. 
Could one say that it was still the same ship? Would it be more accurate to say that 
the old ship was repaired or that it was replaced by a new ship? This philosophical 
puzzle still creates serious problems for inventory control systems. The U.S. Army, 
for example, keeps track of rifles, but it does not keep track of every individual part. 
A soldier whose rifle has a broken or worn-out part can request a new part with a 
minimum of paperwork. But a policy of unrestricted replacement would allow 
someone to steal a complete rifle by requesting parts one at a time. To prevent that 
possibility, the army established a policy that the identity of a rifle. is determined by 
its stock, which is the only Par:t that cannot be replaced. If it is broken, a soldier 
must request an entirely new rifle. 

The army's solution to the problem of identity is the usual way of making a 
naturally occurring concept precise- by an artificial convention that may be 
accepted by consensus or legislated by some authority. In a database or knowledge 
base, identity is determined by unique serial numbers or surrogates. But the surro­
gates do not automatically solve the problem of identity. They are just a mechanism 
for recording whatever convention has been adopted. 

'f VERBS AS NExus. In Peirce's _terms, a verb is a syntactic unit for representing 
;\:he mediating Thirdness that relates the participants. The concept type Chase, for 
'example, involves three entities: an animate chaser, a mobile entity that is being 
chased, and the act of chasing itsel£ The type Give involves four entities: a giver, a 
gift, a recipient, and the act of giving. In Whitehead's terms, the process expressed 
by the verb serves as a nexus or "particular fact of togetherness." The nexus binds 
the participants together in a bundle of interlocking relationships or prehensions. In 
a conceptual graph, the nexus may be represented by a context box, which is linked 
to the concepts that represent the participants by conceptual relations that express 
the prehensions. 

To illustrate various ways of representing verbs, Figure 5.3 shows three concep­
tual graphs for the sentence A catis chasing a mouse. The top graph represents the act 
of chasing by a conceptual relation that directly links the cat to the mouse. The 
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Cat Chasing. Mouse 

Cat: *x 

FIGURE 5.3 Three ways of saying that a cat is chasing a mouse 

middle one uses the concept [Chase] to represent the act as a separate entity, which is 
linked to the cat and the mouse by the agent (Agnt) and theme (Thme) relations. The 
bottom graph uses a context box to represent the concept [Chase] as a nexus with two 
Has relations, which link the act of chasing to the agent x and the theme y. 

The graph with the Chasing ·relation links the cat to the mouse without 
showing the act of chasing as a separate entity. It maps to the kind of formula used 
in elementary logic books: 

(3x:cat)(3y:mouse)chasing(x,y). 

The middle graph with the agent and theme relations has a more direct mapping 
to and from the thematic relations in natural languages. It maps to the following 
formula: . 

(3x:cat) (3 y:mouse) (3z:cliase) (agnt(.z,x) A thme(z,y)). 

The bottom graph, in which Has is the only relation type, shows Chase as a nexus 
with prehensions that bind the agent and theme. The Has relation is the primitive 
that links one of Whitehead's prehending entities to its prehended enti~. In this 
example, the context box labeled Chase expresses the nexus, and the two Has 
relations represent the prehensions that link the nexus to the agent x and the theme 
y. In the linear notation, that graph may be written 

[Cat: *x] [Mouse: *y] 

[Chase: *z [?z]-7(Has)-7[Agent: ?x] [?z]-7(Has)-7[Theme: ?y]l. 

In the translation to predicate calculus, there are three existentially quantified 
variables: x for the cat, y for the mouse, and z for the chase. The description 
predicate dscr is used to relate the nexus z to the proposition stated by the nested 
conceptual graph. In predicate calculus, the graph maps to the following formula: 

(3x:cat)(3y:mouse)(3z:chase) 
dscr(z, has(.z,x) A agent(x) A has(z,y) A theme(y)). 
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This formula may be read There exists a cat x, a mouse~ and an instance of chasing 
z; the chase z is described by the proposition that z has x as agent and y as theme. 

Whenever the information expressed by the nested graph is true under the same 
conditions as the information in the outer context, the Has relations can pivot 
around the context wall, and the inner graphs or subgraphs can be moved to the 
outside. When the Has relations are moved outside, the bottom graph of Figure 5.3 
becomes 

[Cat]- - -[Agent]f-(Has)f-[Chase]~(Has)~[Theme]- - -[Mouse]. 

Following is the corresponding formula: 

(3x:eat)(3y:mouse)(3z:chase) 
(has(z,x) A agent(x) A has(z,y) A theme(y)). 

The context box or the description relation serves as a "firewall" that separates the 
encapsulated information from the information in the outer context. The effect of 
exponing the nested information is to erase the firewall between the two contexts. 

Every conceptual relation that expresses a thematic role can be defined in terms 
of Has and the corresponding concept type for that role. As an example, the 
following equation defines the Agnt relation by a dyadic lambda expression that 
includes the concept [Agent]. . 

Agnt = [Act: A.1]-?(Has}-?(Agent]- - -[Animate: A.2]. 

This definition says that the Agnt relation links an act ill to an animate being il.2, 
where the act has an agent, which is coreferent with that animate being. Iri 
principle, all conceptual relations can be defined in terms of concepts linked by the 
primitive dyadic relation Has and coreference links. · 

DEFINING VERB SENSES. Figure 5.4 shows the type Chase defined by a graph 
that shows how the agent and theme are related. It may be read The agent of the 
chase is an animate being, which is rapidly following a mobile entity, which is the theme 
of the cha,re; the animate being's purpose in following is to catch the mobile entity. As 
an instance of Peirce's category Thirdness, purpose is represented by a triadic 
relation that links the agent who has the intention, an act performed by that agent, 
and an intended situation, which is the reason why the agent performed the act. 
The context box around the intended situation separates it from the act of follow­
ing, since the catching takes place in a separate situation after the following. If the 
chase is unsuccessful, the catching might not occur at all. 

The graph nested inside the context describes the bundle of prehensions that 
constitute the nexus expressed by the verb. In Figure 5.4; the verb chase expresses 
the concept type Chase. The graph inside the context of [Chase] describe the nexus. 
The two Has relations link the context box to the concepts [Agent] and [Theme], 



type Chase(*x) is 

Act: ?x 

Agent 

Animate 

Situation: 

\ 
I 
I 

5-I PURPOSE 

Rapid 

Catch 

Theme 

MobileEntity 

I 
I 
I 
I 

GJ 
FIGURE 5.4 A definition of the concept type Chase 
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which represent the roles of the two principal participants. Those concepts are 
coreferent with the concepts [Animate] and [MobileEntity], which represent the 
types of entities that can play the roles of agent and theme. The rest of the graph 
states the conditions for an action to be considered a chase: the animate being is 
rapidly following the mobile entity for the purpose of catching it. 

Since conceptual graphs are a system of logic, the associated rules of inference 
can transform the definition or combine it with other definitions and axioms to 
derive the consequences. The effect of the purpose rdation (Purp) could be speci­
fied by several axioms: 

• Time sequence. If an agent x performs ari act y whose purpose is a situation z, 
the start of y occurs' before the start of z. 

• Contingency. If an agent x performs an act y whose purpose is a situation z 
described by a proposition p, then it is possible that z might not occur or that 
p might not be true of z. · 

• Success or failure. If an agent x performs an act y whose purpose is a situation 
z described by a proposition p, then xis said to be successful if z occurs and p is 
true of z; otherwise, xis said to have failed. 
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type ChaseAway{*x) is 

Act: ?.x 
Rapid 

Agent Theme 

Animate MobileEntity 

Situation: 

Place#here Leave 

FIGURE 5.5 Definition ofChaseAway 

W'hen applied to the definition of Chase, these axioms predict that a successful act 

of chasing would .enable the agent to catch the theme, but there is a possibility that 
the act might fail. 

Different senses of a word map to concept types with different definitions. 
Figure 5.5 shows a definition of the type ChaseAway, which is a sense of the verb 
chase in which the agent does not intend to catch the theme. Instead, the agent's 
purpose is to cause the theme to leave the place where the agent happens to be. 
Inside the situation box, the origin of leaving is represented by a place marked with 
the indexical #here. Like the indexical #now, it must be resolved to some concept 
specified in a containing context. 

Since predicate calculus does not have a syntax for contexts, it cannot support 
a mechanism for representing and resolving indexicals. It would, however, be 
possible to extend predicate calculus with a notation for marking contexts. Then 
that notation could also be used to represent indexicals. 

5.2 Syntax of Contexts 

The word context has been used with a variety of conflicting meanings in linguistics, 
philosophy, and artificial intelligence. Some of the confusion results from an 
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ambiguity in the English word Dictionarie$ list two major senses of the word 
context: 

• The basic meaning is a section of linguistic text or discourse that surrounds 
some word or phrase of interest. 

• The derived meaning is a nonlinguistic situation, environment, domain, set­
ting, background, or milieu that indudes some entity, subject, or topic of 
interest. 

The word contextmay refer to the text, to the information ·contained in the text, to 
the thing that the information is about, or to the possible uses of the text, the 
information, or the thing itsel£ The ambiguity about contexts results from which 
of these aspects happens to be the central focus. These informal senses of the word 
suggest criteria for distinguishing the formal functions: 

• Syntax. The syntactic function of context is to group, delimit, quote, or 
package a section of text. 

• Semantics.· The quoted text may describe or: ref er to some real or hypothetical 
situation. That nonlinguistic referent is the derived meaning of the word 
context. 

• Pragmatics. The word interest, which occurs in both senses of the English 
definition, suggests some reason or purpose for distinguishing the section of 
linguistic text or nonlinguistic situation. That purpose is the pragmatics or the 
reason why the text is being quoted. 

v . 
In LISP, a context is represented by the quote operator, which blocks an expression 
from being executed as a program. In logic, a qU:ote blocks the standard rules of 
inference and allows the definition of new rules for interpreting the text. In general, 
a context delimits text that is interpreted by some special rules for some particular 
purpose. Purpose is the central issue that must be distinguished in any formal 
theory of context. 

PEIRCE'S CoNTEXTS. In 1883, C. S. Peirce invented the algebraic notation 
for predicate calculus. A dozen years later,. he developed a graphical notation that 
more dearly distinguished contexts. Figure 5.6 shows his graph notation for delim­
iting the context of the proposition under discussion. In explaining that graph, 
Peirce (1898) said, "When we wish to assert something about a proposition without 
asserting the proposition itself, we will enclose it in a lightly m:;_wn oval." The line 
attached to the oval links it to a relation that makes a metalevel assertion about the 
nested proposition. The primary function of Peirce's contexts is to separate the two 
levels: the propositions outside the context make metastatements about the propo­
sitions inside. 

The oval supports the basic syntactic function of grouping related information 
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1---- is much to be wished 

FIGURE 5.6 One of Peirds graphs for talking about a proposition 

in a package. But besides notation, Peirce developed a theory of the semantics and 
pragmatics of contexts and the rules of inference for importing and exporting infor­
mation into and out of the contexts. For first-order logic, the only metalevel relation 
is negation. By combining negation with the existential-conjunctive subset oflogic, 
Peirce developed existential graphs (EGs), which are based on three primitives: 

1. Existential quantifier: A bar or linked structure of bars, called a line of identi-ty, 
represents 3. 

2. Conjunction: The juxtaposition of two graphs in the same context represents A. 

3. Negation: An oval enclosure with no lines attached to it represents - or the 
denial of the enclosed proposition. 

When combined in all possible ways, these three primitives can represent full 
first-order logic. When used to state propositions about nested contexts, they form 
a metalanguage that can be used to define modal and higher-order logic. 

To illustrate the use of negative contexts for representing FOL, Figure 5.7 
shows an existential graph and a conceptual graph for the sentence If a farmer owns 
a don.key, then he beats it. The EG on the left has two ovals with no attached lines; 
by default, they represent negations. It also has two lines of identity, represented as 
linked bars: one line, which connects farmer to the left side of owns and beats, 
represents an existentially quantified variable (3x); the other line, which connects 
donkey to the right side of owns and beats, represents another variable (3y). 

In CGs, a context is defined as a concept whose referent field contains nested 

farmer T =I donkey 

~ 
Existential Graph 

Farmer Donkey 

Conceptual Graph 

FIGURE 5.7 EG and CG for "If a farmer owns a donkey, then he beats it." 
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conceprual graphs. Since every context is also a concept, it can have a type label, 
coreference links, and attached conceprual relations. Syntactically, Peirce's ovals are 
squared off to form boxes, and the negation is explicitly marked by a -, symbol in 
front of the box. The primary difference between EGs and CGs is in the treatment 
of lines of identity. In EGs, the lines serve two different purposes: they represent 
existential quantifiers, and they show how the arguments are connected to the 
relations. In CGs, those two functions are split: the concepts [Farmer] and [Don­
key] represent typed quantifiers (3x:Farmer) and (3y:Donkey), and arcs marked 
with arrows show the connections of relations to their arguments. In the inner 
context, the two concepts represented as [T] are connected by coreference links to 
concepts in the outer context. 

When the EG of Figure 5.7 is translated to predicate calculus,farmerand donkiry 
map to monadic predicates; owns and beats map to dyadic predicates. The implicit 
con junctions are represented with the A symbol. The result is an untyped formula: 

-(3x)(3y)(farmer(x) /\ donkey(y) /\ 
owns(x,y) /\ -beats(x,y)). 

The CG maps to the equivalent typed formula: 

-(3x:Farmer)(3y:Donkey)(owns(x,y) /\ -beats(x,y)). 

A nest of two ovals, as in Figure 5.7, is what Peirce called a scroll It represents 
implication, since -(p A-q) is equivalent to p~q. Using the~ symbol, the two 

formulas may be rewritten 

("i/ x) ("if y) ( (farmer(x) /\ donkey(y) /\ 
owns(x,y)) ~ beats(x,y)). 

("i/ x:Farmer)("i/ y:Donkey) (owns(x,y) ~ beats(x,y)). 

The algebraic formulas with the ~ symbol illustrate a peculiar feature of predicate 
calculus: in order to keep the variables x and y within the scope of the quantifiers, 
the existential quantifiers in the phrases a farmer and a donkiry must be moved to 
the front of the formula and translated to universal quantifiers. This puzzling 
feature of logic has posed a problem for linguists and logicians since the Middle 
Ages. The donkiry sentence represented in Figure 5.7 is one of a series of sentences 
the Scholastics used to illustrate the problems of mapping language to logic. 

Besides attaching a relation to an oval, Peirce used colors or tinctures to 
distinguish contexts other than negation. Figure 5.8 shows one of his examples, but 
with shading instead of color. The graph contains four ovals: the outer two form a 
scroll for if-then;. the inner two represent possibility (shading) and impossibility 
(shading inside a negation). The outer oval may be read If there exist a person, a 
horse, and water, the next oval may be read then it is possible for the person to lead 
the horse to the water and not possible for the person to make the horse drink the water. 
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is a person 

is water 

FIGURE 5.8 EG for "You can lead a horse to water, but you can't 
make him drink." 

The notation -leads-to- represents a triadic predicateleadsTo(x,y,z), and-makes­
drink- represents makesDrink(x,y,z). In the algebraic notation with 0 for possibility, 
Figure 5.8 maps to the following formula: 

-(3x)(3y)(3z)(person(x) /\ horse(y) /\ water(z) /\ 
-(OleadsTo(x,y,zr/\ -OmakesDrink(x,y,z)) ). 

With the symbol :::J for implication, this formula becomes 

(\ix)(\iy)(v'z)((person(x) /\ horse(y) /\ water(z)) ::::> 
· (OleadsTo(x,y,z) /\ -OmakesDrink(x,y,z)) ). 

This version may be read For all x, ~ andz, if xis a person, y is a horse, and z is water, 

then it is possible for x to lead y to z, and not possible for x to make y drink z. Although 
logically explicit, this reading is not as succinct as the original proverb, You can lead 
a horse to water, but you can't make him drink. 

D1scoURSE REPRESENTATION THEORY. The logician Hans Kamp once spent 
a summer translating English sentences from a scientific article to predicate calculus. 
During the course of his work, he was troubled by the same kinds ofirregularities that 
puzzled the Scho~astics. In order to simplify the mapping from language to logic, 
Kamp (198la,b) developed discourse representation structures (DRSs) with an explicit 
notation for contexts. In terms of those structures, Kamp defined the rules of dis­
course representation theory for mapping quantifiers, determiners, and pronouns from 
language to logic (Kamp & Reyle 1993). 

Although Kamp had not been aware of Peirce's existential graphs, his DRSs_ 
were strucrurally equivalent to Peirce's EGs. The diagram on the left of Figure 5.9 
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" y 

iimner(x) owns(x,y) ~! beats(x,y) I 
clonkey(y) 

FIGURE 5.9 DRS and PSN for '1f a farmer· owns a donkey, then he beats it." 

is a DRS for the donkey sentence, If there exist a farmer x and a donkey y and x owns 
~ then x beau y. The two boxes connected by an arrow represent an implication 
where the antecedent includes the consequent within its scope. 

The DRS and EG notations look quite different, but they are exactly isomor­
phic: they have the same primitives, the same scoping rules for variables or lines of 
identity, and the same translation to predicate calculus. Therefore, the DRS in 
Figure 5.9 maps to the same formula as the EG in Figure 5.7: 

-(3x)(3y)(farmer(x) A donkey(y) A 

owns(x,y) A -beats(x,y)). 

Not all context notations have the same struc.'rure. On the right of Figure 5. 7 is 
another notation that uses boxes: the partitioned semantic network (PSN) designed 
by Gary Hendrix (1979). Instead of nested contexts, Hendrix adopted overlapping 
contexts. Like EGs, CGs, and DRSs, the PSN notation suppons complete first-or­
der logic, but the PSN overlapping contexts do not have the same scope as the EG, 
CG, and DRS forms. 

Peirce's motivation for the EG contexts was to simplifythelogicalstructureand 
rules of inference. Kamp's motivation for the DRS contexts was to simplify the 
mapping from language to logic. Remarkably, they converged on context repre­
sentations that are isomorphic. Therefore, Peirce's rules of inference and Kamp's 
discourse rules apply equally well to contexts in the EG, CG, or DRS notations. 
For notations with a different structure, such as PSN or predicate calculus, those 
rules cannot be applied without major modifications. 

REsoLVING INDEXICALS. Besides inventing a logical notation for contexts, 
Peirce coined the term indexicalfor context-dependent references, such as pronouns 
and words like here, there, and now. In CGs, the symbol# represents the general 
indexical, which is usually expressed in English by the definite article the. More 
specific indexicals are_marked by a qualifier after the# symbol, as in #here, #now, #he, 
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If. Fanner:*x 

CG with indexicals CG with indexicals resolved 

FIGURE po Two conceptual graphs for "If a farmer owns a donkey; 
then he beats it." 

#she, or #it. Figure 5 .10 shows two conceptual graphs for the sentence If a farmer 
owns a t.Wnkey, then he bea'ts it. The CG on the left represents the original pronouns 
with indexicals, and the one on the right replaces the indexicals with the coref erence 
labels ?x and ?y. 

In the concept [Animate: #he], the label Animate indicates the semantic type, 
and the indexical #he indicates that the referent must be found by a search for some 
type of Animate entity for which the masculine gender is applicable. In the concept 
[Entity: #it], the label Entity is synonymous with T, which may represent any­
thing, and the indexical #it indicates mat the referent has neuter gender. The search 
for referents starts in the inner context and proceeds outward to find concepts of 
an appropriate type and gender. The CG on the right of Figure 5 .10 shows the 
result of resolving the indexicals: the concept for he has been replaced by [?x] to 
show a coreference to the farmer, and the concept for it has been replaced by [?y] 
to show a coreference to the donkey. 

Predicate calculus does not have a_ notation for indexicals, and its synrax does 
not show the context structure explicitly. Therefore, the CG on the left of Figure 
5.10 amnot be translated directly to predicate calculus. After the indexicals have 
been resolved, the <:;:G on the right can be translated to the following formula: 

01x:Farmer)01 y:Donkey) ("if z:Own) 
((expr(z,x) /\ thme(z,y)) ~ 

(3w:Beat)(agnt(w,x) /\ ptnt(w,y)) ). 

Note that this formula and the graph it was derived from are more complex than 
the CG in Figure 5.7. In order to compare the EG and the CG directly, th.at 
diagram represented the verbs by relations Owns and Beats, which do not explicitly 
show the linguistic roles. In Figure 5.10, the concept Own represents a state with 
an experiencer (Expr) and a theme (Thme). The concept Beat, however, represents 
an action with an agent (Agnt) and a pati~t (Ptnt). In general, the patient of an 
action is more deeply affected or transformed than a theme. See Appendix B.4 for 
a summary of these linguistic relations. 



5.2 SYNTAX OF CONTEXTS 

TRANSFORMATION RULES. In analyzing the donkey sentences, the Scholas­
tics defined transformations or conversion rules from one logical form to another. 
As an example, a sentence with the word every can be converted to an equivalent 
sentence with an implication. The sentence Every farmer who owns a donkey beats it 
is equivalent to the one represented in Figures 5.7, 5.9, and 5.10. In CGs, the word 
every maps to a universal quantifier in the referent of some concept: 

[ [Farmer: A.J f-- (Expr) f-- [Own]~ (Thine)~ [Donkey] : VJ -
(Agnt)f--[Beat]~[Entity: #it]. 

In this graph, the quantifier "ii does not range over the type Farmer, but over the 
subtype defined by the nested lambda expression: just those farmers who own a 
donkey. The symbol "ii represents a defined quantifier, which causes the surrounding 
CG to be expanded to the following form; 

-,[ [Farmer: A]f--(Expr)f--[Own]~(Thine)~[Donkey]: *x] 

-,[ [T: ?x]f--(Agnt)f--[Beat]~[Entity: #it] ] . 

The "ii symbol in a CG triggers a transformation rule, as described in Appendix A2. 
That rule or some procedure that simulates it transforms the original CG to the 
more primitive form. 

Other transformation rules are used to expand the defined types and relations, 
such as the impossibility relation (-,Psbl), which is defined as the negation of 
possibility (Psbl): 

relation -,Psbl ( *p) is 
-,[Proposition: (Psbl)~[Possible: ?p]]. 

This rule says that a proposition pis not possible if it is false that p is possible. Such 
transformation rules can be used to map CGs derived from different sentences to 
a common logical form. 

The transformation of a universal quantifier to an implication has been known 
since medieval times. But the complete catalog of all the rules for resolving indexi­
cals is still an active area of research in linguistics and logic. For the sentence You 
can lead a horse to water, but you can't make him drink, many more transformations 
must be performed to generate the equivalent of Peirce's EG in Figure 5.8. The fast 
step is be the generation of a logical form with indexicals, such as the CG in Figure 
5.11, which may be read literally It is possible (Psbl) for you to lead a horse to.water, 
but it is not possible (-,Psbl) for you to cause him to drink the liquid. 

A parser and semantic interpreter that did a purely local or context-free analysis 
of the English sentence could generate the four concepts marked as indexicals by# 
symbols in Figure 5.11: 

• The two occurrences of you would map to the two concepts of the form 
[Person: #you]. 



CHAPTER FIVE PURPOSES, CONTEXTS, AND AGENTS 

Proposition: 
.--~~~~~~~~~~~~~~~~~~--, 

Proposition: 

Person: #you 

Water 

Proposition: 
.---~~~~~~~~~~~~~~~~~~~~--, 

Proposition: 

Person: #you 

Situation: 
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FIGURE 5-11 CG for "You can lead a horse to water, but you can't 
make him drink." 

• The pronoun him represents a masculine animate indexical in the objecti.;e 
case, whose concept is [Animate: #he]. 

• The missing object of the verb drink is presupposed by the concept type Drink, 
which requires a patient of type Liquid. The implicit concept [Liquid: #] is 
marked as an indexical, so that the exact referent can be determined from the 
context. 

The indexicals would have to be resolved by a context-dependent search, proceed­
ing outward from the context in which each indexical is nested. 

CONVERSATIONAL IMPUCATUR.Es. Sometimes no suitable referent for an in­
dexical can be found. In such a case, the person who hears or reads the sentence 
must make further assumptions about implicit referents. The philosopher Paul 
Grice (1975) observed that such assumptions, called conversational implicatures, 
are often necessary to make sense out of the sentences in ordinary language. They 
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are justified by the charitable assumption that the speaker or writer is trying to 
make a meaningful statement but, for the sake of brevity, may leave some back­
ground information unspoken. To resolve the indexicals in Figure 5.11, the listener 
would have lo·· make the following kinds of assumptions to fill in the missing 
information: 

I. The two concepts of the form [Person: #you] would normally be resolved to 
the listener or reader of the sentence. Since no one is explicitly mentioned in 
any containing context, some such person must be assumed. That assumption 
corresponds to drawing an if-then nest of contexts with a hypothetical reader 
x coref erent with yow. 

[If: [Person: *x] - - - [Person: #you] 

[Then: . . . ]] . 

This graph may be read If there is a person x who is the the listener you, then .. 
. , where the three dots are a place holder for the graph in Figure 5.11. After 
that graph is inserted in place of the dots, every occurrence of #you would be 
replaced by ?x. The resulting graph could be read If there exists a person x, then 
x can_ lead a horse to water, but x cant make him· drink the liquid. 

2. The concept [Animate: #he] might be resolved to either a human or a beast. 
Since the reader is referred to as you, the most likely referent is the horse. But 
in both CGs and DRSs, coreference links can only be drawn between concepts 
under one of the following conditions: 

• The antecedent concept [Horse] and the indexical [Animate: #he] both 
occur in the same context. 

• The antecedent occurs ).n a context that includes the context: of the in-
dexicai. 

In Figure 5.11, neither of these con~tions holds. To make the second condi­
tion true, the antecedent [Horse] can be exported or lifted to some containing 
context, such as the context of the hypothetical reader x. This assumption has 
the effect of treating the horse as hypothetical as the person x. After a corefet­
ence label is assigned to the concept [Horse: *y], the indexical #he could be 
replaced by ?y. 

3. The liquid, which had to be assumed to make sense of the verb dri~k, might 
be coreferent with the water. But in order to draw a coreference link, another 

' assumption must be made to lift the antecedent concept [Water: *z] to the same 
hypothetical context as the reader and the horse. Then the concept [Liquid:#] 
would become [Liquid: ?z]. 
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The result would be the fullowing CG with all indexicals resolved: 

[If: [Person: *x] [Horse: *y] [Water: *z] 

[Then: 

[Proposition: 

(Psbl)~[Proposition: [Person: ?x]~[Lead]­

(Tbme)~[Horse: ?y] 

(Dest)~[Water: ?z] ]]~(But)­

[Proposition: 

(-..,Psbl)~[Proposition: [Person: ?x]~(Agnt)~[Cause]­

(Rslt)~[Situation: 

[Animate: ?y]~(Agnt)~[Drink]~(Ptnt)~[Liquid: ?z]] ] ] ] ] . 

This CG may be read If there exist a person x, a horsey, and water z, then the person x can 
lead the hurse y to water z, but the person x c an'tmake the animate beingy drink the liquid 
z. This graph is more detailed than the EG in Figure 5.8 because it explicitly shows 
the conjunction butand the linguistic rolesAgnt, Throe, Ptnt, Dest, and Rslt. Before 
the indexicals are resolved, the type labels are needed to match the indexicals to their 
antecedents. Afterward, the bound concepts [Person: ?x], [Horse: ?y], [Animate: ?y], 
[Water: ?z], and [Liquid: ?z] could be ~implified to just [?x], [?y], or [?z]. 

As this example illustrates, indexicals occur in the intermediate stage of trans­

lating language to logic, and their correct resolution may require nontrivial assump­
tions. Many programs in AI and computational linguistics follow rules of discourse 
representation to resolve indexicals. The problem of making the correct assump­
tions about conversational implicatures is more difficult. The kinds of assumptions 
needed to understand ordinary conversation are similar to the assumptions that are 
made in nonmonotonic reasoning (see Section 6.4). Both of them depend partly 
on context-independent rules oflogic and partly on context-dependent background 
knowledge. 

5.3 Semantics of Contexts 

As William James (1897) observed; an arbitrary region of space-time has no 
intrinsic meaning. The best way to deal with the bewildering confusion of events 
in some region of space and time is to "break it .... We make ten thousand separate 
serial orders of it, and on any one of these we react as though the others did not 
exist." A context is a package of information about one of those separated chunks 
of the world. Semantics determines how those packages relate to those chunks. 

SITU.AXIONS AND PROPOSITIONS. Logicians such as Saul Kripke (1963a,b) 
and Richard Montague (197 4) developed theories of semantics based on models of 
possible worlds. Each model represents an unbounded region of space-time with all 
the heterogeneous complexity of William James's example. To avoid such large, 
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open-ended models, Jon Barwise and John Perry (1983) developed situation seman­
tics as a theory that relates the meaning of sentences to smaller, more manageable 
chunks called situations. Each situation is a configuration of sonie aspect of the 
world in a bounded region of space and time. It may include people and things 
with their actions and speech; it may be real or imaginary; and its time may be past, 
present, or future. 

Situation semantics is a theory about the flow of information: from situations 
in the world, to speakers who perceive and talk about those situations, to listeners 
who interpret the speech by thinking about and acting upon the situations. 

• Speaker's information flow: Situ.ation => Perception => Statement. 

• Listener's information flow: Statement => Interpretation => Action => 
Modified situation. 

This flow relates the abstract symbols of language to the physical situations people 
live in and talk about. Without the physical situations at both ends, the symbols 
would be ungrounded. Symbols acquire meaning by the process of symbol grounding, 
which as Peirce insisted depends on triadic relationships: the speaker expresses a 
concept of an object by a symbol, which the listener interprets by an equivalent 
concept "or perhaps a more developed one." 

Figure 5.12 shows a concept of type Situation, which is linked by two image 
relations (Imag) to two different kinds of images of that situation': a picture and the 
associated sound. The description relation (Dscr) links the situation to a proposi­
tion that describes some aspect of it. It is equivalent to the entailment operator, x'F= p, 
which means that pis a true proposition about x. The proposition is linked by three 
statement relations (Stmt) to statements of the proposition in three different 
languages: an English sentence, a conceptual graph, and a formula in the Knowl­
edge Representation Language (KIF). As the diagram illustrates, the sound image 
and the picture image capture information that is not stated in the propositional 
forms, but even they are only partial representations. 

The sound and the picrure, which are displayed graphically in Figure 5.12, 
would be stored in some conventional representation, such as a GIF_ or JPEG file. 
The CG could be mapped to the following formula in predicate calculus: 

(3s:Situation) (3 p:Proposition) (3g:CG) 
(3x:Sound) (3 y:Picrure) (3z:English) (3 w:K IF) 

(dscr(s,p) /\ imag(s,x) /\ imag(s,y) 
/\ stored(x,clankery.wav) /\ stored(y,plumber.gif) 
/\ stmt(p,z) /\ stmt(p,g) /\ stmt(p, w) 
/\ literal(z, "A plumber 5 carrying a pipe.") 
/\ literal(g;"[Plumber]f-(Agnt)f-[Carry]~(Thme)~[Pipe]") 
/\ literal(w, "(exists ((?x plumber) (?y carry) (?z pipe)) 

(and (agnt ?y ?x) (thme ?y ?z)))")). 
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Sound: 

~ 
CLARKETY 

scrape 

Sentence: 
"A plumber is carrying a pipe." 

Situation 

Formula: 
"(exists ((?x plumber) (?y carry) (?z pipe)) 

(and (agnt ?y ?x) (tbme ?y ?z)) )" 

FIGURE 5.12 A CG repr:c:senting a situation of a plumber carrying a pipe 

The stored relation links images to the names of files in which they are stored, and 
the literal relation links linguistic entities to the character strings used to express 
them. A multimedia system can display them in any form that is convenient for the 
users. 

McCAR:rnv's CONTEXTS. John McCarthy is one of the founding fathers of 
AI, whose collected work (McCarthy 1990) has frequently inspired and sometimes 
\revolutionized the application of logic to knowl~e representation. In his "Notes 
on Formalizing d>ntext,"-.&rcCa.rthi (1993) inrroaucea the predicate ist(«6,p), 
.which may be read "the proposition p is true in context «6." For clarity, it will be 
spelled out in the form isTrueln(p,Cf.l). As illustrations, McCarthy gave the following 
~pies: . 

isTrueln("Holmes is a detective'', contextOf("Sherlock Holmes stories")). 
isTrueln("Holmes is a Supreme Court Justice", contextOf("U.S. legal 

history")). 

In these examples, the context disambiguates the referent of the name Holmes either 
to the fictional character Sherlock Holmes or to Oliver Wendell Holmes, Jr., the 
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first appointee to the Supreme Court by President Theodore Roosevelt. In effect, J' 

names behave like indexicals whose refer!!ntS are determined by the context. --__, _,,,, --.. :-.____.,--~- ... . . ..... _ .. _______________ _ 
One of McCartliys reasons for devdoping a theory of c:Ont6ct was hkii.O.easi-

ness with the proliferation of new logics for every kind of modal, temporal, 
epistemic, and nonmonotonic reasoning. The ever-growing number of modes 
presented in AI journals and conferences is a throwback to the Scholastic logicians 
who went beyond Aristotle's two modes necessary and possible to pennissible, obliga­
tory, doubtful, clear, generally known, heretical, said by the ancients, or written in Holy 
Scriptures. The medieval logicians spent so much time talking about modes that 
they were nicknamed the modistae. The modern logicians have axiomatized their 
modes and developed semantic models to support them, but each theory includes 
only one or two of the many modes. McCarthy (1977) observed: ,' 

I 

For AI purposes, we would need all the above modal operators in the sam~ 
system. This would make the semantic discussion of the resulting modal logi~ 
extremely complex. 

Instead of an open-ended number of modes, McCarthy hoped to develop a simple 
but uniYersal II).echanism that would replace all the modal logics with first-order 
logic supplemented with metalanguage about contexts. His student R. V. Guha 
(1991) implemented contexts in the Cyc system and showed that a first-order 
object language supplemented with a first-order metalanguage could support ver­
sions of modal, temporal, default, and higher-order reasoning. 

McCarthy and his students have shown that the predicate isTruein can be a 
powerful tool for building knowledge bases, but the predicate isTruein mixes the 
syntactic notion of containment (is-in) with the semantic notion of truth (is-true­
of). One way to resolve the semantic status is to assume a mapping from McCarthy's 
contexts to Barwise and Perry's situations: 

(\i~:Context){3s:Situation) ('<i p:Proposition) (isTruein(p,~) =. dscr(s,p)):- -, 

This formula says that for every context ~ in McCarthy's sense, .there- ~sts a 
situations in Barwise and Perry's sense; furthermore, for every proposition p, pis 
true in the context ~ if and only if the situatioIJ. Fis-aescribed bi)~QJ:' Figure 
5.12, the context~ would include the proposition that a-plWiiber is carrying a 
pipe, but it would also include all the propositions that are entailed by the sound 
and picture images: the plumber is carrying a toolbox, he works for Acme Plumb­
ing Co., he is dragging the pipe with a clankety noise, h.e is wearing a cap with 
the letter A on it, and so forth. The predicate isTruein(p, '€) means that p is one 
of those propositions. 

MEANINGFUL SITUATIONS. Barwise and Perry. (1983) identified a situation 
with a bounded region of space-time. But in James' terms, an arbitrary region of 
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space and time contains "disjointed events" with no "rational bond between them." 
A meaningful situation is far from arbitrary, as the following examples illustrate: 

• A college lecrure could be considered a situation bounded by a: fifty-minute 
rime period in a spatial region enclosed by the walls of a classroom. But if the 
time were moved forward by thiny minutes, the region would include the 
ending of one lecture and the beginning of another. That time shift would 
create an unnatural "situation." 

• If the space were shifted left by half the width of a classroom, it would include 
part of one class listening to one teacher, part of another class listening to a 
different teacher speaking on a different topic, and a wall between the two 
lectures. That shift would create an even more unnatural situation than the 
rime shift. 

• Another transformation might fix the coordinate system rdative to the sun 
instead of the earth. Then the region that included the class at the beginning 
of the lecture would stay behind as the earth moved. Within a fevv minutes, it 
would be in deep space, containing nothing but an occasional hydrogen atom. 

Even more complex situations would be needed for the referents of the Sherlock 
Holmes stories or the U.S. legal history. The first is fictional, and the second is 
intertwined with all the major events that happened in the United States from 1776 
to the present. The space-rime region for a fictional situation does not exist, and 
the space-rime region for the U.S. legal history cannot be separated from the region 
of its political, economic, or cultural history. 

In discussing the development of situation theory, Keith Devlin (1991) ob­
served that the definitions were stretched to the point where situations "include, 
but are not equal to any of simply connected regions of space-time, highly discon­
nected space-time regions, contexts of utterance (whatever that turns out to mean 
in precise terms), collections of background conditions for a constraint, and so on." 
After further discussion, Devlin admitted that they cannot be defined: "Situations 
are just that situations. They are abstract objects introduced so that we can handle 
issues of context, background, and so on." 

For Devlin, situations are undefinable objects whose purpose is to simplify the 
problems of reasoning about contexts. For McCarthy; contexts are undefinable 
objects whose purpose is to simplify the problems of reasoning about situations. 
Peirce and James, the two founders of pragmatism, focused on what is common in 
these two circular definitions: the notion of purpose. Space-time coordinates are 
not sufficient to distinguish a meaningful situation from a disjointed collection of 
events. Some agent for some purpose must pick and choose what is relevant. 

MEANING-PRESERVING TRANSLATIONS. Informally, different statements in 
different languages can mean "the same thing." Formally, that "thing," called a 
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proposition, represents abstract, language-independent, semantic .content. As an 
abstraction, a proposition has no physical embodiment that can be written or 
sp·oken. Only its statements in particular languages can be expressed as strings of 
symbols. 

According to Peirce (1905), "The meaning of a proposition is itself a proposi­
tion. Indeed, it is no other than the very proposition of which it is the meaning: it 
is a translation of it." Mathematically, Peirce's informal statement may be formal­
ized by defining a proposition as an equivalence class of sentences that can be 
translated from one to another while preserving meaning. Some further criteria are 
necessary to specify what kinds of translations are considered to "preserve mean­
ing." Formally, a meaning-preserving translation /from a language ~1 to a language 
~may be defined as a function that satisfies the following constraints: 

• Invertible. The translation function f must have an inverse function g that 
maps sentences from ~2 back to ~1• For any sentences in ~1'/(s) is a sentence 
in ~2, and g(f(s)) is a sentence in ~1 • All three sentences, s,f(s), and g(f(s)) are 
said to express the proposition p. 

• Proof preserving. When a sentence sin ~1 is translated to /(s) in ~2 and back 
again to g(f(s)) in ~1 , the result might not be identical to s. But according to 
the rules of inference of language ~1, each one must_ be provable from the 
other: sl-g(f(s)), and g(f(s))l-s. Similarly, f(s) and /(g(f(s))) must be provable 
from each other by the rules of ~erence of language ~2• 

• Vocabulary preserving. Whens is translated from~ to ~2 and back to g(f(s)), 
the logical symbols like V and the syntactic markers like commas and paren­
theses might be replaced by some equivalent. However, the same content words 
or symbols that represent categories, relations, and individuals in the ontology 
must appear in both sentences sand g(f(s)). This criterion could be relaxed to 
allow terms to be replaced by synonyms or definitions, but arbitrary content 
words or predicates must not be added or deleted by the translations. 

• Structure preserving. When sand g(f(s)) are mapped to Peirce Normal Form 
(with negation-, conjunction A, and the existential quantifier 3 as the only 
logical operators), they must contain exactly the same number of negations and 
existential quantifiers, nested in semantically equivalent .Patterns. 

These four criteria ensure tha~ the sentences sand g(f(s)) are highly similar, if not 
identical. Ifs is the sentence Every farmer who owns a donkey beats it, then the 
sentence g(f(s)) might be If a farmer x owns a donkey~ then x beats y. Those 
sentences use different logical and syntactical symbols, but they are provably 
equivalent, they have the same content words, and they have the same structure 
when expressed with only A,_-, and 3. 

Attempts to apply formal definitions to natural languages are fraught with 
pitfalls, exceptions, and controversies. To avoid such problems, the definition of 
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meaning-preserving translation may be restricted to formal languages, like CGs and 
KIF. The sample sentence in Figure 5.12 could be defined as part of a formal 
language called stylized English, which happens to contain many sentences that look 
like English. Yet even for formal languages, the four criteria require further expla­
nation and justification: 

• Invertible. The functions f and gare not exact inverses, since glf(s)) might not 
be identical to s. To ensure that f JS defined for all sentences in ;£1, the language 
:£2 must be at least as expressive as ;£1• If ;£2 is more expressive than ;£1, then 
the inverse g might be undefined for some sentences in :£2• In that case, the 
language :£;. would express a superset of the propositions of :£1• 

• Proof preserving. Preserving provability is necessary for meaning preservation, 
but it is not sufficient. It is a weak condition that allows all tautologies to be 
considered equivalent, even though the proof of equivalence might take an 
exponential amount of time. Informally, the test to determine whether two 
sentences "mean the same" should be "obvious." Formally, it should be com­
putable by an efficient algorithm- one whose time is linearly or polynomially 
proportional to the length of the sentence. 

• Vocabulary preserving. Two sentences that mean the same should talk about the 
same things. The sentence Every cat is a cat is provably equivalent to Every dog 
is a dog, even though one is about cats and the other is about dogs. Even worse, 
both of them are provably equivalent to a sentence about nonexistent things, 
such as Every unicorn is a unicorn. An admissible translation could make some 
changes to the syntactic or logical symbols, as in the sentence If something is a 
cat, then it is a cat. It might replace the word cat with domestic feline, but it 
should not replace the word c atwith dog or unicorn. 

• Structure preserving. Of all the logical operators, conjunction A is the simplest 
and least controversial, while negation - introduces serious logical and philo­
sophical problems. Intuitionists, for example, deny that -p is identical top. 
For relevance logic, Anderson and Belnap (1975) disallowed the disjunctive 
syllogism, which is based on v and -, because it can introduce extraneous 
information into a proof Computationally, -p and p have different effects on 
the binding of values to variables in Prolog, SQL, and many expert systems. 
The constraints on quantifiers and negations help ensure that formulas in the 
same equivalence class have the same properties of decidability and computa­
tional complexity. 

These conditions impose strong constraints on translations that are said to preserve 
meaning. They ensure that the content words or predicates remain identical or 
synonymous, they preserve the logical structure, and they prevent irrelevant content 
from being inserted. 
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ExA¥PLES OF MEANING-PRESERVING TRANSLATIONS. To illustrate the is-
sues, consider meaning-preserving translations between 1=WO different notations for: 
first-order logic. Let !£1 be predicate calculus with Peano's symbols A, v, -, :::>, 3, 
and V, and let !£2 be predicate calculus with Peirce's symbols +, X, - , -<, L, and 
II. Then for any formulas or subformulas p and q in !£1, let f produce the following 
translations in !£2: 

• Conjunction. pAq => pX q. 
• Disjunction. pvq => -(-pX -q). 
• Negation. - p => -p. 
• Implication. p:::>q=> -(pX-q). 
• Existential quantifier. (3x)p => 'T..xt. 
• Universal quantifier. 0/x)p => -"i,"-p. 

The sentences generated by fuse only the operators X, -, and 'T.., but the inverse 
g is defined for all operators in !£2: 

• Conjunction. pX q => pAq. 
• Disjunction. p+ q => pv q. 
• Negation. -p => -p. 

• Implication. p-<q => p:::>q. 
• Existential quantifier. 'T.."p => (3x)p. 
• Universal quantifier. Pixt => (V x) p. 

The functions f and g meet the criteria for meaning-preserving translations: they 
are invertible, proof preserving, vocabulary preserving, and structure preserving. 
Furthermore, the proof of equivalence can be done in linear time by showing that 
two sentences sand tin !£1 map to the same form with the symbols A, -, and 3. 

The functions f and gin the previous example show that it is possible to find 
functions that meet the four criteria. They don't map any sentences to the same 
equivalem:e class unless they can be said to "preserve meaning" in a very strict sense, 
but they leave many closely related sentences in different classes: permutations such 
as pAq and qAP, duplications such .as p, pAp, and pApAp, and formulas with 
renamed variables such as (3x)P(x) and (3y)P(y). To include more such sentences 
in the same equivalence classes, a series of functions Ji, fi, ... , can be defined, all 
of which have the same inverse g. 

1. Surting. The function Ji makes the same symbol replacements as j but it also 
sorts con junctions in alphabetical order. As a result, pAq and qAp in !£1 would 
both be mapped to pXq in !£2, which would be mapped by g back to pAq. 
Therefore, Ji groups permutations in the same equivalence class. Since a list of 
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N terms can be sorted in time proportional to MogN, the function fi takes 
just slightly longer than linear time. 

2. Renaming variables. The function Ji is like fi, but it also renames the variables 
to a standard sequence, such as x1,~, •••• For very long sentences with dozens 
of variables of the same type, the complexity of .h could increase exponentially.. 
A typed logic can help reduce the number of options, since the new variable 
names could be assigned in the same alphabetical order as their type labels. For 
the kinds of sentences used in human communications, most variables have 
different types, and the computation time for Ji would be nearly linear. 

3. Deleting duplicates. After fi and .h sort conjunctions and rename variables, the 
function fi, would eliminate duplicates by deleting any con jun ct that is identical 
to the previous one. The deletions could be performed in linear time. 

For the kinds of sentences that people speak and understand, the total computation 
time of all three functions would be nearly linear. Although it is possible to 
construct sentences whose computation time would increase exponentially, those 
sentences would be hopelessly unintelligible to humans. What is unnatural for 
humans would be inefficient for computers. 

This series of functions shows how large numbers of closely related sentences 
can be reduced to a single canonical form. If two sentences express the same 
proposition, their canonical forms, which can usually be calculated efficiently, 
would be the same. The function Ji has the effect of reducing sentences to Peirce 
Normal Form (PNF) - the result of translating a sentence from predicate calculus 
to an existential graph and back again. As an example, consider the following 
sentence, which Leibniz called the Praedarum Theorema (splendid theorem): 

((p ::> r) /\ (q ::> s)) ::> ((p /\ q) ::> (r As)). 

This formula may be read Jfp imp!,ies rand q implies s, then p and q imply rands. 
When translated to !£i by fi, and back to ;£1 by g, it has the following Peirce Normal 
Form: 

-((-(p A -r) A -(q /\ -s)) A -(-(p A q) A -(r /\ s)) ). 

This form is not as readable as the original, but it serves as the canonical repre­
sentative of an equivalence class that contains 864 different, but highly similar 
sentences. The function fi,, which deletes duplicates, can reduce an in.finite number 
of sentences to the same form. Such transformations can factor out the differences 
caused by the choice of symbols or syntax. 

To account for synonyms and definitions, another function f4 could be used to 
replace terms by their defining lambda expressions. If recursions are allowed, the 
replacement.5 and expansions would be equivalent in computing power to a Turing 
machine; they could take exponential amounts of time or even be undecidable. 
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Therefore, J. should only expand definitions without recursions, direct or indirect. 
Since the definitions may introduce permutations, duplications, and renamed vari­
ables, J. should expand the definitions before performing the reductions computed 
by J;. Without recursion, the expansions would take at most polynomial time. 

MEANING IN NATURAL LANGUAGES. When functions like the f; series are 
extended to natural languages, they become deeply involved with the problems of 
syntax, semantics, and pragmatics. In his early work on transformational grammar, 
Noam Chomsky (1957) hoped to define transformations as meaning:EI~s-~g 1 

functions. But the transformations that moved phrases and subphrases had the 
effect. of changing the scope of quantifiers and the binding of pronouns to their 
antecedents: 

• Every cat chased some mouse. 
=>Some mouse was chased by every cat. 

• we do your /,a.undry by hand; we don't tear it by machine. 
=> we don't tear your /,a.undry by machine; we do it by hand. 

To account for the implications of such transformations, Chomsky (1982) devel­
oped his theory of government and binding, which replaced all transformations by 
a single operator called move-a and a set of constraints on where the phrase a could 
be moved. In his most recent minimalist theory, Chomsky (1995) eliminated 
movement altogether and formulated the~l~ 9f ~ar:as-~seJ_of_logical 
~~"With that theory, both lan~~g~~!atio_n_~g_ym;qJretation_becc_>me 
constraint-satis~gion_problems of the kin..d discussed in Sectio~Th~common 
thread running through these theories is Chomsky's search for a syntax-based 
characterization of the meaning-preserving translations. 

AI-based computational linguistics has also involved a search for meaning-pre­
serving translations, but with more emphasis on semantics and pragmatics than on 
syntax. Roger Schank (1975), for example, developed his conceptual dependency 
theory as a canonical representation of meaning with an ontology of eleven primitive 
action types. Although Schank was strongly opposed to formalization of any kind, his 
method of reducing a sentence to canonical form could be viewed as a version of 
function J.. In his later work (Schank & Abelson 1977; Schank 1982), he went 
beyond the sentence to higher-level structures called scripts, memory organization 
packets (MOPs), and thematic organization packets (TOPs). These structures, which 
have been implemented in framelike and graphlike versions of EC logic, address 
meaning at the level of paragraphs and stories. Stuart Shapiro and his colleagues have 
implemented versions of propositional semantic networks, which support similar 
structures in a form that maps more directly to logic (Shapiro 1979; Maida & Shapiro 
1982; Shapiro & Rapaport 1992). Shapiro's propositional nodes serve the same 
purpose as Peirce's ovals and McCarthy's contexts. 
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Besides the struetural forms of syntax and-logic, the meaning-preserving trans­

lations for natural languages must account for the subtle interactions of many 
thousands of words. The next two sentences, for example, were adapted from a 
news repon on finance: 

• The latest economic indicators eased concerns that inflation is increasing. 
• The latest economic indicators heightened concerns that inflation is increasing. 

The first sentence implies that inflation is not increasing, but the second one implies 
that it is. The negation, which is critical for understanding the sentences, does not 
appear explicitly. Instead, it comes from an implicit negation in the meaning of the 
noun concern: if some agent x has a concern abouty, then xhopes that some bad event 
does not happen toy. The concern is eased when the l;>ad event is less likely to occur, 
and the concern is heightened when the bad event is more likdy to occur. In the 
normal use of language, people understand such sentences and their implications. 
For a computer to understand them, it would require detailed definitions of the 
words, background knowledge that rising inflation is bad for the economy, and the 
'reasoning ability to combine such information. Doug Lenat and his group in the Cyc 
project have been working since 1984 on the wk of encii<flng and reasoningwith the 
millions of rules and facts needed for such understanding. 

TINCTURED ExrsTENTIAL GRAPHS. Peirce (1906) introduced colors to dis­
tinguish contexts of different types. Conveniently, the heraldic tinctures, which were 
used to paint coats of arms in the middle ages, were grouped iri three classes: metal, 
color, and fur. Peirce adopted them for his three-way distinction of actua4 moda4 
and intentional contexts: 

1. An actual context is a µue description of some aspect of the world. Peirce used 
the metallic tincture argent (white background) for "the acrual or true in a 
general or ordinary sense," and three other metals (or, fer, and plomb) for "the 
actual or true in some special sense." Figure 5.13 shows that an acrual context 
can be designated by a monadic relation such as True, which does not ref er 
explicitly or implicitly to any other context. 

2. A modal context is a description of some possibility relative to what is actual. 
Figure 5.13 shows a dyadic relation (Possible) between the acrual and modal 
contexts. The monadic Psbl relation leaves the actual context implicit. Peirce 
used four heraldic colors to distinguish modalities: azure· for logical possibility 
(dark blue) and subjective possibility (light blue); gules (red) for objective 
possibility; vert (green) for "what is in the interrogative mood"; and purpure 
(purple) for "freedom or ability." 
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Actual Actual Modal 
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Actual Intentional 

Agent 

FIGURE 5-13 Actual, modal, and intentional contexts 

3. An intentional context describes what some agent intends relative to what is 
actual. Figure 5.13 uses a triadic relation to show the agent and the actual 
context explicitly, but one or both of them may be left implicit. Peirce used 
four heraldic furs for intentionality: sable (gray) for "the metaphysically, or 
rationally, or secondarily necessitated"; ermine (yellow) for "purpose or inten­
tion"; vair (brown) for "the commanded"; and potent (orange) for "the com­
pelled." Bertrand Russell called these modes propositional attitudes because they 
represent some agent's attitude toward a proposition. 

Throughout his analyses, Peirce distinguished the logical operators, such as/\, -, 
and 3, from the tincrures, which, he said, do not represent "differences of the 
predicates, or significations of the graphs, but of the p~edetermined objects to which 
the graphs are intended to refer." In effect, the tinctures belong to the metalanguage 
that describe how logic applies to the universe of discourse. 

The nature of the universe or universes of discourse (for several may be referred 
to in a single assertion) in the rather unusual cases in which such precision is 
required, is denoted either by using modifications of the heraldic tinetures, 
marked in something like the usual manner in pale ink upon the surface, or by 
scribing the graphs in colored inks .. 
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In Peirce's contexts, the oval enclosures distinguish the synrax, the universe of 
discourse determines the semantics, and the nature of the universe of discourse 
determines the pragmatics. 

CLASSIFYING CONTEXTS. The first step toward a theory of context is a clas­
sification of the types of contexts and their relationships to one another. Any of the 
tincrured contexts may be nested inside or outside the ovals representing negation. 
When combined with negation in all possible ways, each tincture can represent a 
family of related modalities: 

1. The first metallic tincrure, argent, corresponds to the white background Peirce 
used for his original existential graphs. When combined with existence and 
conjunction, negations on a white background support classical first-order 
logic about what is actually true or false "in an ordinary sense." Negations on 
the other metallic backgrounds support FOL for what is "actual in some special 
sense." A statement about the physical world, for example, would be actual in 
an ordinary sense. But Peirce also considered mathematical abstractions, such 
as Cantor's hierarchy of infullte sets, to be actual, but not in the same sense as 
ordinary physical entities. 

2. In the algebraic notation, Op means that p is possible. Then necessity D p is 
defined as -0-p. Impossibility is represented as -Op or equivalently 0-p. 
Instead of the single symbol 0, Peirce's five colors represent different versions 
of possibility; for each of theni, there is a corresponding interpretation of 
necessity, impossibility; and contingency: 

•· Logical possibility. A dark blue context, Peirce's equivalent of Op, would 
mean that p is consistent or not provably false. His version of D p, repre­
sented as dark blue between two negations, would therefore mean that pis 
provable. Impossible -Op would mean inconsistent or provably false. 

• Subjective possibility. In light blue, 0 p would mean that p is believable or 
not known to be false. Op would mean that pis known or not believably 
false. This interpretation of 0 and D is called epistemic logic. 

• Objective possibility. In red, 0 p would mean that p is physically possibie. As 
an ex.ample, Peirce noted that it was physically possible for him to raise his 
arm, even when he was not at the moment doing so. Op would mean 
physical necessity according to the laws of nature. 

• Interrogative mood. In green, 0 p would mean that pis questioned, and Op 
would mean that p is not questionably false. This interpretation of Op 
corresponds to a proposition p in a Prolog goal or the where-clause of an 
SQLquery. 
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• Freedom. In purple, 0 p would mean that p is free or permissible; D p would 
mean that p is obligatory or not permissibly false; -Op would mean that p 
is not permissible or illegal; and 0-p would mean that pis permissibly false 
or optional. This interpretation of 0 and D is called deontic logic. 

3. The heraldic furs represent various kinds of intentions, but Peirce did not 
explore the detailed interactions of the furs with negations or with each other. 
Don Roberts (1973) suggested some combinations, such as negation with the 
tinctures gules and potent to represent The quality of mercy is not strained. 

Although Peirce's three-way classification of contexts is useful, he did not work out 
their implications in detail. He wrote that the. complete classification of "all the 
conceptions of logic" was "a labor for generations of analysts, not for one." 

In the current generation, theories like situation semantics address the prob­
lems of classifying and reasoning about intentional contexts, but the number of 
intentional combinations is very large. Many intentional verbs come in pairs like 
hope and fear, know and believe, or seek and avoid. When combined with negations, 
these verbs generate more complex patterns than the relationships between the two 
basic modes 0 and D. As an example, the predicate hope(a,p) could mean that the 
agent a hopes that the proposition p will become true. Then the predicate fear(a,p) 
would mean that a hopes that p will not become true: 

fear(a,p) = hope(a,-p). 

An agent a is indifferent to p if a neither hopes nor fears that p: 

indifferent(a,p) = -hope(a,p) /\ -fear(a,p). 

An agent a is ambivalent about p if a both hopes that p and fears that p: 

ambivalent(a,p) = hope(a,p) /\ fear(a,p). 

Given the definition of fear in terms of hope, ambivalence would mean that a hopes 
that p will come true and that p will not come true: 

ambivalent(a,p) = hope(a,p) A hope(a,-p). 

If conjunction is assumed to commute with hope, this formula would imply that 
a hopes for a contradiction pA-p. Such states occur in science-fiction movies when 
someone like Captain Kirk presents a computer with an unresolvable dilemma. 

5.4 First-Order Reasoning in Contexts 

Syntactically, contexts are enclosures for propositions. Semantically, some agent 
asserts, believes, or assumes that the propositions they enclose describe some situ­
ation. Pragmatically, the contexts separate an agent's statements about a situation 
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from metalevel statements about the· agent's intentions or attitudes toward those 
statements. This section develops techniques for first-order logic, in which negation 
is the metalevel operator that denies the statements in a context. The next section 
extends the techniques to modal and intentional operators, which make a broader 
range of metastatem~nts about conteXts. 

SOUNDNESS AND COMPLETENESS. Semantic tests, stated in terms of the en­
tailment operator t=, provide criteria for evaluating the rules of inference, which 
define the provability operator I-. Two desirable properties are soundness, which 
means that everything provable is crue, and completeness, which means that every­
thing true is provable. Rules of inference are sound if provability (I-) preservc;s truth 
as determined by semantic entailment (F= ): 

• Soundness. (\i s:Situation)(\i p,q:Proposition)(sF=p :::i (pl-q :::i sF=q)). 

This formula says that for every situation sand propositions pand q, if sentails p, then 
if qis provable from p, salso entails q. Completeness is the converse of soundness: 

• Completeness. (\i s:Situation)(\i p,q:Proposition)((sF=p :::i sF=q) :::i pl-q). 

For every situation sand propositions p and q, ifs entails p implies that s entails q, 
then q is provable from p. 

The three operators :::i, h and F= represent different ways of formalizing if-then:. 
:::i is a Boolean operator that appears in ordinary formulas of logic; I- and F= are 
'meta.level operators that appear. in statements about logic. Semantic entailment is 
more fundamental than provability because it derives the truth of formulas from 
facts about the world. Provability depends on the rules of inference of a particular 
:version of logic, and those rules must be justified in terms of entailment. 
· ·-- For classical first-order logic, the distinction between I- and F= can be ignored 
because soundness and completeness guarantee that' they are equivalent. For other 
versions oflogic, however, they must be carefully distinguished. Kurr Godel (1931) 
proved the incompleteness of higher-order logic by finding propositions entailed by 
F that are not provable by I-. N onmonotonic logic, which is discussed in Chapter 
6, is not even sound. Instead of preserving truth, the nonmonotonic rules of 
inference preserve only the weaker property of consistency: all true statements must 
be consistent, but not all consistent statements are true. 

IMPORT-ExPoRT RULES. Besides proposing conteXts, McCarthy emphasized 
tJ:ie need for lifting rules that import and export information in and out of contexrs. 
To be sound, those rules must preserve truth. Therefore, if a context 't6 describes 
some situation s, a proposition p can only be moved into 't6 ifs entails p. The rules 
of infc;rence for moving p consist of those rransformations that preserve the seman­
tic constraint that sl=p. That constraint, however, mixes a physical situation swith 
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an abstract proposition p. To be computable, the rules must relate the abstract 
entities p and ~ by means of purely symbolic relationships such as provability. 

The import-export rules, which relate abstract contextS and propositions, must 
be justified by relationships_ between physical situations and the entities they contain. 
Their semantics depends on the things that are described by the three kinds of 
contexts: 

• Actual Contexts that describe actual siruations in the physical world or the 
abstract world of mathematics can be described in first-order logic. Therefore, 
a proposition p can be moved to a context~ if the first-order rules of inference 
permit. 

• Modal The seinantics of possibility and necessity is formulated in terms of 
infinite families of possible worlds, which are questionable ontologically and 
intractable computationally. To be computable, semantic theories based on 
possible worlds must be related to operations on contexts that describe finite 
situations in those worlds. 

• Intentional The semantics of intentions must relate possible worlds to the 
agents who think about and act upon those worlds. It has all the complexity of 
modality with the added complexity of reasoning about agents who may be 
reasoning about other agents who are changing the worlds while everyone is 
~g to reason about them. · 

A primary goal of context theory, for both Peirce and McCarthy; was to preserve a 
first-order style of reasoning. As Peirce observed, the tinctures that mark the kinds 
of context represent "the nature of the universe or universes of discourse"; they do 
not represent "differences of the predicates or significations of the graphs." 

PEmcE's RULES OF INFERENCE. With his algebraic notation, Peirce followed 
Boole in doing inference by algebraic manipulation of formulas. But when he 
developed existential graphs, he discovered five inference rules that state the condi­
tions for importing and exponing statements in and out of contexts. Although 
Peirce originally stated the rules for existential graphs, they can be adapted to any 
notation, including conceptual graphs, predicate calculus, and discourse repre­
sentation structures. 

~~c~'s rules are based on .. the principle that generalization in a positive context 

or ;pecialization in ~-~e~~~~-~-J:!t~!_P.!.~~~ ~th. !'8 a.Il example, suppose tha~ 
a brown dog is eating a bone in the ki.tchen. Then the following generalization~ 
must also be true: ! 

• A dog is in the kitchen. 

• A brown animal is eating. 

• An animal is eating something in a room. 



CHAPTER FIVE PURPOSES, CONTEXTS, AND AGENTS 

Each of these generalizations is derived from the original by erasing some phrase or 
by replacing a term like dog with a more general term like animal In a negative 
context, any sentence can be specialized. If there is no cat in the kitchen, then there 
is no cat of any kind doing anything in the kitchen: 

• 
• 
• 

No black cat is under the table in the kitchen. 

No striped ~t is eating a fish in the kitchen' 

No orange cat with white paws is sleeping in the kitchen. 

As th~ examples illustrate, a true statement that has no negations can be general­
ized to another true statement by relaxing any condition. Conversely, a true 
statement containing a negation can be convened to another true statement by 
adding more conditions to the part inside the negation. This principle holds for 
any number of nested negations: truth is preserved by generalization in a positive 
conteX:t (no negations or any even number of negations) or by specialization in a 
negative context (any odd number of negations). 

For existential graphs, Peirce observed that a simple graph with no negations 
cin be generalized by erasing any subgraph, and it can be specialized by adding 
some graph or graphs to it. The most. general of all graphs is the blank or empty 
graph in which everything has been erased. The blank graph, which can never be. 
false, is Peirce's only axiom: any graph that can be derived from the blank is a 
theorem. For graphs with negations, Peirce stated five rules of inference: 

1. Erasure. In a positive context, any graph or subgraph may be erased. 

2. Insertion. In a negative context, any graph or subgraph may be inserted. 

3. Iteration. If a graph or subgraph p occurs in a context"6, another copy of p may 
be written in the same context <(6 or in any context nested in <(6. 

4. Deiteration. Any graph that could have been derived by iteration may be erased: 
any graph or subgraph p may be erased if a copy of p occurs in the same context 
or any containing context. 

5. Double negation. Two negations. with nothing between them may be erased or 
insened around any graph or collection of graphs in any context. In panicular, 
a double negation may be drawn around the blank or empty collection. 

The rules of erasure and insertion have no inverses; if q is derived from p by one of 
r . , 

those rules, then p cannot be derived from q. The rule of deiteration is the inverse 
of iteration, and double negation is its own inverse; if q is derived from p by those 
rules, then p can be derived from q by the inverse rules. These five rules define a 
sound and complete inference procedure for propositional logic. The same rule5 
support full first-order logic with equality when they are used to erase or insen a 
line of identity. 
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PROOF IN ExisTENTIAL GRAPHS. To show how Peirce's rules are applied to 
existential graphs, consider _the proof of Leibniz's Praecla:rum Theoremt<. 

((p :::> r) A (q :::> s)) :::> ((p A q) :::> (r A s)). 

Figure 5 .14 shows that the E G proof takes seven steps starting from an empty sheet; 
each step is numbered with the rule that is applied. The EG at the end of the proofhas 
four pairs of ovals, each pair corresponding to one of the :::> symbols in the algebraic 
form. It would be possible to simplify the final graph by erasing a double negation, 
but then the exact correspondence with the algebraic notation would be lost. 

Peirce's rules are the simplest and most general rules of iriference evei discov­
ered. In the Principia Mathematica, which was published 13 years later, the equiva­
lent of Figure 5.14 required a total of 43 steps starting from five nonobvious 
axioms. One of those axioms was redundant, but the proof of its redundancy was 
not discovered by the authors or by any of their readers for 16 years. The axioms 
and rules of the Principia can be proved as theorems in terms of Peirce's rules. In 
fact, all other rules of inference for classical first-order logic can be derived as special 
cases of Peirce's rules: natural deduction by Gerhard Gentzen (1935), tableaux by 
Evert Beth (1955), and resolution by Alan Robinson (1965a). 

PROOF IN ALGEBRAIC NOTATION. Although Peirce's rules apply to any nota­
tion for logic, some adjustment is needed to accommodate differences in syntax: 

• Blanks. In graph logic, the blank is represented by an empty sheet of paper or 
by a context with nothing in it. In algebraic notation, the blank must be 
represented by a place holder, such as the letter T for truth. 

• Conjunctions. In graph logic, there is no need for A symbols between con­
juncts . .In algebraic notation, an A symbol must be added when a new conjunct 
is insened, and the extra A symbol must be erased when a co.njunct is erased. 

#5~#2 
Emp-ey Sheet ---+ \Q)-+ 

#5 
~ 

PIGlJ'.RE 5-14 Proof of the Praeclarum Theorema 
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In EGs, the nested contexts explicitly show the negations, but in algebraic notation, 
implicit negations are buried inside the definition of every operator other than /\ 
and 3. For each operator, a special rule is needed to determine how the operator 
affects the negation depth of its operands: 

• Nega.tion. A negation - increases the negation depth by one. For any expres­
sion of the form - p, the negation depth of the operand p is one greater than 
the negation depth of the containing context. 

• Conjunction. A conjunction /\ has no effect on the number of negations. For 
an expression pAq, the negation depth of both p and q is the same as the 
negation depth of the containing context. 

• Disjunction. Since pvq is defined as -((-p)A(-lq)), a disjunction v increases 
the negation depth of both p and q by two. 

• Implication. Since pq is defined as -(pA-q), an implication:::> increases the 
negation depth of p by one and the negation depth of q by two. 

• Existential. The existential quantifier 3 has no effect on the number of nega­
tions. For an expression (3x)p, the negation depth of p is the same as the 
negation depth of the containing context. 

• Universal. Since the universal quantifier (\;/ x) p is defined as -(3x)-p, it in-
creases the negation depth of p by two. 

Existence and conjunction have no effect on the depth of nesting. Logically, 
philosophically, and computationally, they are the two simplest operators. Negation 
adds one to reverse the sign of a context positive to negative or negative to positive. 
Implication reverses only the sign of its antecedent. Dis junction and the universal 
quantifier, which increase the depth by two, do not change the sign, but they do 
introduce more computational complexity than 3 and /\. 

For each step in the proof of Figure 5 .14, the same rule can be applied to the 
algebraic formula, although the linear notation makes the transformations more 
complex: 

1. By rule #5, start by drawing two negative contexts around the blank or T: 
-(T A-T). Writing this formula as an implication, 

T:::>T. 

2. By rule #2, the first T may be replaced with any specialization. In particular, it 
may be replaced with the entire left side of the formula to be proved: 

((p:::> r) A (q:::> s)) :::>T. 

3. By rule #3, copy (p:::>r) into the same context with T and erase the now 
unneeded place holder T: 

((p:::> r) /\ (q:::> s)) :::> (p:::> r). 
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4. By rule #2, insert q into the antecedent of {Ji:::Jr) in the conclusion: 

((p :::> r) /\ (q:::> s)) :::> ((p /\ q) :::> r). 

5. By rule #3, copy (q::::)S) into the same context as rat the end of the formula: 

((p :::> r) /\ (q :::> s)) :::> ((p /\ q) :::> (r /\ (q :::> s))). 

6. By rule #4, erase the last copy of q and replace it with the blank or T: 

((p :::> r) /\ (q :::> s)) :::> ((p /\ q) :::> (r /\ (T :::> s))). 

7. Finally, (T:::>s) is equivalent to the double negation -(-(s) ); therefore, by rule #5, 

((p :::> r) /\ (q :::> s)) :::> ((p /\ q) :::> (r /\ s)). 

This example shows why no one but Peirce ever discovered these rules: the linear 
form obscures the nested structure of contexts, but the EG form makes the nesting 
obvious. The graphs enabled Peirce to see patterns in the rules of inference that no 
one else discovered in their full generality. Once those patterns are recognized in 
graph form, they can be adapted to any other notation. The adaptations require a 
definition of the way each operator affects positive and negative contexts and the 
method of generalizing or specializing a statement in any context 

CUT-AND-PASTE THEOREM. For theorem proving, Peirce's rules are equiva­
lent to the other systems of classical FOL. For reasoning in contexts, however, 
they have a remarkable property that .is not shared with any other system of 
first-order rules: they can be applied inside deeply nested contexts. "Whereas the 
traditional rules like modus ponens can only be applied to a formula that is outside 
of any nest, Peirce's rules depend on the sign of the context, not its depth. 
Therefore, they can be applied in exactly the same way in an outer context at 
depth 0 or in a context nested inside 2 or 22 negations. Any proof that can be 
carried out on a blank sheet of assertion can be "cut out" and "pasted" into any 
positive context nested at any depth. The formal statement of this property is 
called the cut-and-paste theorem:. 

• Theorem: If a statement q can be derived from a statement p by Peirce's rules of 
inference in the outermost context (nesting level O), and if a cog;y of p occurs 
in any positively nested context ~. then the proof of q from p ~be replicated 
by equivalent steps inside the context~-

• Proof. Let the proof of q from p at level 0 be some sequence of statements 
s1, ••• ,sn, where the first step p=s1 and the last step q=s,,. Since Peirce's rules 
depend only on the sign of a context, not its depth, every inference from s; to 
si+I that is permissible at the blank sheet of assertion must also be permissible 
in#. Therefore, a copy of the sequence of graphs from p=s1 to q=sn can be 
replicated inside~-
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This theorem shows how Peirce's rules can support complex operations at any level 
of a nest of contexts. They allow all the steps of a proof to be carried out inside_ any 
positive context. 

Strictly speaking, the cut-and-paste theorem is not an ordinary theorem of 
logic, but a metatheurem about logic. It is a general statement about the kinds of 
theorems that can be derived. Other useful metatheorems can be derived from the 
cut-and-paste theorem as curollaries- theorems with short proofs. As an example, 
the rule of modus ponens, which is normally applied outside of any context, can be 
derived from Peirce's rules. By the cut-and-paste theorem, it can therefore be used 
in nested contexts. 

GENERALIZED Monus PoNENS. The first step in generalizing any rule of 
inference, including modus ponens, is to show that it follows from Peirce's rules: 

• Given two statements p and p~q, rewrite the implication in the fcirm -(pA-q). 
• By the rule of deiteration, the nested copy of p can be replaced by the blank or 

T to form -(T A-q). 
• By the rule for deleting T and the A symbol, this statement is equivalent 

to -q. 
• By double negation, the two - symbols may be erased to form q. 
• Finally, p can also be erased. 

By the cut-and-paste theorem, modus ponens- can therefore be used in nested 
contexts. The rule can be generalized further, as illustrated in Figure 5.15. 

Each oval in Figure 5.15 represents a negative context. Inside the contexts, 
there may be arbitrarily many statements represented in any notation for logic. 
Three statements are shown explicitly: p, q=:>r, and r. In this example, p is assumed 

0 ·cQV 

~;Oo 
o@~ 

FIGURE 5-15 Applying gerieralized modus ponens inside a nest of contexts 
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to be a specialization of q (i.e., p'r-q), and r is derived from p and q~r by the rule 
of generalized modus ponens (GMP). Following is a theorem that states GMP: 

• Generalized modus ponens. Let ~ be any positive context nested inside two 
contexts ~ 1 and ~2• The contexts ~1 and ~2 may be either positive or negative, 
and either or both could. be the same as~ itself If a statement p occurs in ~ 1 
and a statement q~roccurs in ~2 where pis a specialization of q, then by GMP, 
the statement r may be inserted in the context~-

• Proof By iteration, the statement p and the statement q~r may be copied into 
the context ~- Since ~ is positive, the rule of erasure allows the copy of p to 
be replaced by any generalization, such as q. Since ~ now contains q and q~ r, 
modus ponens can be used to derive r. Aey intermediate results can also be 
erased since ~ is positive. 

To emphasize the contexts, Figure 5.15 uses a hybrid notation that mixes algebraic 
formulas like q=:lrwith nested ovals that represent-( ... ). Two rules can be used to 
check the nesting of any context in a nest of ovals: 

• Negation depth. To determine the negation depth of any context~, draw a line 
l from inside ~ to the outside of the largest oval. The line l should always go 
from an inner context to an enclosing one, and never from an outer to an inner 
one; if necessary, /may be curved to avoid going in and out of extra ovals. Then 
the negation depth of~ is equal to the number of ovals crossed by L 

• Enclosures. To determine whether a context~ is nested inside a context 05, 
check whether every line drawn from ~ to the outside must pass through 05. 

By the first rule, the negation depth of the context of r in Figure 5 .15 is 6, the depth 
of p is 2, and the depth of q~r is 1. By the second rule, the context of r is nested 
inside the context of p and the context of q~r. Therefore, the conditions for 
applying GMP to derive rare satisfied. 

Although the conditions are easiest to check in a notation with explicit con­
texts, the rule of GMP ·can be applied directly to statements in any notation for 
first-order logic. Following is an algebraic formula that satisfies the conditions: 

(s A -(tv u) A -(v A (q ~ r) A -(tv (k A p A (lv (m An)))))). 

In this formula, the context that includes (m A n) happens to be positive, and it is 
nested inside contexts that contain p and q~r. Therefore, the following formula 
can be derived by GMP: 

(.i: A -(tv u) A -(v A (q ~ r) A -(tv (k /\ p /\ (l v (m /\ n A r)))))). 

All the common rules of inference, including resolution and natural· deduc­
tion, can be derived as special cases of Peirce's rules. The same techniques used 
to prove GMP can be used to derive generalized forms of those rules. Therefore, 
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a knowledge-based systi:m could use those rules to prove theorems inside any 
positive context nested at any depth. The question-answering methods of SQL, 
the Hom-clause rules in Prolog, and the Aristotelian syllogisms for frames suppon 
proof procedures that can be carried out inside any positivdy nested contexts. 

ExPoRTING INFORMATION FROM A CONTEXT. For first-order logic, Peirce's 
rules of inference determine how information may be moved across context 
boundaries. The rules of iteration and deiteration insert and erase information in 
an inner context that is duplicated in an outer context. But there are no direct rules 
for exporting information from an inner context to an outer cine or from any 
context to a neighboring one. The rule of double negation, however, does allow 
information to be exported by the drastic measure. of erasing two context walls; it 
causes everything in the doubly nested context to merge with the containing 
context. To expon partial information while preserving the nest of contexts, double 
negation can be combined with the other rules to derive a more general version of 
GMP called hypergeneralized modus ponens (HMP): 

• Hypergeneralized modus ponens. Let 2lJ be a positive context that contains an. 
implication Cf6 of the following form: 

(pl A ... Ap,J ::::> (ql A ... A q,,J. 

·If a specialization of every pi occurs in 2lJ or some context that contains 2ll, then 
a copy of any qj may be written in 2lJ or any context nested in 2ll. 

• Proof To preserve Cf6 unchanged, make another copy of it in 2lJ by the rule of 
iteration, and do all further operations on the copy. Call that copy Cf62, and 
write it wi~h explicit contexts: 

-,[Pr•· · ·•Pn -,[ q!•· · .,qm ]] · 

Since a specialization of each Pi occurs in some context that contains Cf62, erase 
each Pi in Cf62 to produce 

-,[ -,[ ql,. • .,qm ]] • 

Then erase the double negation to expon all the qs to 2ll. Since 2lJ is positive, 
any unwanted information can be erased, leaving just qj in 2ll. Now qj may be 
copied to any context nested in ~ by the rule of iteration: If ffj is no longer 
wanted in 2ll, it can also be erased. 

HMP is a generalized version of the rule of hyperresolution, which was defined by 
Alan Robinson (1965b). Unlike hyperresolution, HMP can be performed inside 
contexts nested at any positive· depth. Furthermore, HMP does not require the 
formulas to be convened to clause form, which was another notation invented by 
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Gentzen. Peirc.e's rules provide a unifying framework for deriving Gentzen's rules 
of narural deduction and Robinson's rules of resolution. 

Sometimes the rule of HMJ? may be blocked because one or more of the 
conditions Pi cannot be erased. In that case, it is still permissible to export a deeply 
nested statement as the conclusion of an implication. Those ps that cannot be 
erased become concL.tions in the antecedent of the implication. The following rule 
of qualified export (QE) allows a suitably qualified proposition to be exported, even 
if it happens to be nested inside many levels of negations with many other propo­
sitions occurring at each level: 

• Qualified export. Let q be a statement in a positive context~. which is nested 
at any depth inside another positive context~; let p 1, •• • ,p,, be a list of aU 
statements contained in negative contexts that are contained in ~ and that 
contain~- Then an implication of the following form may be written in gi:· 

(pl /\ ... /\ p;J ~ q. 

This statement is called a qualified export of q, for which each p; is called a· 
qualification of q. 

• Proof Copy the entire nest of contexts in gj that contain ~. and call it ~2• 
Then in every positive context of ~2, erase every statement other than q. As a 
result, ~2 has the following form, possibly with extra double negations of the 
form -,[-..,[ ... ]] separating some adjacent items in the list of ps: 

-,[ P1• · • ·• p,, -,[ q ]]. 

Erase the eXtra double negations, and write the result in the form of an 
implication. 

For examples of QE, see Exercise 5 .17 and the answers at the back of the book. 
Other variations of qualified export can be formulated to account for differences in 
time, modality, and intentionality. 

5.5 Modal Reasoning in Contexts 

Leibniz introduced possible worlds as the foundation for modal semantics: a proposi­
tion p is necessarily true in the real world if it is true in every possible world, arid pis 
possible in the real world if there is some accessible world in which it happens to be 
true. In the algebraic notation for logic, Peirce followed Leibniz by representing 
necessity with a universal quantifier that ranges over all "states of affairs." In the 
graphic notation for logic, he used a pad of paper instead of a single "sheet of 
assertion." Graphs that are necessarily true are copied on every sheet; those that are 
possibly true are drawn on some, but not all sheets. The top sheet contains assertions 
about the real world, and the other sheets describe related possible worlds. 
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KRIPKE's WoRLDs. In developing axioms for modal logic, Clarence Irving 
Lewis (1918) was strongly influenced by Peirce, but he did not develop a model 
theory that related the axioms to the possible worlds or states of affairs. Saul Kripke 
(l 963a,b) developed such a theory with model structures having three components: 

• Possible worlds. A set K of entities called possible worlds, of which one privileged 
world Wo represents the real world. 

• Accessibili-ty relation. A relation R(u,v) defined over K, which says that world v 
is accessible from world u. 

• Evaluation fanction. A function cl>(p,w), which maps a proposition p and a 
possible world w to one of the two truth values {T,F}. The world w semantically 
entails p if cl>(p,w) has the value T, and w entails-p ifcl>(p,w) has the value F: 

uJFp = cl>(p,w)=T. 
uJF-p = ct>(p,w)=E 

For the real world zq,, the evaluation function cl> determines whether p is contin­
gently true or false. To determine whether pis necessary or possible, Kripke defined 
Op and D p by considering the truth of p in the worlds that are accessible from wo-
• Possibility. p is possible in the real world Wo if p is true of some world w 

accessible from Wo= 

Op= (3w:World)(R(w0,w) A cl>(p,w)=T). 

• Necessity. p is necessary in Wo if p is true of every world w accessible from w0: 

Op= (V'w:World)(R(Wo,w) ::::> ct>{p,w)=T). 

These definitions are a formal statement of Leibniz's intuition. Kripke's major 
contribution was to show how Lewis's axioms determine constraints on R: 

• System T. Two basic axioms of System Tare Dp::::>p (Necessity implies truth) 
and p::::>Op (Truth implies possibility). They require every world to be accessible 
from itself; hence, R must be reflexive: 

reflexive(R) = (V' w: World) R( w, w). 

• System S4. System T with Lewis's axiom S4, Dp::::>DDp, requires R to be 
transitive: 

transitive(R) = (V'u,v,w:World)((R(u,v) A R(v,w)) ::::> R(u,w)). 

• System S5. System S4 with axiom S5, Op::::iDOp, requires R to be symmetric: 

symmetric(R) = (V'u,v:World)(R(u,v) ::::> R(v,u)). 

For System S5, the properties of reflexivity, transitivity, and symmetry make Ran 
equivalence relation. Those properties cause the collection of all possible worlds to 
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be partitioned in disjoint equivalence classes. Within each class, all the worlds are 
accessible from ~ne another, but no world in one class is accessible from any world 
in another class. 

The world of Sherlock Holmes stories, for example, is similar enough to the 
real world Wo that it could be in the same equivalence class. The proposition that 
Sherlock Holmes assisted Scotland Yard is possible in Wo because there is some 
accessible world win which it is true: 

(3w:World)(R(Wo,w) /\ <I>("Sherlock Holmes assisted Scotland Yard",w)=T). 

A cartoon world with talking mice and ducks, however, is too remote to be 
accessible from the real world. Therefore, it is not possible for ducks to talk in Wo· 
Business contracts further partition the cartoon worlds into disjoint classes: the 
world of Disney characters is not accessible from the world of Looney Tune 
characters. Therefore, Donald Duck can talk to Mickey Mouse, but he can't talk to 
Bugs Bunny or Daffy Duck. 

CRITICISMS OF PossIBLE WoRLDs. Possible worlds provide a metaphor for 
interpreting modality, but their ontological status is dubious. Truth is supposed to 
be a relationship bet:Ween a statement and the real world, not an infinite family of 
fictitious worlds. In his novel Candide, Voltaire satirized Leibniz's notion of possible 
worlds. In that same tradition, Quine (1948) ridiculed the imaginary inhabitants 
of possible worlds: 

Take, for instance, the possible fat man in that doorway; and, again, the 
possible bald man in that doorway. Are they the same possible man, or two 
possible men? How do we decide? How many possible men are there in that 
doorway? Are there more possible thin ones than fat ones? How many of them 
are alike? Or would their being alike make them one? 

After Kripke developed his model strucrures for possible worlds, Quine (1972) 
noted that models prove that the axioms are consistent, but they don't explain what 
the modalities mean: 

The notion of possible world did indeed contribute to the semantics of modal 
logic, and it behooves us to recognize the nature of its contribution: it led to 
Kripke's precocious and significant theory of models of modal logic. Models 
afford consistency proofs; also they have heuristic value; but they do not 
constitute explication. Models, however clear they be in themselves, may leave 
us at a loss for the prlln.ary, intended interpretation. 

By relating the modal axioms to model strucrures, Kripke showed the interre­
lationships between the axioms and the possible worlds. But the meaning of those 
axioms remains hidden in the accessibility relation R and the evaluation function 
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<I>. The functional notation <l>(w,p)=T gives the impression that <I> computes a 
truth value. But this impression is an illusion: the set of worlds K is an undefined 
set given a priori; the relation Rand fwiction <I> are merely assumed, not computed. 
Nonconstructive assumptions cannot be used to compute anything; nor can they 
explain how Quine's possible fat men and thin men might be "accessible" from the 
_real world with an empty doorway. • 

HINTIKKA's MonEL SETS. Instead of assuming possible worlds, Jaakko Hin­
tikka (1961, 1963) independently developed an equivalent semantics for modal 
logic based on collections of propositions, which he called model_ sets. He also 
assumed an altemativity relation between model sets, which serves the same purpose 
as Kripke's accessibility relation between worlds. As collections of propositions, 
Hintikka's model sets describe Kripke's possible worlds in the same way that 
McCarthy's contexts describe Barwise and Perry's situations. The predicate isTrue!n 
can be used to relate a Hintikka model set .M. to a Kripke world w: 

CV .M.:ModelSet) (3 w: World) CV p:Proposition) 
(isTruein(p,.M.) = wF-p). 

This formula says that ·for any modd set .M., there exists a possible world w for 
which a proposition p is true in .M. if and only if w semantically entails p. 

The primary difference between model sets and context:S is size: Hintikka 
defined model sets as maximally consistent sets of propositions that could describe 
everything in the real world or any possible world. But total information about the 
entire world is far too much to be comprehended and manipulated in any mean­
ingful way. A context is an excerpt from a model set in the same sense that a 
situation is an excerpt &om a possible world. Its basis can be chosen as a finite set 
of propositions that describe some situation, even though the deductive closure of 
that set may be infinite. · 

Figure 5.16 shows mappings from a Kripke possible world w to a description 
of w as a Hintikka model set .M. or a finite excerpt from w as a Barwise and Perry 
situation s. Then .M. and s may be mapped to a McCarthy context ~- This is an 
example of a commutative diagram, which shows a family of mappings that lead to 
the same resttlt by multiple routes. From a possible world w, the mapping to the 
right extracts an excerpt as a situation s, which may be described by the propositions 
in a context ~- From the same. world w, the downward mapping leads to a 
description of was a model set .M., from which an equivalent excerpt would produce 
the same context ~-

The combined mappings in Figure 5.16 replace the mysterious possible worlds 
with finite, computable contexts. Hintikka's model sets support operations on 
well-defined symbols instead of imaginary worlds, but they may still be infinite. 
Situations are finite, but like worlds they consist of physical or fictitious objects that 
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Possible World Situation 
w ~~~~~-exc~erp=--'~~~~-+ s 

description description 

_AA excerpt /J 
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Modd Set Context 

FIGURE p6 Ways of mapping possible worlds to contextS 

are not computable. Th,e contexts in the lower right of Figllre 5.16 are the only 
things that can be represented and manipulated in a digital computer. Any theory 
of semantics that is stated in terms of possible worlds, model sets, or situations must 
ultimately be mapped to a theory of contexts in order to be computable. 

DUNN's LA.ws AND FACTS. If the accessibility relation R is assumed as a 
primitive, modality cannot be explained in terms of anything more fundamental 
To make accessibility a derived relation, Michael Dunn (1973) introduced pairs 
<.M,.;E>,, where .M, is a Hintikka-style model set called the facts of a possible world 
and.;£ is a subset of .M, called the laws of that world. Finally,_ Dunn showed how 
the accessibility relation from one pair to another is defined by constraints on which 
propositions are chosen as laws. As a result, the accessibility relation is no longer 
primitive, and the modal semantics does not depend on imaginary worlds. The 
ultimate source of modality is some agent, called the lawgiver, who chooses the 
laws. 

Philosophers since Aristotle have recognized that modality is related to laws; 
DWlll's innovation lay in making the relationships explicit. Let <.M.1,.;£1> be a pair 
of fact.5 and laws that describe a possible world w1, ·and let the pair <.Ait:i,.;£2> 
describe a world Wz.· Dunn defined accessibility from the world w1 to the.world~ 
by the constraint that the laws ;£1 are a subset of the facts in~: 

R(w1,aj = ;E1c:.Aitz· 

According to this definition, the laws of the first world w1 remain true in the second 
world Wz., but they may be demoted from the status of laws to just ordinary facts. 
Dunn then restated the definitions of possibility and necessity in terms of laws and 
facts. In Kripke's version, possibiliry Op means that p is true of some world w 
accessible from the real world Wo= 

Op= (3wWorld)(R(Wo,w) A w'Fp). 
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By substituting the iaws and facts for the possible worlds, Dunn derived an 
equivalent definition: 

0 p = (3.M.:Mode1Set)(laws(.M.)c.M0 /\ pe.M.). 

Now possibility 0 p means that there exists a model set .M. whose laws are a subset 
of the facts of the real world .M.0 and p is a fact in .M.. By the same substitutions, the 
definition of necessity becomes 

0 p = (V .M.:ModelSet) (laws(.M. )c:.M.0 ::::> pe.M). 

Necessity Op means that in every model set .M. whose laws are a subset of the facts 
of the real world .Mu, p is also a fact in .M.. 

Dunn performed the same substitutions in Kripke's constraints on the accessi­
bility relation. The result is a restatement of the constraints in terms of the laws and 
facts: 

• System T. The constraints D p::::> p and pO p require every w"orld to be accessible 
from itsel£ That property follows from Dunn's definition because the laws :£ 
of any world are a subset of the facts .M.. 

.• System S4. System T with Lewis's axiom S4, DpDDp, requires that R must 
also be transitive. It imposes the "tighter constraint that the laws of the first 
world must be a subset of the laws of the second world: :£1d 2• 

• System S5. System S4 with axiom SS, Op::::iDOp, requires that R must also be 
symmetric. It constrains both worlds to have exactly the same laws: :£1 =:£2• 

In Dunn's theory, the term possible world is an informal metaphor that does not 
appear in the formalism: the semantics of D p and 0 p depends only on the choice 
of laws and facts. In the pairs <.M.,:£>, all formulas are purely first order, and the 
symbols D and 0 never appear in any of them. 

COMPLETING THE PusHOUT. In the commutative diagram of Figure 5.16, 
the downward arrow on the left corresponds to Dunn's mapping of possible worlds 
to model sets, and tl.?-e rightward arrow at the top corresponds to Barwise and Perry's 
mapping of possible worlds to situations. The branch of mathematics called category 
theory has methods of completing such diagrams by deriving the other mappings. 
Given the two arrows at the left and the top, the technique called a pushoutdefi.nes 
the two arrows on the bottom and the right: 

• Left. The downward arrow on the left side of the diagram maps each possible 
world w to a model set .M. of facts that describe w. Since every proposition p fu. 
.M. must be true of w, the evaluation function (f)(p,w) maps to membership: 
pe.M.. The laws:£ of w can be chosen as any subset of necessary propositions 
in w whose deductive closure is the intersection of all .M. for worlds accessible 
from w. 
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• Top. The rightward arrow at the top maps w to a finite region s selected from 
w called a situation. The excerpt is chosen by some agent who decides how 
much of the world is relevant and what level of granularity is appropriate for 
its description. . 

• Bottom. The rightward arrow on the bottom is determined by the choice of sat 
the top. Everyproposition pin.M. that is true of s(lFp) is copied: to the context'<6. 
The laws of'<6 are those laws in .M. that happened to be copied: '<6 n!e. 

• Right. The downward arrow at the right maps the situation s to a context '<6 that 
describes s. It produces the same result as the mapping on the bottom because it 
must satisfy the same constraints: every proposition pin .M. that is true of s must 
be in '<6; the laws of'<6 are the laws in .M. that are included in C(6 n!:e: 

Since the domains of each of the four mappings in Figure 5.16 are noncomputable 
structures, the mappings themselves are not computable. Their purpose is not to 
suppon computation, but to detennine how theories about noncomputable possi­
ble worlds and situations can be adapted to computable contexts. After the theories 
have been transferred to contexts, the possible worlds and situations are unnecessary 
for funher reasoning and computation. 

SITUAl'.lONS AS PULLBACKS. The inverse of a pushout, called a pullback, is an 
operation of category theory that "pulls" some structure or family of structures 
backward along an arrow ofa commutative diagram. For the diagram in Figure 5 .16, 
the model set .M. and the context '<6 are symbolic structures that have been studied in 
logic for many years. The situation s, as Devlin observed, is not as clearly defined. 
One way to define a situation is to assume the notion of context as more basic and to 
say that a situation sis whatever is described by a context '<6. In terms of the diagram 
of Figure 5 .16, the pullback would starr with the two mappings from w to .M. and 
from .M. to '<6. Then the situations in the upper right and the two arrows ~sand 
.r-7'<6 would be derived by a pullback from the starring arrows ~.M. and .M. ~'<6. 

The definition of situations in terms of contexts may be congenial to logicians 
for whom abstract propositions are familiar notions. For people who prefer to ID.ink 
about physical objects, the notion of a situation as a chunk of the real world may 
seem more familiar. The commutative diagram provides a way of reconciling the 
two views: staning with a situation, the pushout determines the propositions in the 
context; staning with a context, the pullback defines the situation. The rwo com­
plementary views are useful foi: different purposes: for a mapmaker, the context is 
derived as a description of some parr of the world; for an architect, the concrete 
situation is derived by some builder who follows an abstract description. 

LEGISLATING MODALITIES •. " As the multiple ~oms for modal logic indicate, 
there is no single version that applies to all problems. The complexities increase when 
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different interpretations of modality are mixed. as in Peirce's five versions of possibil­
ity; which could be represented by colors or bysubscripts,suchas 01' 02, ••• , 05• Each 
of those modalities is derived from a different set of laws that may interact with the 
other laws: · 

• The combination CJiOtP, fur example, would mean that it is subjectively 
necessary that p is logically possible. 

• According to the definition of 0 2, someone must know that OiJ. 

• Since what is known must be true, the following statement would be a theorem 
for that combination of modalities: 

D20tP ::::> OtP. 

Similar analysis would be required to derive the axioms and theorems for all 
possible eombinations of the five kinds of possibility with the five kinds of necessity. 
Since subjective possibility depends on some agent, the number of possible combi­
nations escalates when multiple agents interact. 

With the metalevel predicate isTrueln, McCarthy sought to reduce the prolif­
eration of modalities to a process of metalevel reasoning about the propositions that 
are true in a context. For an agent to declare which true propositions happen to be 
laws, a triadic metalevel predicate is needed: legislate{a,p,Cf6) would say that some 
agent a legislates that pis a law in Cf6. Peirce's five kinds of possibility depend on who 
has the authority to legislate: 

• Logical possibiHty. The only statements that are logically necessary are tautolo­
gieS: those statements that are provable from the empty set. No special lawgiver 
is needed for the empty set; alternatively, every agent may be assumed to 
legislate the empty set: 

{} = {p:Proposition I (ii a·.Agent:XV<"f6:Contm)legislate{a,p,<"f6)}. 

The empty set is the set of all propositions p where every agent a legislates p as 
a law of every context Cf6. 

• Subjective possibility. A proposition pis subjectively possible for an agent a if a 
does not know p to be false. The subjective laws for any agent a are all the 
propositions that a knows: 

~ubjectiveLaws(a) = {p:Proposition I know(a,p)}. 

To relate knowledge to legislation, the following formula may be adopted as an 
axiom: 

("if a:Agent)(i/ p:Proposition)("i/Cf6:Context) 
(know(a,isTrueln(p,Cf6)) = legislate(a,p,Cf6)). 

This formula says that a knows that pis true in Cf6 if and only if a legislates p 
as a law of<"f6. 
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• Objecti.ve possibility. The laws of nature define what is physically possible. The 
symbol God may be used as a place holder for the lawgiver: 

LawsOfNature = {p:Proposition I (V'x:Entity)legislate(God,p,x)}. 

If God is assumed to be omniscient, this set is the same as everything God 
knows or SubjectiveLaws(God). What is subjective for God is objective for 
everyone dse. 

• Interrogative mood.. A proposition is not questioned if it is part of the common 
knowledge of the parties to a conversation. For two agents a and b, common 
knowledge can be defined as the intersection of their subjective knowledge or 
laws: 

CommonKnowledge(a,b) = SubjectiveLaws(a) n SubjectiveLaws(b). 

• Freedom. Whatever 'is free or permissible in a context '<6 must be consistent 
with the laws, rules, regulations, ordinances, or policies of any lawgiver who 
has the authority to legislate what is obligatory in '<6: 

Obligatory('<6) = 
{p:Proposition I (3a:Agent)(authority(a, '<6) A legislate(a,p,'<6)}. 

This interpretation, which defines deontic logic, makes it a weak version of 
modal logic since consistency is weaker than truth. The usual modal axioms 
Op'.:) p and p:::>O p do not hold for deonticlogic, since people can violate the laws. 

Reasoning at the metalevd ~flaws and facts is common practice in courts. In the 
United States, the Constitution is the supreme law of the land; any law or regula­
tion of the U.S. government or any state, county, or city in the U.S. must be 
consistent with the U.S. Constitution. But the tautologies and laws of nature are 
established by an even higher authority. No one can be forced to obey a law that is 
logically or physically impossible .. 

ExPoRTJNG MODAL !NFoRMATION. A prerequisite for exporting nested in­
formation is that the inner and outer contexts have the same modal, temporal, and 
intentional status. If the status is different, the exported information must be 
enclosed in a modal qualification that states the conditions under which the infor­
mation is true. There are two basic·metalevd statements about a context that can 
be used to justify import and export rules: 

• Description. If a context '<6 describes an entity x, then any proposition p that 
also describes x can be imported into '<6. Furthermore, any proposition p that 
is true in '<6 can be exported from '<6 in the form dscr(x,p): 

(\7''<6 :Context) (V' x:Entity) (V' p:Proposition) 
(dscr(x,'<6) '.:) (dscr(x,p) = isTrueln(p,'<6)). 
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This formula says that if a context ~ describes an entity x, a proposition p 
describes x if and only if p is true in ~-

• Communication. A trusted source, such as an oracle or a dependable sensing 
device, may assert propositions in the outermost context, which could then be 
imported into other contexts. In_effect, the outermost context can serve as a 
bulletin board for posting messages to any nested contexts. 

These operations can move informatio.n in a first-order nest of contexts, but they 
depend on metalevel conditions that go beyond pure FOL. 

Other rules can also be formulated for moving information about parts of 
objects at various points in time, but further qualification is necessary. The follow­
ing rule, for example, might be derived from the rule of description: 

• Identity. If two contexts describe exactly the same entity x, then any proposi-
tion pin either one may be exported to the other. 

This rule would follow from the rule of description, since p could be exported from 
one context in the form dscr(x,p) and imported into the other. However, the 
exported form may have to be qualified to avoid incompatibilities, such as the 
example of Tom the baby and Tom the adult in Figure 5.2. At one time, Tom might 
have dark hair, then gray hair, and finally no hair. From the contexts in Figure 5.2, 
the next two propositions could be exported in qualified form: 

ptim(dscr(Tom,baby(Tom)),1976). 
ptim(dscr(Tom,adult(Tom)),1997). 

A description at one point in tiine cannot be imported into a context for a different 
time unless some other information implies that the property can be expected to 
hold. Age changes in a highly predictable way; hair color is less predictable; but 
name and sex tend to remain unchanged unless some notable event occurs. 

STRATIFIED METALEVELS. The STRIPS system, which was discussed in Sec­
tion 4.7, solved the frame problem by using a stratified reasoning method with a 
separate objectlanguage and metalanguage. Metalevel reasoning is powerful, but it 
can sometimes create paradoxes with examples like ''This sentence is false." Tarski 
(1935) developed the theory of stratified metalevels to avoid such paradoxes: every 
metalevel cah refer to anything in any level beneath itself, but no level can refer to 
its own symbols or truth values. 

1. Let the object language ~o refer to entities in some universe of discourse g), but 
~o cannot refer to its own symbols or the truth values of its own statements. 

2. The metalanguage ~1 can refer to the original g), to the symbols of ~0, to the 
truth values of statements in ~0, and to the relationships between the language 
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:£0 and 2Zl. The language :£1 is still first order, but its universe of discourse has 
been enlarged from ~ to :£0U~. 

3. The metametalanguage :£2 is also first order, but its universe of discourse is 
:£1U:£0U~. 

4. In general, the nth metalanguage includes all the languages beneath itself, their 
domains of discourse, and the truth values of statements in those languages. 
But no language can refer to its own symbols or to the truth values of its 
statements. 

Every metalanguage can be used to formalize the semantics of any level beneath 
itself, but no level can refer to its own semantics. 

For many applications, the metalogic applied to coi:;_rstts and propositions has 
the same structure as the logic for reasoning about physical objects like blocks, 
pyramids, and boxes. That clean separation of levels arises when the details of the 
object level statements in ;£0 do not interact with the details of the metalanguage 
:£1• Consider the next two formulas: 

• If block x is on blocky and y is in box z. then x is also in z. 

(V' x,y:Block)(V' z:Box)((on(x,y) A in(y,z)) ::> in(x,z)). 

• If proposition p implies proposition q and pis true in contextlfb, then q is also true 

in lfb. 

(V'p,q:Proposition)(V'~:Context)(((p ::> q) A isTrueln(p,lfb)) ::> isTrueln(q,lfb)). 

According to the ontology of Chapter 2, the entities in the first statement are 
physical, and the entities in the second are abstract. For the rules of inference, 
however, the ontology is irrelevant, since the rule$ depend only on the syntax, not 
the subject matter. Therefore, the same kind oflogic can be used to reason about 
blocks in boxes as to reason about propositions in contexts. . 

At the metalevel, propositions can be moved and soned in contexts in the same 
way that blocks or pyramids are moved and soned in boxes. In STRIPS, that 
method was used at the metalevel to add, delete, or copy propositions in the current 
context in order to derive the next context. After the sorting has been done, 
first-order rules of inference are applied to the propositions inside the contexts: 

• All metalevel statements about the truth, likelihood, or evidence for the propo­
sitions in a context lfb are contained in contexts outside of lfb. 

• Rules of inference that.are sensitive to the internal structure of a proposition p 
may not be used in the same context in which p is qualified by modal or 
intentional operators like 0 p or hope(a, p). 

• Dunn's technique of replacing modal and intentional operators by metastate.:. 
ments about laws and facts can be used to transform a context lfb to a collection 
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of first-order statements about some entity x: dscr(~,x). As before, the ontologi­
cal nature of xas abstract or physical is irrelevant to the formal transformations. 

• If~ describes x, any proposition p entailed by xis true in~: 

(V~:Context){V' x:Entity)(V' p:Proposition) 
((dscr(x,~) A xl=p) ~ isTrueln(p,~)). 

• When all propositions in ~ are in first-order form, entailment I= is equivalent 
to provability 1-. Therefore, Peirce's fuSt:-order rules and the variations derived 
from them can be used within the context. 

In shon, metalevel reasoning is first-order reasoning about the way statements are 
soned in contexts. After the soning has been done, the propositions in a con­
text can be handled by the usual FOL rules. At every level of the Tarski hierarchy 
of metalanguages, the reasoning process is governed by first-order rules. But fust­
order reasoning in language 9!.n has the effect of higher-order or modal reason­
ing for every language below n. At every level n, the model theory that justifies 
the reasoning in 9!,n is a conventional first-order Tarskian theory, since the na­
ture of the objects in the domain &scriptdn is irrelevant to the rules that apply 
to 9!.,,. 

Agents who use stratified languages to communicate do not feel restricted in 
what they can say: if they want to talk about the language they are currently using, 
they just move to the next higher metalanguage to discuss it. Natural languages, in 
fact, are commonly used as metametalanguages: every metalevel uses the same 
syntax and vocabulary, but the speakers use it to refer to statements that can be 
considered a level beneath the one they are currently using. If a paradoxical 
statement such as "This sentence is false" happens to arise, the speakers resolve the 
paradox by clarifying the strata with a retraction such as "The statement I just made 
[i.e. at level n-1] was false." 

ExAMPLE. To illustrate the interplay of the metalevel transformations and the 
object-level inferences, consider the following statement, which includes direct 
quotation, indirect quotation, indexical pronowis, and metal~auage about belief. 

Joe said, "I don't believe in astrology, but they say that it works even if you don't 
believe in it. " 

This statement could be translated word for word to a conceptual graph in which 
the indexicals are represented by the symbols #L #they, #it, and #you. Then the 
resolution of the indexicals could be performed by metalevel transformations of the 
graph. Those transformations could also be written in stylized English: 

I. First mark the indexicals with the # symbol, and use square brackets to mark 
the multiple. levels of nested contexts: 
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Joe said 
[#I don't believe [in astrology] 
but #they say 

[[#it works] 
even if #you don't believe [in #it] ]] . 

2. The indexical #I can be resolved to the speaker Joe, but the other indexicals 
depend on implicit background knowledge. The phrase "they say," like the 
French "on. dit" or the German "man sagt," refers to the commonly accepted 
wisdom ofJoe's community; it could be translated "every person believes." The 
two occurrences of #it refer to astrology, but the three nested contexts about 
astrology have different forms; for simplicity, they could all be rewritten "as­
trology works." When no explicit person is being addressed, the indexical #you 
can be interpreted as a reference to any or every person who may be listening. 
For this example, it could be assumed to be coreferent with "every person" in 
the community. With these substitutions, the statement becomes 

Joe said 
[Joe doesn't believe [astrology works] 
nut every person x believes 

[[astrology works] 
even if x doesn't believe [astrology works] ]]. 

3. If Joe's statement was sincere, Joe believes what he said. The word but could be 
replaced with the word and, which preserves the propositional content, but 
omits the contrastive emphasis. A statement of the form "p even if cf means 
that pis true independent of the truth value of q. It is equivalent to ((q~p) /\ 
((-q)~p)), which implies p by itself The statement can therefore be rewritten 

Joe believes 
[Joe doesn't believe [astrology works] 
and every person x believes [astrology works] ] . 

4. Inside the context of Joe's beliefs, the detailed syntax of the nested context 
[astrology works] can be ignored. Therefore, a first-order rule of inference can 
be applied to substitute the constant "Joe" for the quantifier "every person x": 

Joe believes 
[Joe doesn't believe [astrology works] 
and Joe believes [astrology works] ]. 

5. At this stage, the cons_ext of Joe's beliefs can be translated to propositional logic 
by using the symbol p for the sentence "Joe believes [astrology works]": 

Joe believes [p /\ -p] . 

This transformation exposes the contradiction in the context of Joe's beliefs. 
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For computer analysis of language, the most difficult task is to determine the 
conversational ifu.plicatures and the background "knowledge needed for resolvin.g 
indexicals. After the implicit assumptions have been made explicit, the translation 
to logic and further deductions in logic are straightforward. 

In the process of reasoning abput Joe's beliefs, the context [astrology works] is 
treated as an encapsulated. object whose internal structure is ignored. When the 
levels interact, however, further axioms are necessary to relate them. Like the 
iterated modalities OOp and ODp, iterated. beliefs occur in statements like Joe believes 
that Joe doem't believe that astrology works. One reasonable axiom is that if an agent 
a believes that a believes p, then a believes p: 

0::1 a:Agent)0::1 p:Proposition)(believe(a,believe(a,p)) :::i believe(a,p)). 

This axiom enables two levels of nested contexts to be collapsed. into one. The 
converse, however, is less likely: many people act as if they believe propositions that 
they are not willing to admit. Joe, for example, might read the astrology column in 
the daily newspaper and follow its advice. His actions could be considered evidence 
that he believes in astrology. Yet when asked, Joe might continue to insist that he 
doesn't believe in astrology. 

MODEL THEORY IN CoNTEXTS. Tarski's model theory, with its stratified 
met:ilevels, maps directly to the framework of contexts. A first-order logic 5£0 can 
be used to describe some situation in the world, and the levels above 5£0 can be used 
to represent the model theory and proof theory for 5£0: 

1. Let the language 5£0 be ordinary first-order logic in any suitable notation, and 
let the domain 12ll0 be some collection of physical objects, such as the SHRDLU 
blocks world. 

2. Let the context 'f60 be the deductive closure of some statements written in 5£0 

that happen to be true of the objects in ~0 • By construction, 'f60 must be 
consistent. 

3. Let the language 5£1 be an extension of 5£0 and its domain to include the blocks 
ofl2ll0, all the syntactic features of 5£0> and the predicate isTrueln(p,Cf60) for any 
formula p in 5£0• 

4. Let the context 'f6 1 be a statement ofTarski's model theory for 5£0 formulated 
in language 5£1 with the predicate isTrueln(p,Cf6o) replacing the predicate is­
True(p). If Tarski's model theory is consistent, then context 'f61 must also be 
consistent. 

5. To continue this technique, any established logical theory could be stated in 
contexts that include 'f60 and 'f61• A context 'f62, for example, could- state the 
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first-order rules ofinference for language ;£0 and prove that those rules preserve 
truth as defined by the model theory in '€ 1• 

6. The framework also allows statements in a context'€ n to use the triadic legislate 
predicate to formalize theories about the agents in lower contexts and their 
knowledge and intentions. At level n, such theories would be stated in fi.rst-or­
der logic, but they would have the effect of a modal or higher-order logic in 
contexts below n. 

This construction shows that the framework of nested contexts by itself does not 
introduce any inherent inconsistencies. People who use that framework, however, 
might say something inconsistent in one of the contexts, but such inconsistencies 
would be the fault of the people who use the framework, not of the framework 
itsel£ In fact, the framework serves as a "firewall" that prevents inconsistencies that 
are local to one context from spreading globally. The inconsistency in Joe's state­
ment about astrology;· for example, would not affect his statements about other 
subjects. 

5.6 Encapsulating Objects in Contexts 

The example of the birthday party in Section 3.4 shows how contexts can encap­
sulate the logical descriptions of the static strucrures and the dynamic processes 
associated with an object. The rules of inference of logic allow those descriptions 
to be inherited from supertypes to subtypes. Logic is also capable of representing 
the other features of object-oriented languages: 

• Distinction between the definition of an object class and the instances of each 
object, 

• Distinction between the P.efinition of a method and the process that results 
from the activation of the method, 

• Time sequence of steps in the execution of a method, 

• Messages passed to an object that trigger the execution of its methods. -· --
These features do not require changes in the logic itself, but they require some 
definitions and conventions about the way logic is used to represent them. 

Without explicit contexts, the statements that describe different bbjects or 
kinds of objects cannot be distinguished. Figure 5.17, for example; shows a con­
ceptual graph that describes typical cars: Every car is of some model and it has as parts 
an engine, four wheels, and a body. The CG statement can be translated directly to 
predicate calculus: 

· 0t c:Car)(3m:Model)Ge:Engine) (3b:Body)(3w:Set) 
(kind(c,m) /\ part(c,e) /\ pan(c,b) /\ count(w,4) /\ 0/xew)(wheel(x) /\ 

pan(c,x))). 
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Modd 

Engine Body 

FIGURE 5-17 A conceptual graph that describes cars 

The conceptual graph or the corresponding formula could be placed anywhere on 
a sheet of paper or in computer storage. The axioms that describe how cars behave 
would be stored in the same area, along with many other axioms that describe other 
kinds of objects. To separate the information about cars from. the information about 
other things, Figure 5.18 shows the graph from Figure 5.17 encapsulated inside a 
context that defines the object class Car. 

The class definition in Figure 5.18 has a universal quantifier 'r/ to show that it 
applies to every car *c. Inside the definition context, the nested graph shows that each 
car ?c is a kind of model *m, ·and it has as parts an engine *e, a set of 4 wheels *w, and 
a body *b. This graph is equivalent to the unencapsulated graph in Figure 5 .17. Below 
that graph are six other concepts that describe procedures, called methods, associated 
with cars: StartEngine, Accelerate, StopEngine, TurnLeft, Brake, and TurnRight. 
Each of these concepts is itself a nested context, which contains graphs that describe 
what happens when the method is invoked. 

Car: V*c 
Modd:*m 

Engine: *e Body: *b 

StartEngine Accderate StopEngihe j 

I Tumleft I Brake TumRight 

FIGURE p8 Encapsulated definition of clx Car class 
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OBJECT INSTANCE. When a new instance of a class is created, a unique 
identifier, called a surrogate, is generated to identify it. A surrogate corresponds to 
the object identifier (OID) in the 0-0 languages. Like OIDs, surrogates are local 
symbols that are not meaningful outside the system. For externally visible references, 
an instance may also have a name or serial number that could appear after the type 
label in the concept box. Those are public symbols that can be printed, copied, and 
shared with external systems. Figure 5 .19 shows a car with serial number PCXX999 
at the point in time 9:51:02 Greenwich Mean Trme. 

A class definition is a timeless statement that is always true of all its instances. 
But each instance is created at a specific time and passes through a series of states 
during its lifetime. In Figure 5.19, the relation PTim for point in time shows that 
the car exists at 9:51:02 GMT. Unless that time is overridden by another PTim 
relation, it also applies to everything in the nested contexts. The concepts in the 
class definition have existential quantifiers to indicate that some engine or body 
must exist for each car, but they don't specify their names or other identifiers. In a 
context for a specific instance, however, many of the concepts are individual 

Tl.me: 9:51:02 GMT 

Car. PCXX999 *c 
Model: Mustang 

Engine: S6F901T *e Body: RJ88107 *b 

..,Running ..,Rotating ..,Moving I 
StartEngine. I Accelerate I Stop Engine I 

Tumleft I Blake I TumRight 

FIGURE 5-19 An instance of car PCXX999 at 9:51:02 GMT 
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concepts, identified by their names, serial numbers, or surrogates. The model *m of 
the car has the name Mustang; the car's engine *e has a serial number S6F901 T; its 
four wheels *ware not named; and its body *b has a serial number RJ88107. The 
engine is in the state not running, the wheels are in the state not rotating, and the 
body is in the state not moving. 

OBJECT METHODS. In Chapter 4, Petri nets were used to illustrate the dif­
ference between procedures and processes. That same distinction applies to the 
nested contexts for the methods associated with 0-0 classes and instances. In the 
class definition of Figure 5.18, the six boxes for the methods contain procedure 
definitions that apply to every car; the boxes in the object instance of Figure 5.19 
contain active processes for the parti.cular car PCXX.999. Class definitions contain 
procedures, and object instances contain processes. 

By the technique of zooming discussed in Section 3.4, the StartEngine context 
in Figure 5.18 can be expanded to show the detail in Figure 5.20. When the 
StartEngine method for the instance in Figure 5.19 is activated, it begins in the 
state·described by Figure 5.20. But as the process continues, the conceptual graphs 

Car: ?c 
StartEngine: 

Ignition: *I I Tune: #now *tl I 
If. 

Engine: ?e -.Running 

TurnOn Ignition: ?i 

Then: 

Interval:@ 5 sec .Tune: *t2 

Engine: ?e Running Speed: @750rpm 

FIGUBE 5.20 Expanded view of the StartEngine context in Figure 5.18 
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from the procedure are combined with other graphs from the car context and new 
information from a message to start the engine. The rules of inference determine 
the step-by-step transformation of the graphs that describe the state of the car at 
each instant. -

Inside the context of Figure 5.20, some graphs represent local data for each 
instance, and other graphs specify the time sequence of events in the process. The 
graph at the top shows that the car ?c, which is defined in the containing context, 
has as part an ignition system *i. The concept [Time: #now *tl] specifies *tl as 

coreferentwith the current time #now. Bdow that is an if-then block that deter­
mines what happens when the process is activated. The if-context specifies the 
preconditions at time ?tl: the engine ?e is not running, and the ignition ?i is turned 
on. When those conditions become true, the then-context specifies the postcondi­
tions: at a time *t2, which follows ?tl by an interval of 5 seconds, the engine ?e is 
in a state (Stat) of running with a characteristic (Chrc) speed of 750 rpm. 

PASSING MESSAGES. Since the definition of the StartEngine procedure in 
Figure 5.20 must be true for all times, it cannot contain a reference to the specific 
time of any particular instance. Instead, it contains the indexical referent #now, 
which must be resolved to a time specification of some instance. When the 
procedure is activated in the environment of car PCXX999, the indexical #now and 
the associated labd *tl would be resolved to the current time 9:51:02 GMT, which 
is specified in Figure 5.19. 

To activate the procedure, a message such as Figure 5.21 must be asserted in the 
context of car PCXX999. It contains two indexical referents, each indicated by a# 
symbol: the first # symbol refers to the StartEngine context, and the second # 
symbol refers to the ignition. The reason for the indexicals is that from the outsic:ie 
of the car, only its serial number PCXX999 is known. The originator of the message 
(either a human or a program) may know that there exists a procedure for starting 
the engine and that it is triggered by turning on the ignition, but the specific object 
identifiers are not known outside the context of the car. In CGs, the# symbol serves 

Car. PcxX999 · 

StartEngine:# 

Tum On Ignition:# 

FIGUBE 5.21 A message to stan the ·engine 
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the same purpose as the indexical this, which refers to the current object instance 
in 0-0 languages like Java and c+ +. 

ExEcUTING A PROCEDURE. Operations on graphical structures are easier to 
show than to describe. The steps for initiating and running a procedure could best 
be seen from an on-line demonstration or a video recording. But within the 
limitations of the printed page, the following steps describe what would be seen. 
Each step is justified by a rule of inference described in Section 5.4. The complete 
sequ~ce of steps constitutes a proof that the message in Figure 5.21 would cause 
the engine to begin running at 750 rpm. A compiler could translate this sequence 
of inferences directly to an executable procedure. 

1. Export the following graph from the context of the message in Figure 5.21: 

[StartEngine: # [TurnOn]~{Ptnt)~[Ignition: #]]. 

2. Import this graph into the context of car PCXX999 in Figure 5.19. 

3. Resolve the# symbol on the concept [StartEngine: #] to the [StartEngine] box 
in Figure 5.19. 

4. Initialize the description of the StartEngine box in Figure 5.19 by copying the 
definition from Figure 5.20. This copy is justified by the universal quantifier 'V 
on the class definition (Figure 5.18), which implies th.at the definition, including 
any expanded contexts in it, must be true,pf every instance of the class. 

5. Replace the #now indexical in the StartEngine box with the current time 
9:51:02 GMT. 

6. Export the following graph from the StartEngine box in the message (Fig­
ure 5.21): 

[TurnOn]~(Ptnt)~[Ignition: #]. 

7. Import this graph into the StartEngine box. 

8. Resolve the# symbol on [Ignition: #] by replacing it with the label ?i to indicate 
a coreference link to the concept [Ignition: *i]. 

9. Join the two concepts of type Ignition that are now in the context of the 
StartEngine box. 

At this point, if a viewer pressed the pause button on a theorem prover, the StartEn­
gine box would look like Figure 5 .22. That graph shows a stage in the evolution of the 
StartEngine process after the message was sent to the car PCXX999 and the new 
information was linked with the previous state description. The next step is to trigger 
the if-then block to determine what changes would occur to the car .. 

The process in Figure 5.22 would continue according to the rules of inference 
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SanEngine: I TlDl.e: 9:51:02GMT *tl I 

Car: ?c Ignition: *i TumOn 

If. 

Engine: ?e -.Running 

TumOn Ignition: ?i 

Then: 

Interval: @ 5 sec 

I Engine: ?e Running Speed: @750rpm 

FIGURE p.2 Intermediate state in the StartEngine process 

for an if-then block. The if-context specifies the conditions, and the then-context 
specifies the resulting changes. By the rules described in Section 5.4, an if-then 
block would be executed by applying the rule of deiteration to erase the graphs in 
the if-context. Then the resulting double negation would be erased, and the final 
state would be described by the graph that emerges from the then-context. Follow­
ing are the steps in the process continuing from Figure 5.22. 

1. Since the defining node *tl has the value 9:51 :02, that value maybe copied to 
the two references marked by ?tl in the if-context and the then-context. 

2. As a result of Step #1, the time specification in the if-context has become 
identical to the specification on the containing context for the car PCXX999 
in Figure 5.19. By the rule of time deiteration, the following subgraph may be 
erased: 

[Time: 9:51:02 GMT]~(PTimH-[ ... ] 
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3. Deiteration may be applied when the nested graph is a rubgraph or generaliza­
tion of a graph in a containing context. Therefore, the following graph may be 
erased from the if-context, since it is a subgraph of a graph in the containing 
context in Figure 5.19: 

[Engine: ?e]~(Stat)~[--,Running]. 

4. Then the following graph is the only one left in the if-context: 

[TurnOn]~(Ptnt)~[Ignition: ?i]. 

By deiteration, this graph may also be erased since it is a subgraph of a graph 
in a containing context in Figure 5.22. · 

5. Now there is nothing left between the inner and outer negations of the if-then 
block, and both negative contexts may be erased. 

6. The graph in the then-context, which has now been removed from the if-then 
nest, specifies that an interval of five seconds has lapsed from ?tl to *t2, which 
must therefore be 9:51:07 GMT. 

As a result of these steps, the graph in Figure 5.22 is transformed to Figure 5.23, 
which represents the final state of the StartEngine process. Yet the information 
that the engine ?e is running at a speed of 750 rpm will be true only after the 
point in time 9:51:07 GMT. Since the rime for car PCXX999 in Figure 5.19 is 
still marked as 9:51:02, the rule of rime deiteration cannot yet be applied. There­
fore, the information about the running engine must remain inside the nested 
~ntext. 

REsUIIING STATE. After five seconds have elapsed, the time specification for 
car PCXX999 becomes identical to the time specification of the nested context. 
Then the rule of deiteration can be applied to erase the nested time specification, 

. StartEngine: 
Tum.On 

Tune: 9:51:0'.lGMT 

Engine: ?e Running Speed: @750rpm 

FIGURE 5.23 Final state of the StartEngine process 
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CAR: PCXX999 *c 

Speed: 750rpm 

Tune: 9:51:07 GMT 

Modd: Mustang 

Body: RJ88l07 *b 

~ 
~ 

Start:Engine \ \ Accelerate \ \ StopEngine J 

Tumleft I I Brake I I TurnRight 

FIGURE 5.24 State of car PCXX999 at 9:51:07 GMT 

and the information about the running engine can be exported from the nested 
context to the context of car PCXX999. There it can be combined with the other 
graphs in Figure 5.19 to derive Figure 5.24, which shows the engine running at a 
speed of 750 rpm. By Leibniz's principle of sufficient reason, those parts of the 
description that have not been affected by any inference rule remain unchanged. 

USING MUIIIPLE NOTATIONS. This example shows how the inference rules 
for conceptual graphs can execute a procedure. But as Chapter 4 showed, other 
notations, such as finite-state machines or Petri nets, can often represent procedures 
more concisdy. Those notations, however, can be defined in terms of conceptual 
graphs, and the rules for processing them can be defined in terms of Peirce's rules of 
inference. Therefore, those µorations may be nested inside CG contexts. For the car 
example, Gerard Ellis (1995) used CGs to represent a finite-state machine and the 
detailed specifications inside each state. The resulting CGs were more concise than 
the steps from Figure 5.19 to 5.24. But nested CG contexts can also accommodat.e 
other notations, such as Petri nets, predicate calculus, or stylized natural language. 
Even a domain-dependent notation such as a musical score can be represented and 
manipulated inside the boxes ofa conceptual graph. The only prerequisite is a formal 
definition of the.notation and the rules of inference in terms of CGs. 
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5.7 Agents 

The word agent has become popular for describing software systems that automat­
ically perform useful tasks, such as searching the Internet, sorting e-mail notes, or 
generating help messages. Another common term is softbot, which suggests a similar­
ity to robots, but without an embodiment in hardware. Literally, an agent is some­
thing that acts, but more detail is needed to distinguish a software agent from an 
ordinary computer program. Carl Hewitt, who has been doing research on agents 
since his early work on Planner (1971), remarked that a major embarrassment of the 
field is that no one can agree on a definition of agent. The psychologists David Moffat 
and Nico Frijda (1995) observed: "The word agent is a technical term without a 
generally agreed usage. It can refer to something as trivial as a persistent computer 
program, like the Unix at daemon; or to an independent system with enough 
knowledge and interactive capabilities to ensure its effectiveness in a wide range of 
somewhat unforeseen circumstances. The biological model for this latter kind of 
agent would be an animal of some kind, somewhere on the scale from insect to 
human." 

There is no shortage of definitions, theories, or implementations of agents, just a 
shortage of agreement. In a survey of the research, Michael Wooldridge and Nicholas 
Jennings (1995) listed four attributes that are common to most versions of agents: 

• Autonomous. Agents are self-regulating or autonomous, from the Greek auto 
(self) and nomos (law). They guide rh.eir actions according to their own internal 
laws or directives. 

• Social Agents communicate with other agents, including humans, by some 
agent communication language (ACI.). 

• Reactive. Agents perceive ~pects of the environment and react appropriately. 

• Proactive. Agents can take the initiative in performing goal-directed actions. 

Other properties claimed for various agents include mobility, veracity, benevolence, 
rationality, intentionality, desire, obligation, commitment, deliberation, flexibility, 
selectivity, and robustness. Many of those terms have never been dearly defined for 
humans, and some people question whether they could be meaningfully applied to 
computer systems. 

PSYCHOLOGY OF AGENTS. Linguistically, an agent is an animate being that 
can perform some action, and an action is an event that is initiated or carried out 
by some animate being. The circularity in those definitions might be broken by 
determining what characteristics of an animate being are necessary for it to play the 
role of an agent. Then those features could be generalized to a definition of agent 
that would apply to people, animals, robots, and certain kinds of software. 

The word animate comes from the Latin anima, which means breath or soul; 
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the Scholastics used anima as a translation of the Greek psyche, which also means 
b~eath or soul. The basis for the modern terminology is Aristotle's treatise Peri 
Psyches, which is called De Anima in Latin or On the Soul in English. Aristotle 
defined the psyche as the logos or principle that determines what it is fur something 
to be a living entity. Instead of a single principle of the psyche that covered all living 
things, Aristotle found six related functions, which he arranged in a hierarchy: 
~utr_ition, Eerc~p_.YQ_~_,_q~_ift:!_!oE()Ip._Qtj()g! __ ~a_f;:_ry, -~~_ili@gb_t: 

We must inquire for each kind of living thing, what is its psyche; what is that 
of a plant, and what is that of a human or a beast. The reason why the functions 
are arranged in this order must also be considered. For without nutrition, there 
does not exist perception, but in plants, nutrition is found without perception. 
Again, without the sense of touch rione of the other senses exists, but touch 
exists without the others, for many animals have neither vision nor hearing nor 
sense of smell. And of those that can perceive, some have locomotion, while 
others have not. Finally and most rarely, they have reason and thought. Those 
mortal creatures that have reason have all the rest, but not all those that have 
each of the others have reason; some do not even have imagery, but others live 
by this alone. The rational intellect requires a separate principle (logos). An 
appropriate definition of each of these functions would be the most appropriate 
for the psyche as well. [414b32] 

Aristotle's hierarchy of functions was based on his extensive study of the plants and 
animals known in his day. With his criteria, he was the first to recognize that 
sponges were primitive animals rather than plants. The subdivisions in the tree of 
Porphyry (Figure 1.1) are based on his distinctions of animate/inanimate, sensi­
tive/insensitive, and rational/irrational. Aristotle's hierarchy also resembles the com­
petence levels that Rodney Brooks (1986) defined for mobile robots (see Section 
3.6). In fact, Aristotle's levels may help to clarify and refine the competence levels: 
nutrition, which Brooks omitted, is necessary for a robot to recharge its batteries; 
and desire or something like it is necessary to determine goals for the robot at every 
level, from the most primitive nutrition to the most sophisticated pl?-rming. 

ARTIFICIAL PSYCHES. What distinguishes a software agent from an ordinary 
program is a unifying principle that gives it a certain autonomy. Following Aristotle, 
that principle may be called its psyche, and its definition can be based on an 
appropriate definition of each of its functions. The six functions of the psyche, 
which Aristotle applied to living things from plants and insects to humans, can 
serve as metaphors for the functions of artificial agents: 

• Nutrition. For a robot or embodied agent, nutrition is the act of recharging its 
batteries or energy stores from time to time. For a software agent, nutrition is 
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the procurement of computer time and storage space from a host system. A 
computer virus is a parasite that steals the time and space; a more benign agent 
lives in a symbiotic relationship with its host, providing useful services in 
exchange for room and board. 

• Perception. For a robot, perception depends on input sensors and the ability to 
interpret the inputs. A television camera, for example, may provide a stream of 
data; to see, however, the robot must convert the data to a representation of 
objects in the environment. For a software agent, perception requires access to 
input devices of the host and the ability to interpret data from those devk:es. 

• · Desire. Aristotle's general word for desire is ore:xir, which causes an agent to reach 
for what is desired - one that doesn't reach is anorexic. He distinguished three 
aspects of desire: appetite (epithymia), passion (thymos), and will (boulesis). He 
classified appetite and passion as feelings shared with beasts and will as the result 
of rational thought. In their psychology of agents, Moffat and Frijda (1995) 

.·made a similar distinction between preference and will. For a software agent, the 
built-in equivalent of appetite or passion gives it a preference for certain kinds of 
states. Its will is determined by a logically derived plan for reaching a preferred 
state. 

• Locomotion. For mobile robots, locomotion is a basic function that may be 
funher divided into subfunctions, such as Brooks's competence levels. Software 
agents, which operate in some host system, may use the input/output devices of 
the host to explore the environment, including anything reachable via computer 
networks. 

• Imagery. Aristotle's term phantasia, according to the Liddell and Scott diction­
ary, means the appearance, presentation, or representation of images "whether 
immediate or in memory, whether true or illusory." The processing of imagery 
by computer is an active research topic in artificial intelligence. Like Aristotle, 
many researchers believe that important aspects of animal-level jntelligence can 
be achieved by manipulating imagelike data structures rather than propositions 
(Glasgow et al. 1995). 

• Thought. Aristotle reserved the highest level of the psyche for rational thought. 
His term for rational animal was zoon logon echon (animal having logos). For 
software agents, rational thought corresponds to the deductive and planning 
capacitythattransforms the motivating forces of appetite and passion into will. 
A rational agent must be able to perceive relevant aspects of a situation, evaluate 
their desirability, and determine plans for transforming the current situation 
into a more desirable one. 

The notion of psyche with its hierarchy of functions provides a framework for 
classifying agentive behavior. The psyche of an agent is its functional organization, 
and its level of sophistication depends on how much of the Aristotelian range of 
function it is able to support. 
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CoNscrousNESS. One function of the psyche that is noticeably absent from 
Aristotle's list is consciousness. In the introduction to his rranslation of Aristotle's( De 
Anima, D. W Hamlyn (1968) criticized tha,r absence: 

Aristotle's dealings with the traditional mind-body problem are perfunctory. 
He assumes in general that his concern is with functions which are those of 
both body and soul. Indeed this must be so, given his account of the ~oul as 
the form of the body. But there is an almost total neglect of any problem arising 
from psycho-physical dualism and the facts of consciousness. Such problems 
do not seem to arise for him. The reason appears to be that concepts like that 
of consciousness do not figure in his conceptual schema at all; they play no part 
in his analysis of perception, thought, etc. (Nor do they play any signifaant 
role in Greek thought in general.) 

Recent work in AI and cognitive psychology has moved away from a sharp mind­
body dualism. The new devdopments have reawakened an interest in .Aristotle's 
continuity of mindlike phenomena. In their commentary, the philosophers Martha 
Nussbaum and Hilary Pumam (1992) concluded, ".Aristotle's thought teally is, 
properly understood, the fulfillment of Wittgenstein's desire to have a "natural 
history of man." It is also, in a different way, the fulfillment of Aquinas' desire to 
find that our truly natural being is the being that we live every day, and that God 
has not screened our real nature behind some arbitrary barrier." 

One reason why the Greeks did not distinguish consciousness as a separate 
function of the psyche is that their vocabulary, despite its overall richness, did not 
have a corresponding term. In English, the single word consciousness is applied to 
several different functions: 

• Wakefulness. The most characteristic feature of consciousness is the state of 
being awake instead of being asleep. This function depends on physiological 
processes that are shared by the higher venebrates, especially mammals. 

• Attention. Another aspect of consciousness is the ability to focus attention oii 
certain sensory inputs while ignoring others. Sdective attention is characteristic 
of animal perception, even at the level of worms, insects, and Brooks's robots. 

• Mental imagery. Consciousness also includes the subjective experience of im­
ages of the external world, which differ from the imagery of dreams by an 
accompanying feeling of reality. Perhaps the basis for that difference is not the 
conscious brain, but the skeping brain, which shuts down the motor mecha­
nisms in order to prevent dreamers from injuring themselves. 

• Metalevel reasoning. A fourth aspect of consciousness involves metalevel rea­
soning about the imagery, about its reality, and about the self who reasons 
about reasoning. This function, which includes selfawaren;ss as a special case, 
depends more on a logical distinction between language and :metalanguage 
than on the underlying psychology or physiology. 
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Although Aristotle did not have a single word for consciousness, he did discuss 
aspects of all these functions. Far from being a hindrance, the lack of a blanket term 
for consciousness may have saved the Greeks from confusing the different functions. 

REACTIVE AGENTS. The simplest examples of agents include thermostats and 
alarffi clocks, which react to stimuli but have no ability to form plans. In his 
examples, Aristotle said that if an eye were an independent being, its psyche would 
be the ability to see; if an axe were a living thing, its psyche would be the ability to 
cut. By the same principle, the psyche of a thermostat would be its ability to 
maintain the temperature within a narrow range; for an alarm clock, it would be 
the ability to sound an alarm when a preset time is reached. A thermostat takes 
nutrition from an electrical source, its perception is based on a thermometer for 
detecting the temperature of the environment, its desire is derived from a built-in 
"yearning" or epithymia to keep the temperature as close as possible to a preset ideal, 
and its ability to act is limited to turning the furnace on or off. An alarm clock has 
a psyche that is about as complex as a thermostat's, but instead of sensing the 
environment, it checks its own internal clock. · 

In general, the behavior of a reactive agent is defined by a script that determines 
its next action from its current stat~ the inputs from its sensors, and a limited 
amount of memory of past states. The mobile robots that deliver mail and supplies 
in hospitals and factories are more sophisticated than alarm clocks, but their 
complexity results from a longer script with more built-in options. Their script 
determines their "desire" to follow an internal map of the environment and deliver 
packages to the specified addresses. Programming notations such as Petri nets are 
commonly used to write such scripts. Figure 5.25 shows a Petri net for simulating 
the behavior of reactive agents playing the game of Hide and Seek. It was adapted 
from an example in the PlayNet notation designed by Norman Badler, Barry Reich, 
and Bonnie Weber (1997). 

The four tokens at the top left represent four agents who are playing the role of 
hiders, and the token at the top right represents a single seeker. The game stans when 
the seeker enters the transition labeled Start. From there, a token for the seeker goes 
to the Count transition, while another token to the Gate place enables the hiders to 
leave the starting place and hide. After counting, the seeker calls out a warning: 
"Ready or not, here I come." The Wam transition removes the token from the Gate 
place and blocks any remaining hiders who haven't found a hiding place. 

After the warning, the seeker enters a seeking state while the hiders watch. If 
the seeker isn't looking in their direction; the hiders may enter the Run-home 
transition. The transition labeled Seen begins a confrontatio:n between the seeker 
and one of hiders. When it fires, a single token representing the pair of both agents 
enters the Chase place. The chase ends when either the Evade transition or the Tag 
transition fires. After Evade, the hider goes to the Safe place, and the seeker goes 
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Hiders 

Hide Count 

Warn 

Watcho 

l~ 
Rnn home -· - Chase 

Seek 

l 
No tag 

It 

FIGURE 5.25 Petri net for the game of Hide and Seek 

back to Seek. After T~ the seeker goes to the Safe place to play the role of hider 
in the next game, and the hider goes to the It place to become the next seeker. If 
none of the hiders are tagged, the seeker goes to the It place and remains the seeker 
for another game. 

Figure 5.25 shows a global view of the states and actions of all five agents. 
lristead of using a single net for all agents, Badler, Reich, and Weber designed their 
PlayNers as separate finite-state machines for each agent with the interactions 
controlled by messages from one net to another. The corresponding PlayNets can 
be derived by decomposing the global Petri net into separate finite-state machines 
that pass messages via the Linda operators (as described in Section 4.5 and Exercise 
4.12). Figure 5.26 shows a decomposition of Figure 5.25 into separate nets for each 
player in the game. The seeker would follow the net on the right, and each hider 
would use a copy of the net on the left. To emphasize the similarities with Figure 
5.25, the Petri net notation is also used in Figure 5.26, but these nets are equivalent 
. to finite-state machines, since each net has only one token and every transition has 
wetly one input and one output. 

In Figure 5.25, four transitions depend on inputs from both a hider and a 
seeker: Hide, Seen, Evade, and Tag. For each of those transitions, there is a pair of 
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C?'"'°' T Start 

9CAun• 
TWam 

Seek 

FIGURE 5.26 Decomposing the Petri net into finite-state machines 

transitions in Figure 5.26. One member of each pair sends a message, and the other 
member of the pair must wait until the message is received: 

• Start-7Hide. The Start transition calls the Linda operator Out to send the 
tuple (hide) to the bulletin board. For each copy of the hider net, the Read 
operator is called with the pattern (hide). When the BB manager finds a 
matching tuple, the token at the top can enter the Hide transition. At the Warn 
transition, the seeker net uses the In operator to remove the (hide) tuple from 
BB and "block any remaining hiders. 

• See--"!Seen. When a hider is seen, the seeker enters the See transition, which 
calls the Out operator to send a tuple of the form (see name). In the Watch 
place, eaCh hider periodically checks BB by calling the InP operator with the 
pattern (see name), where name is the hider's own name. If the hider finds that 
tuple, it enters the Seen transition; otherwise, it may enter the Run-home 
transition. 

• Ev~Miss. If a hider that is being chased successfully avoids being tagged, 
it enters the Evade transition, which calls Out to send the tuple (name evaded) 
to BB. In the Chase place, the seeker periodically calls the InP operator With 
the pattern (name evaded). If it finds that tuple, it enters the Miss transition. 
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• Ta~Tagged. If the seeker successfully tags the hider during a chase, it sends 
the tuple (tag name). During the chase, the hider periodically calls InP with the 
pattern (tag name): If it finds that tuple, it enters the Tagged transition. 

For the interaction between the Start and Hide transitions, the BB place serves the 
same purpose as the Gate place in Figure 5.25. The other three pairs of transitions 
were derived by splitting single transitions in the original net. For all four pairs, the 
receiving net must call a Linda operator to check BB while the token is still in the 
place immediately before the corresponding transition. 

Note the choice of verbs that name the transitions. The names of the sending 
transitions are active forms of transitive verbs: Start, See, Evade, and Tag. Linguisti­
cally, the agents of those transitions are the agents (Agnt) of the concepts represented 
by the verbs. Two of the receiving transitions are named by passive verb forms (Seen 
and Tagged) whose agents are affected by the action. The other two are named by 
intransitive verbs (Hide and Miss) whose agents are involved in intransitive actions 
that are caused by the sending transitions. This choice of names for the transitions 
illustrates the close correspondence between linguistic and computational notions of 
agency. Not all Petri nets have transitions with such a close mapping to narural 
language verbs, but when such mappings exist, they should not be ignored. They can 
help guide a knowledge engineer who is analyzing a problem specification or a 
linguist who is designing a system for talking to or about aµtomated agents. 

BELIEFS, DESIRES, AND INTENTIONS. More sophisticated than reactive agents 
are rational agents, which can plan· their own course of action. The philosopher 
Michael Bratman (1987) distinguished three factors that determine such plans: 
beliefi, desires, and intentions. Braonan insisted that all three are essential, and that 
none of them is reducible to the other two. Peirce would have agreed: the appetitive 
;ispect of desire is a kind of Firstness; belief is a kind of Secondness that relates a 
proposition to a situation; and intention is a kind ofThirdness.that relates an agent, 
a situation, and the agent's plan for action in the situation. In Aristotle's terms, the 
plan is determined by a boulesis, which a rational agent, motivated by appetites and 
passions, derives from its beliefs about the situation. 

To formalize Braonan's approach, Philip Cohen and Hector Levesque (1990) 
extended Kripke's model structures to accommodate beliefs, desires, and intentions 
(BDI). Instead of the triple8 of Kripke's models, Cohen and Levesque introduced 
octuples for BDI models: 

<0, P, E, Agnt, T, B, G, <I». 

E> is a set of entities called things, Pis a set of entities called people, Eis a set of event 
types, Agnt is a function defined over events, which specifies some entity in P as the 
agent of the event; T is a set of possible worlds or courses of events, each of which is a 
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function from a sequence Z of time points to event types in E; B(w1,p,t;Wi) is a belief 
accessibility relatiOn, which relates a course of events w1, a person p, and a time point t 
to some course of events Wz that is accessible from w1 according to p's beliefs; 
G( w1,p, t,w) is a goal accessibility relation, which relates a course of events w1, a person 
p, and a time point tto some.course of events Wz that is accessible from w1 according 
to p's goals; and the BDI <I> is an evaluation function similar to Kripke's <I>. 

Although the development of agents for practical applications is a rapidly 
growing field, much of the elegant theory has had little influence on the practical 
design of robots and software agents. Quine's criticisms of Kripke's mOdels apply 
with equal force to the BDI models: they are useful for proving consistency, they 
show that Braonan's informal disc:Ussions can be formalized, but they are not 
explanations. As with Kripke models, all eight components of the BDI models are 
undefined sets that are assumed a priori, without being computed or observed. In 
response to such criticisms, Levesque, Reiter, and their colleagues (1996) set out to 
demonstrate the usefulness of their theory by applying it to robot control. They 
implemented a Prolog-like language called GOLOG, which maps the abstract 
symbols to sensors that receive inputs from the external world and to effectors that 
perform actions upon the world. Other logicians, such as Anand Rao and Michael . 
Georgeff (1993) and Kurt Konolige (1997), have also turned to robotics in order 
to give their abstract theories some physical embodiment. Meanwhile, computa­
tional linguists have been implementing speech systems to map the same abstract 
symbols to and from natural languages. Besides demonstrating the abstract theories, 
such tools can improve the interfaces between people and their cars, robots, and 
other machines. 

COMBINING RATIONAL AND REACTIVE TECHNIQUES. In practical applica-
tions, reactive agents that follow fixed scripts are the most commonly used. Some 
of the scripts are written in conventional programming languages. Other scripts are 
generated by a human who guides a robot arm through a sequence of actions. 
Marcel Schoppers (1987) developed a technique for automatically generating uni­
versal plans, which consist of precompiled reactions to a large number of circum­
stances a robot might encounter. The precompiled reactions enable the robot to. 
respond instantly in unpredictable environments when long-range deductive plan­
ning would be impractical. Matthew Ginsberg (1989a,b) complained that compil­
ing and storing universal plans would take too much time and space to be practical, 
but Si:hoppers (1989) replied that they would be effective in many common 
applications. · 

Robert Kowalski (1995) showed that logic can be used as a metalanguage to 
reconcile the controversies over reactive or rational agents. In effect, the first stage 
of compiling a universal plan is the metalevel, and the plan itself is a collection of 
object-level rules that are applied when their preconditions arise. Logic could be 
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used for both stages: compiling the rules and applying them. The met:iJ.evel could 
be computed in advance, as in universal planning, or it could computed. "just in 
time" to generate object-l~el -~ m:mediately before they a:e used. Schoppcis 
suggested that rules compiled JUSt m Oine could also be saved m a cache for latti 
reuse. ~,,en fa~d w_i~ a n~vel ~iruation, a robot might take some time to "stoJt 
and think ; but if a similar s1tuanon occurred later, the cached rules could be used\ 
immediately. · 

Metalevel reasoning can also be used to analyze, model, or implement the 
competence levels for Rodney Brooks's robots. The lower levels may be controlled 
by precompiled reactive rules. Each higher level is a metalevel, which can monitor 
the levels beneath. it, interrupt them, override them, or even reprogram them. The 
highest levels can support rational planning for generating new rules or metalan­
guage for asking and telling other agents about likely plans and rules. Meanwhile, 
the lowest levels wocld behave like conditioned reflexes in responding to stimuli, 
unless overruled by one of the higher levels. The stratified metalevels discussed in 
Section 5.5 provide a framework that can integrate stimulus-response reactions at 
the lower levels with conscious planning and reflection at the higher levels. 

EXERCISES 

1. The go position in Figure 5 .1 was reached at move 53 of a famous game between 
the master Karigane (Black) and the champion Honinbo Shusai (White). After 
287 moves, White won with four more. points of territory than Black. The 
go-moku game, however, is nearly finished. From the brief summary of go-moku 
in the discussion, it is possible to determine which player has the next move in 
Figure 5. L Which player has a winning strategy? What is it? 

2. Translate the next two sentences to conceptual graphs: 

a. Two chickens are in a coop. 

b. Orze chicken pecked the other chicken. 

For sentence a, represent the plural referent by {*}@2. For b, represent the past 
tense by the relation Past attached to the concept for the verb, the word one by 
an indexical #one in the referent of a concept, and the phrase the other by an 
indexical #other. 

3; If sentences a and b in the previous exercise were contiguous sentences in the 
same paragraph, they might be assumed to represent information about the 
same situation. Resolve the indexicals in the following steps: 

a. Assume that both chickens are in the same coop collectively. Therefore, the 
referent of the chicken concept could be represented by Col{*}@2. Study 
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the example of Alma's husbands in Section 4.1, and use the same method 
for expanding the concept to a separate concept for each chicken. 

b. To resolve the indexical #one, draw a coreference link to one of the chicken 
concepts and then erase the indexical #one. 

c. To resolve #other, draw a coreference link to a concept of a chicken other 
than the one selected in part b and then erase #other. 

d. Finally, translate the resulting CG to predicate calculus. 

4. After resolving the indexicals in the previous exercise, review the donkey and 
horse examples in Section 5.2. Then translate the following sentence to a 
conceptual graph: Every chicken coop has a chicken that is pecked by every other 
chicken in the coop. Represent the first every by V in a concept whose type is 
a lambda expression, represent every other by the combination V#other, and 
represent the last the by #. 

5. For the CG derived in the previous exercise, expand the two V quantifiers 
to the if-then form. To expand V#other, treat the combination in the same 
way as the single V quantifier; but in the final step, erase only V, leaving 
#other in the referent field. Finally, resolve all the indexicals to coreference 
labels and translate the result to predicate calculus. 

6. Give more examples of sentences with indexicals that have about the same 
level of complexity as the sentences about the donkeys and the chickens. 
Select sentences from various domains. The sentence about chickens in a 
coop, for example, could be mapped to on~ about workers in an office: Every 
department has a secretary who is given assignments by every other member of the 
department. Represent the sentences in conceptual graphs with indexicals, 
resolve the index:icals to coreference links or coreference labels, and translate 
the result to predicate calculus. 

7. Hans ~eichenbach (1947) defined a concise notation for linguistic tenses in 
terms of three time points: the speech time S, the event time E, and a reference 
time R. For the default present tense, which is represented by a CG context 
with no tense marker, all three time points coincide: S=E=R. For the past 
·tense relation (Past), which was defined in Section 4.1, E and R coincide and 
precede S: E=R<S. For the past perfect tense (PPrf), the specification 
E<R<S maps to the following CG definition: 

PPrf = [Time: #now *s]f-(Succ)f-[Time: *r]­
(Succ)f-[Time: *e]f-(PTim)f-[Situation: A]. 

Use the definitions of the Past and PPrf relations to translate the following 
sentence to a conceptual graph: The mouse ate the cheese after the cat had left. 
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a. Translate the two clauses the mouse ate the cheese and the cat had left to two 
contexts of type Situation, each of which has a nested CG and an attached 
relation of type Past or PPr£ 

b. Define a dyadic conceptual rdation (Afu), which links a situation at some 
point in time that is a successor of the point in time of another situation. 
Then use the Aftr rdation to link the situations for the two clauses of the 
sentence. 

c. Expand the CG by replacing the relations Past, PPrf, and Aftr with their 
definitions. 

d. State reasonable assumptions about conversational implicarures that can be 
used to relate the various concepts of type Time in the resulting CG. Use 
those assumptions to simplify the CG by joining coreferent concepts that 
appear in the same context. 

Next, define a dyadic conceptual relation (Bfor) as the inverse of (Aftr), define 
the future perfect rdation (FPrf) according to the specification S<E<R, and 
use these two rdations to represent the sentence The mouse will have eaten the 
cheese before the cat ret:urns. Finally, expand the defined relations, and simplify 
the resulting CG. 

8. The meaning-preserving function fi, which was defined in Section 5.3, causes 
the following two formulas to be placed in the same equivalence class: 

((p-::;, r) A (q-=:;, s)) -::;, ((p A q) -::;, (r A s)). 
-((-(p A -r) A -(q A--s)) A -(-(p A q) A -(r As))). 

Give some other examples of the 864 formulas in the equivalence class deter­
mined by fi. Show how the number 864 was derived. 

9. Find some examples of sentences that use the modal words can or mustto express 
possibility or necessity. For each sentence, state the axiom, law, rule, principle, or 
convention that determines what is possible or necessary. The governing rule is 
often highly context dependent if someone says "You can't park here," the 
reason may be physical (the space is too small), legal (the town ordinance 
prohibits it), or personal ("I saw it first."). If the same sentence may be used in 
several widdy different contexts, give a brief e:xplanation of each. 

10. There is a common superstition about hope and fear: if you hope something 
will happen and you mention it, then it won't become true; but if you fear 
something will happen and you mention it, then it will become true. State 
that superstition in predicate calculus, using me predicates hope(a,p) and 
fear(a,p) from Section 5.3 and two new predicates, mention(a,p) and be­
comeTrue(p). 



CHAPTER FIVE PURPOSES, CONTEXTS, AND AGENTS 

11. The protolndoEuropean word arktos (bear) survived in Greek arid in a related 
form ursus in Latin, but it has been replaced by words derived from bruwn 
in the Germanic languages and by words like m'edv'ed' (honey-knower) in 
Russian and other Slavic languages. What superstition related to the one about 
hope and fear might explain that fact? State it in predicate calculus. 

12. Different interpretations of the superstition about hope and fear might be 
translated to different formulas in predicate calculus. Find an interpretation 
that would imply a contradiction if a person who was ambivalent about a 
proposition p happened to mention p. Assuming that -becomeTrue(p) is not 
equivalent to becomeTrue(-p), revise that formula to avoid the contradiction. 
Give a proof that the first version would lead to a contradiction and that the 
second would not. Then write an English explanation of the contradiction 
and its resolution that would be intelligible to someone who had no knowl­
edge of symbolic logic. Ask one of your nonmathematical friends to read and 
comment on your explanation. 

13. Study the examples of situations defined by fictional stories, historical periods, 
and actual space-time coordinates. Give some pairs of a "meaningful" situation 
and a related one that is as disjointed as the examples by William James. For 
each pair, state some property that distinguishes the meaningful situation from 
its disjointed relative. Identify some agent, hllinan or otherwise, for whom 
that property is significant. 

14. Rudolf Carnap (1947) defined a proposition as an equivalence class of sen­
tences that can be proved to be logically equivalent to one another. Richard 
Montague (1974) defined a proposition pas a function from possible worlds 
to truth values: for each world w, p(w)=T if p makes a true statement about 
w; and p( w) = F if p is false about w. Compare these two definitions to each 
other and to the definition in Section 5.3 in terms of meaning-preserving 
functions. Which definitions generate the same equivalence classes? Which 
definitions have the most or fewest equivalence classes? Which definitions are 
the most or least efficient to compute? Give some examples that illustrate the 
differences. 

15. Quine (1960) formulated a ~ntroversial hypothesis about the "indeterminacy 
of translation" that has not been definitively confirmed or rejected by em­
pirical studies of actual languages: 

The thesis is this: manuals for translating one language into another can 
be set up in divergent ways, all compatible with the totality of speech 
dispositions, yet incompatible with one another. In countless places, they 
will diverge in giving, as their respective translations of a sentence of the 
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one language, sentences of the other language which stand to each other 
in no plausible sort of equivalence however loose. 

To illu5trate his thesis, Quine gave several examples: 

a. A manual might translate En~h rabbit to gavagai in language.!£. Yet the 
native speakers of :£ might intend g11:Vagai to mean. "undetached rabbit 
parts" and no evidence could ever be found to distinguish their intended 
meaning from the English meaning of rabbit. 

b. The sentence Neutrinos have no mass has no· unique translation into a 
language that lacks the concepts of modem physics (including the English 
language of Shakespeare's time). At best, the sentence would have to be 
expressed by a lengthy paraphrase, and different manuals might give differ­
ent and incompatible paraphrases. 

Is Quine's thesis compatible with the definition of propositions in terms of 
meaning-preserving functions? If not, show the incompatibility. Otherwise, 
restate Quine's thesis in terms of propositions defined by meaning-preserving 
functions. What kind of evidence from exotic languages might count for or 
against Quine's thesis or your restatement of it? 

16. Section 2.2 illustrated the problems of translating Aristotle's Greek terms to 
English; one of the most difficult words to translate is logos. The word psyche, 
which was discussed in Section 5.7, has no suitable English translation, since 
the common word soul distorts Aristotle's meaning. Do these examples sup­
port Quine's thesis of the indeterminacy of translation? Why or why not? 

17. Study the proof of the Praeclarum Theorema in Figure 5.14 and the corre­
sponding proof in algebraic notation. Verify that each formula in the algebraic 
proof is equivalent to the corresponding EG in Figure 5.14. Then choose 
some other notation for logic, such as conceptual graphs, discourse repre­
sentation structures, or KIF. Restate Peirce's rules of inference for the notation 
you have chosen, and show that they support a proof with the same steps as 
the proof in Figure 5.14. 

· 1s. For the following pairs of formulas, check whether generalized. modus ponens 
can be used to derive the second formula from the first. If GMP does not 
apply, explain why not, and determine whether the second formula follows 
. from the fust by some_ other rule discussed in Section 5.4. 

a. Following are two steps at the end of an alternate proof of the Praeclarum 
Theorema: 

((p-::;, r) /\ (q-::;, s)) -:J ((p /\ q) -:J T). 
((p-::;, r) /\ (q-::;, s)) -::;, ((p /\ q)-::;, (r /\ s)). 
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b. For the next ~o fo~mulas, assume that pis a specialization of q (i.e., p'r-q). 

(s A -(tv u) A -(v A (q ~ r) A (tv (k A p A (lv (m A n)))))). 
(s A-(tv u) A-(vA (q~ r) A (tv (k AP A (lv (mA nA r)))))). 

c. Assume p't-q-. 
(pA (q~ r)) ~ m. 
(pA°(q~ r)) ~ (mA r). 

d. Assume p't-q-. 
(pv (q~ r)) ~ m. 

(pv (q~ r)) ~ (mA r). 

Whether one context is nested inside another is determined by their repre­
sentation in Peirce Normal Form. In case of doubt, expand one or more of the 
operators to definitions in terms of A and - . 

19. Following are some formulas that occur in a positive context 2ll: 

(pA q) ~ (rA (s~ t}). 
(uA r) = ((p A-w) = (-vA s)). 
qA uA-v. 

Show how the following fo~mulas may be derived in 2ll by one or more 
inference rules, including at least one application of the rule of qualified export. 

a. P ~ r. 
b. {p As)~ t. 

c. (rA s) ~ p. 

Estimate the amount of computation needed to verify these formulas by truth 
tables. 

20. In the discussion of metalevels in Section 5.5, the statement 'This sentence 
is false" was cited as an example of a paradox that could be resolved by a 
nonparadoxical statement such as "The statement I just made was false." 
What features make the first sentence paradoxical and the second acceptable? 
Is it a coincidence that both of those sentences contain indexical terms such 
as this and R Tenses also have an indexical effect; is it coincidental that the 
first is in the present tense and the second is in the past tense? If natural 
languages use the same vocabulary at every metalevel, how can words like 
true and false be used in . nonparadoxical ways to refer to truth values at 
multiple levels? 

21. In Section 5.5, the laws that determine Peirce's five kinds of modality were 
defined in terms of a triadic predicate legislate(a,p,<(6), where a is an animate 
agent. That approach leads to the assumption of God as the lawgiver for the 
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laws of narure. Some philosophies avoid the assumption of a personal God 
by introducing an impersonal logos or Tao. With such a metaphysics, the 
laws that determine the modal operators D and 0 could be given by a monadic 
function logos(x), where x is some appropriatdy chosen entity. For each of 
the five kinds of modality, how would x be chosen? For each of those entities, 
what kind of laws are determined by logos(x)? 

22. Study the example of th~ StartEngine process (Section 5.6), which was rep­
resented in conceptual.graphs. List the sequence of operations that are carried 
out in that process and represent them in a Petri net, according to the cor­
respondences between Petri nets and logic that are presented in Chapter 4. 

23. Compare Aristotle's functions of the psyche, as discussed in Section 5.7, with 
Rodney Brooks's competence levels for mobile robots, as discussed in Section 
3.6. How can an analysis of nutrition and desire hdp to refine the competence 
levels? How can Peirce's categories hdp to analyze, refine, and classify the 
levels? Can such analysis resolve or at least clarify the controversies about 
artificial intdligence and the question of whether anything computer systems 
can do might be comparable with human or animal intdligence? 

24. After a process specified by a Petri net has finished, some tokens may be left 
in one or more places. Sometimes those tokens are intended to remain in 
those places, but often, they represent bugs or unusual conditions that had 
not been accommodated by the design. In Figure 5.25, the presence of a 
token in the Gate place allows the hiders to hide. But when that token is 
removed by the Warn transition, token8 that may be left in the Hide place 
cannot leave. Add more detail to the rules of the game to specify what should 
happen to the remaining hiders. One possibility is that a hider who has not 
found a hiding place automatically becomes "It" for the next game. Another 
possibility is that the seeker immediatdy starts to chase hiders who have not 
been able to hide. A third possibility is that a hider who has not yet found 
a hiding place can request more time. Show how the Petri net can be revised 
for each of these rule changes. 

25. In Figure 5.26, a hider who reads a tuple of the form (see name), where name 
matches the hider's own name, goes to the transition labded Seen. No explicit 
conditions determine when a hider might enter the Run-Home transition. 
Without modifying Figure 5.26, show how a revised choice of Linda operators 
could be used to control the actions in more detail: a hider might run home 
while the seeker was chasing some other hider; a seeker who missed the current 
hider would try to stop other hiders from _running home; and a seeker who 
failed to tag anyone might give up the search by sending a message that 
everyone could run home free. Specify the places or transitions where the 
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messages would be sent or received, and show the formats of the pattern and 
data tuples. 

26. Write axioms for the game of Hide and Seek based on the Petri nets of Figures 
5.25 and 5.26. For each transition, write an axiom for the preconditions and 
the postconditions. Your axioms should be consistent with the mapping from 
Petri nets to logic in Chapter 4, but the predicates may have names that 
correspond more directly to the terms that describe the game_ For each axiom, 
write a sentence in stylized English that uses the same variable names but 
would be readable by someone who is not familiar with symbolic logic. The 
list of all the sentences in stylized English should form a readable description 
of the complete set of rules for Hide and Seek while remaining as close as 
possible to the axioms. If you feel that more detail should be added to the 
stylized English in order to make it more complete or readable, add the same 
detail to the axioms so that the stylized English sentences remain faithful 
translations of the statements in logic. -

27. After writing the axioms of Hide and Seek for the previous exercise, use those 
axioms as the specifications for 'Yriting a program that simulates several agents 
playing the game of Hide and Seek. A logic-based language like Prolog or a 
rule-based language like CLIPS should support a more direct translation of 
the axioms than a procedural language, but you may use any l~auage you 
prefer. The graphics and multithreading features would make Java a good 
language to use for displaying the actions of each agent during the course of 
the game. In whatever language you choose, include the stylized English 
versions of your axioms as comments in the program. Try to keep the structure 
of your programs as close as possible to the original Petri nets and axioms. 
If the nature of the programming language causes you to modify or deviate 
from the original axioms, include comments in the program to explain the 
deviations. 

This exercise could be done as a class project, with different students or 
groups of students using different languages. The various groups could make 
interim presentations of their progress to the class. After the first stage of the 
project, all the groups should agree on a common set of axioms. The groups 
should be encouraged to borrow ideas from each other in order to improve 
their programs while keeping them faithful to the original axioms. Compare 
the different languages on various criteria, such as ease of programming, ease 
of maintenance and modification, and ease of implementing various features 
of the game-

28. The following legal case was reported at a meeting of the American Associa­
tion for Forensic Science by AAFS President Don Harper Mills: 
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On 23 March 1994, Ronald Opus, who had been acting despondent, 
wrote a suicide note and jumped from the roof of a ten-story building. 
Before jumping, Opus could not see that a safety net had been set at the 
eighth-floor levd to protect some window washers. But as he fdl past the 
ninth floor, he was hit by a shotgun blast from an open window. The 
medical examiner found that the net would have prevented the suicide and 
that Opus had died of a shotgun wo~d to the head. Therefore, Opus's 
death appeared to be a homicide rather than a suicide. 

If an agent x intends to kill y, but kills z in the attempt, x is guilty of 
the murder of z. In this case, the person who fired the shotgun was an 
dderly man who lived with his wife on the ninth floor. The man admitted 
that he had threatened his wife with the shotgun, but he never intended 
to kill her, since the gun had been kept unloaded. But this time, the gun 
happened to be loaded, the shot missed his wife, and Opus was killed. Both 
the man and his wife. claimed that Opus's death was an accident. 

During the investigation, additional facts emerged: the old lady had 
cut off her son's financial support; and a witness claimed to have seen the 
son loading the shotgun. Apparently the son had expected to get revenge 
by causing his father to kill his mother during one of their frequent 
arguments. Therefore, the son's intentions made him responsible for the 
death of Ronald Opus. The medical examiner, however, discovered a 
crucial fact that led him to conclude the death was a suicide. 

Translate this report to logic, and deduce the crucial fact. 

29. In the previous exercise, the medical examiner's conclusion depends on the 
definition of suicide. Show that that conclusion follows from the definition of 
suicide as self-murder. Give another definition that would imply that Ronald 
Opus is guilty of self-murder, but not of suicide. Which definition seems closer 
to the informal intuitions? 

30. Legal reasoning involves three kinds of tasks: representation of the laws them­
selves; representation of the background knowledge about the subject to which 
the laws are applied; and the logical inferences that lead to a conclusion. Of 
the three, the most difficult is usually the analysis and representation of the 
open-ended amount of background knowledge. For the exercise about Ronald 
Opus (5.28), make a list (in English) of all the background knowledge a 
computer would need to understand the case, such as information about 
falling bodies, safety nets, and the multiple word senses of floor and story. 
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Knowledge Soup 
~~ 

Human knowledge is a process of approximation. In the focus of 

experience, there is comparative clarity. But the discrimination of this 

clarity leads into the penumbra! background. There are always questions 
left over. The problem is to discriminate exactly what we know vaguely. 

ALFRED NOXl"H WHIUHEAD, .Essays in Science and Philosophy 

I've often said that every poem solves something for me in life. I go so far 
as to say that every poem is a momentary stay against the confusion of the 

world. ... we rise out of disorder into order. And the poems I make 

are little bits of order. 
ROBERT FROST, A Lov.er's Quarrel with the_ Wor/,d 

Get rid, thoughtful Reader, of the Okhamistic prejudice of political 
partisanship that in thought, in being. and in development the indefinite is 
due to a degeneration ftom a primal state of peifect definiteness. The truth is 

rather on the side of the Scholastic realists that the unsettled is the primal 
state, and that definiteness and determinateness, the two poles of settledness, 

ttre, in the large, approximations, developmentally, epistemologically, 
and metaphysically. 

CHARLES SANDERS PEIRCE, Collected Papers 6.348 

6.1 Vagueness, Uncertainty; Randomness, 
and Ignorance 

Some of the knowledge in people's heads may be represented in propositions, 
more of it in imagelike forms, and the rest of it in habits, vague intuitions, and 
"gut feelings" that are never verbalized or visualized~ Whatever its form, the knowl­
edge is far too complex and disorganized to be called a knowledge base. Its fluid, 
heterogeneous, ever changing, and often inconsistent nature could be better char­
acterized as knowledge soup. The soup may contain many small chunks, corre­
sponding to the typical frames, rules, and facts in AI systems; it may also contain 

348 
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large chunks that correspond to entire theories. The chunks should be internally 
consistent, but they may be inconsistent with one another. The inconsistencies 
arise from various sources: 

• Generalizations that omit "obvious" assumptions: Birds fly. But what about 
penguins? a day-old chick? a bird with a broken wing? a sruffed bird? a sleeping 
bird? . 

• Abnormal conditions: If you have a car, you can drive from New York to 
Boston. But what if the battery is dead? Your license has expired? There is a 
major snowstorm? 

• Incomplete definitions: An oil well is a hole drilled in the ground that produces 
oil. But what about adry hole? a hole that has been capped? a hole that formerly 
produced oil? Are three holes linked to a single pipe one oil well or three? 

• Conflicting defaults: Quakers are usually pacifists, and Republicans are not. 
But what about Richard Nixon, who was both a Quaker and a Republican? 
Would he or wouldn't he be a pacifist? 

• Unanticipated applications: The parts of the human body are described in 
anatomy books. But is hair a part of the body? hair implants? a wig? a wig made 
from a person's own hair? a hair in a braid that has broken off from its root? 
fingernails? plastic fingernail extenders? a skin graft? artificial skin used for 
emergency patches? a bandage? a bone implant? an artificial implant in a bone? 
a heart transplant? an artificial heart? an artificial leg? teeth? fillings in the teeth? 
a porcelain crown? false teeth? braces? a corneal transplant? contact lenses? 
eyeglasses? a tattoo? make-up? clothes? 

Since these inconsistencies are most apparent in ordinary speech, many people 
assume that they are merely linguistic problems that would not occur in a purified 
language like logic. Yet that assumption is wrong. All of those problems are caused 
by the complexity of the world itsel£ A logical predicate like bodyPart(x) would 
solve nothing; the intermediate cases of hair and fingernails would raise the same 
questions of truth and falsity as the English noun phrase body part. 

The knowledge soup has a loose organization characterized by the "disorder" 
and the "leftover-questions" discussed by the mathematician, logician, and philoso­
pher Alfred North Whitehead and the poet Robert Frost. Whitehead said that the 
problem is to "discriminate exactly what we know vaguely," and Frost said that the 
task is to make "little bits of order" that organize, interpret, and give meaning to 
the disorder. For both of them, language is a tool for discriminating and creating 
structure out of the primordial knowledge soup. That suucture is essential for 
precise reasoning, and any reasoning system - human or artificial - must either 
find structure in ~he soup or create structure that can provide, in Peirce's terms, "a 
solid foundation for great and weighty thought." 
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MUi.Tn>LE USES OF THE SAME WoRDs. Much of the vagueness and ambigu­
ity results from the use and reuse of the same words in different domains and 
applications. Figure 6.1 illustrates nine different kinds of things to which the word 
chair might be applied. On the right are five questions about different charac­
teristics of chairs. The only common characteristics are a backrest and a platform 
wide enough to sit on. Those are the necessary conditions for something to be a chair, 
but they are not sufficient to exclude all nonchairs. The toilet shown at the bottom 
of Figure 6.1 has those features, but it is not usually called a chair. An even more 
extreme example is a stairway, whose steps would be wide enough to sit on and 
whose risers could be used as a backrest. Yet a stairway is much less chairlike than 
a toilet. As Wittgenstein said, the common concepts of ordinary life can only be 
characterized by a loose set of family resemblances, not by a definitive set of 
necessary and sufficient conditions.· 

Another word with multiple meanings is wall, which may be defined as a 
vertical surface used as a boundary of a room or as a separator between rooms. The 
genus or supertype is VerticalSurface, which is a necessary condition for something 
to be a wall. But the alternatives in the definition indicate two distinct subtypes: 
Wall1 is a vertical boundary, and Wall2 is a vertical separator. For some applications, 
the two subtypes are compatible, since the same structure could be used as both a 
boundary and a separator at the same time. But for other applications, the two 
meanings may be in conflict. An interior decorator may think of the two sides of a 
wall as distinct surfaces, each of which is the boundary Wall1 of a distinct room. In 
that sense, each surf ace is part of a different room, whose color and texture must 
match the furnishings of its room. A construction contractor, however, may think 
of a wall as a separator Wall2, which divides a space into two rooms without being 
part of either one. Conflicts may arise if the tenants of adjoining apartments want 
to make incompatible modifications of "their"Walls. 

h l: h Four legs? 

Wheels? 

Movable? 

•• 
Folding? 

~ 12 Ann rests? 

FIGURE 6.I What criteria distinguish chairs from nonchairs? 
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Whenever disputes arise, philosophers since Socrates have resolved them by 
drawing distinctions. Perhaps the wall is a composite structure with Sheetrock on 
each surface and a wooden frame in the middle. Therefore, the wooden frame could 
be treated as a separator Wall2 outside of either room, but each surface could be 
considered as a boundary Wall!> which would be part of the room it ~ces. Yet that 
distinction depends on the method of construction. If the wall consists of a single 
layerofbricks, there would be no clear way of distinguishing the boundaries from the 
separator. Problems like these do not arise from the nature oflanguage,-but from the 
nature of the world: there are more methods of constructing walls than there are 
distinct words for them in the English language. Such difficulties, which can be 
illustrated with simple things like chairs and walls, become even more acute with 
complex things like automobiles. At the beginning of the twentieth century, the word 
automobile was the equivalent of the term horseless carriage. Those automobiles 
looked like carriages, most of their parts were interchangeable with carriages, arid 
they even had attachments for hitching a horse in case of a breakdown. But today the 
computerized metal cabins that are still called automobiles have little similarity to the 
original horseless carriages. Changes in the world cause changes in the meanings of 
words. 

For database and knowledge-base design, ever-changing applications require 
multiple; often conflicting definitions of the same terms. Consider expen systems 
designed to assist automobile drivers, airplane pilots, ship captains, and locomotive 
engineers. Those applications share many common terms, such as time, speed, 
distance, foe! consumption, equipment condition, and passenger safety. Yet the details 
of the applications are so radically different that the definitions of those terms have 
little in common. A major difference is the number of degrees of freedom in the 
motion: 

• Rigid tracks confine a train's motion to one dimension. 

• At a gross level, a car's motion is also one dimensional, but at a detailed level, 
the driver Jl!USt maneuver in two dimensions to keep the car in lane and avoid 
other cars and obstacles. 

• A ship's motion is also two dimensional, but its greater inertia causes a change 
in course to take minutes instead of the split-second maneuvers that are 
possible with a car. 

• An airplane moves in three dimensions, but changes in attitude introduce three 
more degrees of freedom. 

Besides differences in motion, there are different kinds of signals to consider and 
different ways of planning a course and-following it. As a result, a driver, a pilot, a 
captain, and an engineer have totally different ways of thinking and reacting. A 
person who is both a cl.river and a pilot would have two independent modes of 
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thought with little or nothing in common. Expert systems designed for each of 
these tasks would have few, if any, common concepts and rules. 

VAGUENESS IN SCIENTIFIC LANGUAGE.. Frege and Russell hoped that the 
vagueness of ordinary language would not infect the purified technical language of 
science. Yet even in computer science, where ambiguities can be disastrous, the most 
central and important terms have slightly different meanings in different applica­
tions. Consider the term assignment sta.tement in different programming languages. 
The following statements are supposed to add A to B and assign the result to X: 

APL: x f- A + B 
C: x = A + B; 
FORTRAN: x = A + B 
Pascal: x := A + B; 
PL/I: x = A + B; 

On the surface, these statements seem to perform equivalent operations, but with 
minor differences in notation. If A, B, and X are numbers of the same type, the 
results would be the same in each of the languages. But major differences arise when 
the data types are different. The C ianguage does not do automatic type conver­
sions. FORTRAN and PUI do type conversions to or from integer and floating­
point, but Pascal only does automatic conversion from integer to floating and 
would generate an error message if A+ B happened to be a floating-point number 
and X were an integer. APL a;iso does automatic conversions in evaluating A+ B; 
but in doing_the assignment, it could change the type ofX instead of converting 
the result of A+ B to X's previous type. PL/I does many other kinds of automatic 
conversions and would even convert character strings to and from numbers. APL 
and PL/I both allow A. B, and X to be arrays as well as simple scalars; but PL/I 
places more restrictions on the dimensions of the arrays, while APL has fewer 
restrictions. Because of these differences, terms like addition or assignment statement 
can be given a precise definition only for a single programming language. In some 
cases, the language standards are so loose that the definition may change with every 
compiler or even every modification of a compiler. With technical terms, as with 
common terms, changes in the world cause changes in meaning. 

Seemingly insignificant differences, mentioned only in footnotes in the language 
manuals, are the bane of system programmers who have to devdop software that runs 
on more than one operating system or even a new version of the same operating 
system. The following joke characterizes the notorious difficulty of keeping defini­
tions consistent from one version to the next: 

Q: How was God able to create the world in just sb_c days? 
A:. He had no installed user base. 
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The millions of installed copies of a computer system impose stringent constraints 
on the definitions of every function and datatype. When desigillng a new system, 
it is usually easier to start from scratch, as God did, and ignore the old definitions. 
As a result, every word that is used to describe both the old system and the new one 
acquires another layer of ambiguity. 

PARADOX OF THE HEAP. Continuity gives rise. to a gradually shifting vague­
ness that is related to, but not quite the same as the vagueness that varies by discrete 
jumps when the same word is applied to different domains. One of the oldest 
problems of continuity is the paradox of the heap. One grain of sand does not form 
a heap; neither .do two grains, five grains, or ten grains. In general, if n grains of 
sand do not form a heap, then neither do n+ 1 grains. By the axiom of mathemati­
cal induction, it should not be possible to form a heap by adding one grain of sand 
at a time. This paradox arises in many different variations: One farmer found that 
he could easily lift a newly born cal£ Each day, the calf grew slightly heavier, but if 
the farmer could lift the calf one day, he should still be able to lift it the next day. 
By lifting the calf every day, the farmer thought that he would eventually become 
strong enough to lift a fully grown cow. Such paradoxes, which are caused by the 
vague boundaries of words like heap and heavy, arise in every domain where discrete 
words are applied to a continuous spectrum or range of gradations: color, weight, 
length, happiness, warmth, humidity, noise, pain, sweetness, and wealth. 

LIQUIDS. Fluids like gases and liquids have no fixed shape, and they can be 
subdivided fur beyond the limits of human perception. In developing an ontology 
for liquids, Patrick Hayes (1985) analyzed the problems of representing, referring 
to, and talking about liquids in their various forms. He classified the informal ways 
of talking about liquids according to three distinctions, two of whim are further 
subdivic:l.ed: 

1. Bulk or divided. 

2. Still or moving. 

• . If moving, either slow or fast. 

3. Supponed or unsupponed. 

• If supponed, either by a two-dimensional surface or by a three-dimen­
sional shape. 

These features can be combmed to generate 2 X 3 X 3 or 18 subcategories. Following 
is a list of the possible combinations and a typical example of each: 

I. Bulk, still, supponed on a surface: a wet suiface or film of liquid. 

2. Bulk, still, supponed by a shape: a body of liquid in a container. 
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3. Bulk, still, unsupported: a blob of liquid floating weightless in a spacecraft. 

4. Bulk, moving slow, on a surface: a sheet of rain flowing along a sloping roOf 

5. Bulk, moving fast, on a surface: waves lapping on a shore or a stream hi-tting a 
surface. 

6. Bulk, moving slow, supported by a shape: liquid flowing in a channel, as a river 
or an aqueduct. 

7. Bulk, moving fasr, supported by a shape: liquid pumped along a pipeline. 

8. Bulk, moving slow, unsupported: a falling column, as a waterfall or a stream 
poured ftom a jug. 

9. Bulk, moving fast, unsupported: a waterspout, fountain, or jet ftom a foe hose. 

10. Divided, still, on a surf ace: dew on grass or condensation on a window. 

11. Divided, moving slow, on a surface: condensed droplets flowing down a cold glass. 

12. Divided, moving fast, on a surf ace: raindrops driven along the windshield of a 
moving car. 

13. Divided, still, supported by a shape: mist filling a valley. 

14. Divided, moving slow, support.ed by a shape: mist flowing down a valley. 

15. Divided, moving fast, supported by a shape: mist blown along a tube. 

16. Divided, still, unsupported: mist or cloud. 

17. Divided, moving slow, unsupported: rain or shower. 

18. Divided, moving fast, unsupported: spray, splash, or driving rain. 

This list shows how the selection of words in a language forces continuous phe­
nomena into a limited number of describable states. In the world itself, there are 
continuous gradations of droplet size and speed of flow. Three-dimensional shapes 
allow an unlimited range of variations: networks of pipes and conduits, bottles of 
various shapes and sizes, namral boundaries like river and ocean bottoms, or 
fanciful shapes like a milk pitcher in the form of~ cow. No finite set of categories 
can cover all the possibilities. 

MUIXIPLE PERSPECTIVES. Some apparent inconsistencies result from differ­
ent perspectives or vievV-s of the same phenomena. Figure 6.2 shows three different 
views of the same object. When viewed end on, it looks like a circle; when viewed 
from the side, it looks like a square; and when viewed from an angle, it can be seen 
as a cylinder. A superficial comparison of only the right and left views might suggest 
an inconsistency, since no figure drawn on a plane can be both round and square 
at the same time. But when the object is considered three dimensional, the incon­
sistency vanishes, since its projections into different planes can be very different. 

The apparent inconsistencies that arise with geometrical figures become even 
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omo 
FIGIDU: 6.z Three views of an object that is both round and square 

more complex and pervasive with abstract ideas and modes of thought in different 
culrures. The anthropologist Clifford Geertz (1983) observed that culrural differ­
ences may be created as much by vocational specialization as by geographical 
distance: 

The problem of how a Copernican understands a Ptolemaian, a fifth republic 
Frenchman an ancien regime one, or a poet a painter is seen to be on all fours 
with the problem of how a Christian understands a Muslim, a European an 
Asian, an anthropologist an aborigine, or vice versa. We are all natives now, and 
everybody else not immediately one of us is an exotic. What looked once to be 
a matter of finding out whether savages could distinguish fact from fancy now 
looks to be a matter of finding out how others, across the sea or down the 
corridor, organiz.e their significative world .. (p. 151) 

In knowledge engineering as in anthropology, the most fundamental assumptions 
are usually left unsaid. When asked about them, the expert tends to say, "Oh, but 
that's obvious! Of course! You mean you didn't know that!?!" The knowledge 
engineer or the anthropologist may have to spend days, weeks, or even y~ asking 
probing questions to dig out the underlying assumptions. Some experts may be 
highly articulate, but others may have a limited ability to express the distinctions 
verbally. Following is an excerpt from a dialog between a knowledge engineer and 
an expert repairman: 

Knowledge engineer: Im not sure what you want the system to do - determine 
whether a malfunction has occurred, determine what caused it, or determine what 
·action to take in order to correct it. 

Repairman: Whats the difference? 

The expert was highly skilled in fixing the device, but he had never analyzed his 
actions verbally or even thought of them as separate stages. But the knowledge 
engineer must do that analysis in order to design an expert system that performs a 
similar function. If the analysis is incomplete or inaccurate, the resulting system 
may contain arbitrary restrictions, inconsistent data, or limitations that make furore 
extensions impossible. 
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INTENTIONAL GRANU1ARITY. Every branch of science and engineering uses 
models that enhance certain features and ignore others. For calculating the orbit of 
a satellite, relativity and quannun mechanics are ignored; the influences of the 
earth, moon, and sun are significant, but the other planets and asteroids may be 
ignored. In thermodynamics, individual molecules are ignored, and temperature, 
pressure, entropy, and other quantities depend on averages of sextillions of mole­
cules. In fluid mechanics, the equations are so difficult to evaluate that every 
application requires major simplifications. For most subsonic flows, even air is 
treated as an incompressible fluid. 

Science is a loose collection of subfields, each focused on a narrow range of 
phenomena. But the high degree of specialization causes details outside the primary 
focus of attention to be ignored, simplified, or approximated. In every subfield, 
problem solving requires abstractions that select relevant knowledge and approxi­
mate irregular features by simpler structures. Reasoning only becomes precise, 
formal, and deductive after the intractable details have been thrown away: a boulder 
rumbling down a mountainside may be modeled as a sphere rolling down a cone. 
But sometimes the seemingly irrelevant details may suddenly become significant. 
In the early days of aerodynamics, one. mathematician "proved" that it was impos­
sible for anything to travel faster than the speed of sound. Unfonunately, the proof 
depended on someone else's simplified equations for velocities that were much less 
than the speed of sound. . 

6.2 Limitations of Logic 

In developing formal logic, Aristotle took Greek mathematics as his model. Like 
his predecessors Socrates and Plato, Aristotle was impressed with the rigor and 
precision of geometrical proofs. His goal was to formalize and generalize those proof 
procedures and apply them to philosophy, science, and all other branches of 
knowledge. Yet not all subjects are equally amenable to formalization. Greek 
mathematics achieved its greatest successes in astronomy, where Ptolemy's calcula­
tions remained the standard of precision .for centuries. But other subjects, such as 
medicine and law, depend more on deep experience than on brilliant mathematical 
calculations. Significantly, two of the most penetrating criticisms of logic were 
written by the physician Sextus Empiricus in the second century A.D. and by the 
legal scholar Ibn Taymiyya in the founeenth century. 

Sextus Empiricus, as his nickname suggests, was an empiricist:. By profession, 
he was a physician; philosophically, he was an adherent of the school known as the 
Skeptics. SeXt:us maintained that all knowledge must come from experience; his 
epithet Empiricus comes from the Greek empeirikos (experienced), which is derived 
from en (in) and peiran (try or attempt). In propounding his views, he wrote several 
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polemics entitled Against the Philosophers, Against the Physidans, and Against the 
Logicians. As an example, he cited the following syllogism: 

Every human is an animal. 

Socrates is human. 

· Therefore, Socrates is an animal. 

Sextus questioned the source of evidence for the major premise Every human is an 
animal A universal proposidon that purports to cover every instance of some;: 
category must be derived by induction from particulars. If the induction is inco~­
plete, then the universal proposition is not certain, and there might be some human 
who is not an animal. But if the induction is complete, then the particular instance 
Socrates must have been examimed already, and the syllogism is redundant or 
circular. Every one of Aristotle's valid forms of syllogisms contains at least one 
universal affirmative or universal negative premise. Therefore, the same criticisms 
apply to all of them: the conclusion must be either uncertain or circular. -

The Aristotelians answered Sextus by claiming that universal propositions could 
be true by definition: since the type Human is defined as rational animal, the essence 
of human includes animal; therefore, no instance of human that was not an animal 
could exist. This line of defense was attacked by the Islamic jurist and legal scholar 
Taqi al-Din Ibn Taymiyya. Like Sextus, Ibn Taymiyya agreed that the form of a 
syllogism is valid, but he did not accept Aristotle's distinction between essence and 
accident (Hallaq 1993). According to Aristotle, the essence of human includes both 
rational and animal. Other attributes, such as laughing or being a featherless biped, 
might be unique to humans, but they are acddental attributes that could be different 
without changing the essence. Ibn Taymiyya, however, maintained that the distinc­
tion between essence and accident was arbitrary. Human might just as well be defined 
as laughing animal, with rational as an accidental attribute. 

As an example of the difference between essence and accident, Hallaq men­
tioned the English word date, which names a fruit whose accidental attributes could 
be ripe or unripe. But in Arabic, there are three words for date at different stages of 
maturity: busr for unripe dates; rutab for somewhat ripe dates; and tamr for fully 
mature dates. In English, the single word date suggests the essence of a fruit whose 
accidental attributes happen to change with time; but in Arabic, the three different 
words suggest three distinct essences. Ibn Taymiyya would say that such verbal 
distinctions express mental categori~, not actual reality: dates grow the same and 
taste the same no matter what they're called. An Aristotelian, however, would reply 
that those mental categories reflect real differences in the chemical composition of 
dates at different stages of ripeness. Such arguments, which have continued for 
centuries, still have the power to provoke debates about the choice of categories in 
a database or a knowledge base. 
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CAsE-BASED REASONING. Denouncing logic would be pointless if no other 
method of reasoning were possible. But Ibn Taymiyya had an alternative: the legal 
practice of reasoning by cases and analogy. In Islamic law, a new case is assimilated 
to one or more previous cases that serve as precedents. The mechanism of assimi­
lation is analogy, ·but the analogy must be guided by a cause that is common to the 
new case as well as the earlier cases. If the same cause is present in all the cases, then 
the earlier judgment can be transferred to the new case. As an example, it is written 
in the Koran that grape wine is prohibited, but nothing is said about date wine. 
The judgment for date wine would be derived in four steps: 

1. Given case: Grape wine is prohibited. 

2. New case: Is date wine prohibited? 

3. Cause: Grape wine is prohibited because it is intoxicating; date wine is also 
intoxicating. 

4. Judgment: Date wine is also prohibited. 

In practice, the reasoning may be more complex. Several previous cases may have a 
common cause but different judgments. Then the analysis must detennine whether 
there were mitigating circumstances that affected the operation of the cause. But 
the principles remain the same: analogy guided by rules of evidence and relevance 
determines the common cause, the effect of the mitigating circumstances, and the 
judgment. 

Besides arguing in favor of analogy, Ibn Taymiyya also replied to the logicians 
who claimed that syllogistic reasoning was certain, but analogy was merely probable. 
He was willing to grant that logical deduction was certain when applied to purely 
mental constructions in mathematics. But in any reasoning about the real world, 
universal propositions can only be derived by induction, and induction must be 
guided by the same principles of evidence and relevance used in analogy. Figure 6.3 
illustrates Ibn Taymiyya's argument: Deduction proceeds from a theory containing 
universal propositions. But those propositions must have earlier been derived by 
induction using the methods of analogy. The only difference is that induction 
produces a theory as intermediate result, which is then used in a subsequent process 
of deduction. By using analogy directly, legal reasoning dispenses with the interme­
diate theory and goes straight from cases to conclusion. If the theory and the analogy 
are based on the same evidence, they must lead to the same conclusions. 

Both Sextus Empiricus and Ibn Taymiyya admitted that logical reasoning was 
valid, but they doubted the source of evidence for universal propositions about the 
real world. What they overlooked was the pragmatic value of having a good theory: 
a small group of scientists can derive a theory by induction, and anyone else can 
apply it without redoing the exhaustive analysis of cases. But until the seventeenth 
century, there were no comprehensive theories that could explain physical phenom­
ena. Even in astronomy, Ptolemy derived his cycles and epicycles by trial and error 
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without a unifying theory to explain them. In 1687, Isaac Newton published the 
first theory of physics that had universally quantified propositions with real ex­
planatory power. His three laws of motion explained everything from the orbits of 
the planets to the fall of an apple, the tick of a pendulum, and the trajectory of a 
cannonball. Yet three hnndred years later, very few areas of human knowledge come 
close to Newtonian mechanics in mathematical precision. Automotive engineers 
use sophisticated computers to design cars, but the people who drive them learn 
their skills by trial and error. Lawyers use computers to search for cases, but they 
still reason by analogy, using methods much like Ibn Taymiyya's. Furthermore, 
lawyers must be able to explain their reasoning to twelve jurors who have no special 
training in logic or the subject matter of the case. 

ExcEPTIONs. Although Sexrus and Ibn Taymiyya could not know of the 
great advances in modern science and logic, their criticisms are still valid today. 
Similar points were raised by the mathematician, logician, and philosopher Alfred 
Nonh Whitehead, who with B~d Russell coauthored the Principia Mathe­
matica, one of the most comprehensive treatises on logic ever written. Whitehead 
fully appreciated the power oflogic and the value of a good theory, but in Modes of 
Thought he noted the difficulties of making logic fit the world: 

• "It should be noticed that logical proof stans from premises, and that premises 
are based upon evidence. Thus evidence is presupposed by logic; at least, it is 
presupposed by the assumption that logic has any imponance." (p. 67) 

• "The premises are conceived in the simplicity of their individual isolation. But 
there can be no logical test for the possibility that deductive procedure, leading 
to the elaboration of compositions, may introduce into relevance considerations 
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from which the primitive notions of the topic have been abs.tracted. ... Thus 
deductive logic has not the coercive supremacy which is conventionally con­
ceded to it. When applied to concrete instances, it is a tentative procedure, finally 
to be judged by the self-evidence of its issues." (p. 144) 

• "The topic of every science is an abstraction from the full concrete happenings 
of nature. But every abstraction neglects the influx of the factors omitted into 
the factors retained." (p. 196) 

The erroneous "proof' that nothing can travd through air faster than the speed of 
sound shows how ignoring the tacit presuppositions can invalidate a deduction. 
The general equatior;ts for fluid mechanics are so complicated that exact solutions 
are impossible to derive, except in highly simplified special cases. One common 
simplification is to assume that all speeds are much less than the speed of sound. 
But the equations based on that assumption cannot be used for speeds that 
approach or exceed the speed of sound. 

A common source of error:s in applying logic to physical phenomena is the 
all-inclusive nature of the universal quantifier V, which admits no exceptions. With 
its more limited nature, the existential quantifier 3 is less problematical: any sensory 
stimulation whatever is sufficient evidence that something exists. The difficulty, 
however, lies in determining exactly what exists. When a word, concept, or predi­
cate is applied to natural phenomena, there are always intermediate or vague cases 
for which the applicability of the term is uncertain. Some of the vagueness results 
from a mismatch of the continuous world with the discrete set of words in language 
or predicates in logic: 

• Languages (both natural and anificial) are made up of discrete symbols organ­
ized in well-defined syntactic structures. 

• The world is made up of an endless variety of things, forms, substances; 
gradations, changes, and continuous flows with imperceptible transitions from 
one to another. 

As a result of this mismatch, no symbolic notation (logic, frames, production rules, 
semantic networks, or even natural language) can capture the full richness of the 
world. 

The- continuous gradations and open-ended range of exceptions make it im­
, possible to give complete, precise definitions for any concepts that are learned 
'.:through experience. Kant (1800) observed that artificial concepts invented by some 
\person for some arbitrary purpose are the only ones that can be defined completdy: 
! 

Since the synthesis of empirical concepts is not arbitrary but based on experi-
ence, and as such can never be complete (for in experience ever new charac­
teristics. of the concept can be discovered), empirical concepts cannot be 
defined. 
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Thus only arbitrarily made concepts can be defined synthetically. Such 
definitions ... could also be called declarations, since in them one declares one's 
thoughts or renders account of what one understands by a word This is the 
case with mathematicians. 

Kant explicitly stated a theme that has been repeated with variations by philoso­
phers from Heraclitus to the present. Two of the more recent statements are the 
principles of family.resemblance by Ludwig Wittgenstein (1953) and open texture by 
Friedrich Waismann (1952): 

• Family resemblance. Empirical concepts cannot be defined by a fixed set of 
necessary and sufficient conditions. Instead, they can only be defined by giving 
a series of examples and saying "These things and everything that resembles 
them are instances of the concept." 

• Open texture. For any proposed definition of empirical concepts, new instances 
will arise that "obviously" belong to the category but are excluded by the 
definition. 

These principles imply that all classifications are approximations. For any collection 
of concepts, new examples will inevitably arise that don't quite fit any of the existing 
categories. But deductive reasoning requires precise definitions, clearly stated axi­
oms, and formal rules of inference. 

PROTOTYPES AND DEFINITIONS. Aristotle introduced the method of formal 
definition in terms of genus and differentiae, and he also began the systematic 
description and classification of animal and plant species. But as biology developed, 
the classification of species came to be based on prototypes rather than formal 
definitions. William Whewell (1858) gave a classic description of biological prac­
tice: 

Natural groups are given by Type, not by Definition. And this consideration 
accounts for that indefiniteness and indecision which we frequently find in the 
descriptions of such groups, and which must appear so strange and inconsistent 
to anyone who does not suppose these descriptions to assume any deeper 
ground of connection than an arbitrary choice of the botanist. Thus in the 
family of the rose-tree, we are told that the ovules are very rarely erect, the 
stigmata usually simple. Of what use, it might be asked, can such loose accounts 
be? To which the answer is, that they are not inserted in order to distinguish 
the species, but in order to describe the family, and the total relations of the 
ovules and the stigmata of the family are better known by this -general state­
ment .... 

The type-species of every genus, the type-genus of every family, is then one 
which possesses all the characters and properties of the genus in a marked and 
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prominent manner. The type of the Rose family has alternate stipulate leaves, 
wants the albumen, has the ovules not erect, has the stigmata simple, and 
besides these features, which distinguish it from the exceptions or varieties of 
its class, it has the features which make it prominent in its class. It is one of 
those which possess clearly several leading attributes; and thus, though we 
cannot say of any one genus that it must be the type of the family, or of any 
one species that it must be the type of the genus, we are still not wholly to seek; 
the type must be connected by many affinities with most of the others of its 
group; it must be near the center of the crowd, and not one ·of the stragglers. 

In responding to Whewell, the philosopher John Stuart Mill (1865) argued that the 
practice of defining a category by prototype does not exclude the possibility of 
finding a formal definition in terms of necessary and sufficient conditions: 

The truth is, on the contrary, that every genus or funily is framed with distinct 
reference to cenain characters, and is composed, first and principally, of species 
which agree in possessing all those characters. To these are added, as a sort of 
appendix, such other species, generally in small number, as possess nearly all 
the properties sdected; wanting some of them one property, some another, and 
which, while they agree with the rest almost as much as these agree with one 
another, do not resemble in an equal degree any other group. Our conception 
of the class continues to be grounded on the characters; and the class might be 
defined, those things which either possess that set of characters, or resemble the 
things that do so, more than they resemble anything dse. 

And this resemblance itself is not, like resemblance between simple sensa­
tions, an ultimate fact, unsusceptible of analysis. Even the inferior degree of 
resemblance is created by the possession of common characters. Whatever 
resembles the genus Rose more than it resembles any other genlls, does so 
because it possesses a greater number of the characters of that genus, than of 
the characters of any other genus. Nor can there be the smallest difficulty in 
representing, by an enumeration of characters, the nature and degree of resem­
blance which is strictly sufficient to include any object in the class. There are 
always some properties common to all things which are included. Others there 
often are, to which some things, which are neverthdess included, are excep­
tions. But the objects which are exceptions to one character are not exceptions 
to another: the resemblance which fails in some particulars must be made up 
for in others·. The class, therefore, is constituted by the possession of all the 
characters which are universal, and most of those which admit of exceptions. 

The arguments by Whewell and Mill are compatible for closed classes whose 
members have long been known and thoroughly analyzed. They disagree, however, 
on open-ended classes for which ~y members have never been. discovered or 
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analyzed. Whewell's argument would have been stronger if he had not chosen such 
a common example as the Rosaceae. Critical examples arise with prehistoric animals 
such as dinosaurs and early hominids, for which the fossil record is fragmentary and 
many species are known only by a single jaw bone or just a tooth. That is the lesson 
ofWaismann's principle of open texture: it is not possible to state the necessary and 
sufficient conditions for class membership when many or even most of the mem­
bers have never been discovered. 

The nineteenth-cenrury debate between Whewell and Mill was continued by 
Wittgenstein with his discussion of family resemblance. More recently, it was 
revived in AI debates over the use oflogic or prototypes for definitions. In general, 
formal definitions are possible in any subject where the person who states a 
definition has the authority to make it true by legislation. Government legislatures 
are the prototype for legislating, but anyone who has the power to make rules also 
has the power to legislate definitions: schools, businesses, clubs, parents, computer 
programmers, participants in a discussion, engineers who invent a new device, and 
authors who write a book or article on a new subject. In empirical subjects, formal 
definitions are possible, but only when all the evidence has been gathered. When 
the evidence is incomplete, definitions by prototype are not only useful, but 
necessary. Since all children and most adults are constantly learning about things 
that were previously unknown (at least to them), the human brain is designed to 
learn better and faster through prototypes than through formal definitions. Even 
mathematicians and logicians need examples to sharpen their insights into the 
meaning of a new definition. Prototypes and other examples are difficult to use in 
deductive reasoning, but they are the raw material for inductive reasoning. 

PROPOSITIONS AND CoNTINUous MODELS. The limitations of logic cast 
doubt on the knowledge representation hypothesis, as stated by Brian Cantwell Smith 
(1982): 

Any mechanically embodied intelligent process will be comprised of structural 
ingredients that (a) we as external observers natuially take to represent a 
propositional account of the knowledge that the overall process exhibits, and 
(b) independent of such external semantical attribution, play a formal but 
causal and essential role in engendering the behavior that manifests that knowl­
edge. 

The view of knowledge as a collection of propositions characterizes the discrete, 
symbolic systems of AI, but it is incompatible with Kant's undefinable concepts, 
Wittgenstein's family resemblances, Waismann's open textures, and any other view 
that considers continuity to be an essential and irreducible aspect of the world} 
After man.y years of working on p.r;oblems of knowledge representation, Smith 
(1996) tempered his earlier views by trying to balance the need for clear conceptual 
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categories in language and thought with the ~e, indistinct gradations that occur 
in nature: 

Think of the truism that someone possessed only of "book knowledge" of a 
given subject matter, especially one far from common sense and experience, is 
liable to reach spectacularly dumb conclusions. Or that a constant diet of 
perception and action is needed to keep inference from gradually drifting 
astray. 

Instead of his earlier propositional account, Smith maintained that "high-level 
conceptual inference will turn out, essentially and inextricably, to rest on a constant 
underlying connective tissue of non-conceptual content, between and among and 
through all the explicit conceptualized steps." 

Smith's later hybrid of propositional and analog reasoning is compatible with 
the modeling hypothesis formulated by Kenneth Craik (1952): 

If the organism carries a small-scale model of external reality and of its own 
possible actions within its head, it is able to carry out various alternatives, 
conclude which is the best of them, react to future situations before they arise, 
utilize the knowledge of past events in dealing with the present and the future, 
and in every way react in a fuller, safer, and more competent manner to the 
emergencies which face it. 

For the AI community, Marvin Minsky (1965) summarized Craik's hypothesis in 
a catchy slogan: "The brain is a machine for making models." If the models are 
built from discrete elements in discrete relationships, then all the features could be 
completely captured in propositions. But the models can also accommodate con­
tinuous simulations, numeric computations, and nonnumeric images. Such simu­
lations have evolved into the branch of computer science called virtual reality. 
Although digital simulations always have an actual granularity, the computations 
can be refined to a level beyond the epistemic granularity of human perception or 
the intentional granularity of any particular human purpose. 

6.3 Fuzzy Logic 

One approach to the limitations oflogic is to increase the number of truth values 
beyond the classical 1 for true and 0 for false. A three-valued logic has a third truth 
value for unknown or undefined. A four-valued logic may add another value to 
represent an overdefined or inconsistent state. The ultimate generalization of many 
valued or multi.valued logic was developed by the Polish logician Jan Lukasiewicz 
(1930), who assumed a continuolis range of truth values ~om 0.0 to 1.0. But unlike 
classical first-order logic, for which independent developers converged on semanti­
cally equivalent definit.ions, the various theories of multivalued logic have diverged 
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with a variety of interpretations. Furthermore, the various interpretations resemble, 
overlap, compete with, or are confused with the continuous range of numbers 
derived by other methods: 

• Fuzzy logic. In order to represent vagueness or uncertainty, Lodi Zadeh (1975) 
developed fuzzy logic, with a continuous range of possibilities from 0 for impos­
sible to LO force~. For his expert systems, Tai Shortliffe (1976) tagged each 
rule and assertion with a certainry factor that ranges from + 1.0 for true to -1.0 
for false. Some people claim that possibilities and certainty factors are different, 
while others treat them as two names for the same concept. Since Zadeh's 
notion of possibility is very different from the 0 operator in modal logic, the 
term certainry factor may be adopted as a less confusing alternative. 

• Statistics. Traditional statistics and probability theory are based on explicit, 
objective counting of frequencies. The resulting probabilities have a continuous 
range ofvalueswith some similarities to the continuous range of fuzzy possibili­
ties or cenainty factors. When statistical evidence is sufficient, computed fre­
quencies are usually more reliable than certainty fuctors derival from somebody's 
best guess. The Bayseian theory of subjective probabilities, however, depends on 
human judgment in much the same way as fuzzy logic. For his version of 
certainty factors, Shortliffe adapted ideas from both Bayesian theory and fuzzy 
logic. Other experts, such as Judea Pearl (1988), maintained that "Fuzzy logic is 
onhogonal to probability theory- it focuses on the ambiguities in describing 
events, rather than the uncertainty about the occurrences or nonoccurrences of 
events." Meanwhile, Enrique Ruspini (1996) developed one of the best interpre­
tations of fuzzy logic by explicitly relating it to probability theory. 

• Neural networks. Arrays or networks of active elements, popularly called neural 
networks, have been used to compute continuous ranges of numbers that 
resemble the values computed by statistics and fuzzy logic. They have been 
most successful for pattern recognition and for learning systems that adjust 
their outputs in response to inputs. Mathematically, they compute functions 
that are related to the statistical techniques, and theoretical studies treat them 
as a method of implementing statistical procedures. 

• Virtual reality. For reasoning about continuous quantities, numerical compu­
tation is often simpler and more efficient than logical deduction. With recent 
advances in COII.lputer hardware, numerical simulation of physical situations 
can be carrial out efficiently and in great detail. When attached to appropriate 
sensors and I/O devices, such simulations have led to the new field of virtual 
reality. But the same simulations can also be used to make predictions and test 
alternatives that would be difficult or impossible to represent in logical symbols 
and propositions. In effect, virtual reality gives the computer a kind of "mental 
imagery" that can be used as an alternative or a supplement to logic. Images 
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!/fe often more conv~ent than ~bolic systems for reasoning about space, 
.ifttme, and other connnuously varymg aspects of the world. 
) 

These techniques have been successfully used in applications for whi~ classical 
logic has not been applicable. Yet the continuous numbers represent many different 
things: truth values, possibilities, certainty factors, objective probabilities, subjective 
probabilities, approximations, measures of relevance, measures of utility, or just 
some undefined "weighting factors." Their successful application to practical prob­
lems is encouraging, but some guidelines are necessary to determine which tech­
niques are appropriate for each kind of problem. 

Fuzzy PREDICATES AND OPERATORS. In 1965, Zadeh introduced fuzzy set 
theory with a continuous range of membership value5 for .the operator e. Later he 
combined fuzzy set theory with Lukasiewicz's many-valued logic for a version of 
fazzy logic. For the nine chairlike things in Figure 6.1, a membership value of 1.0 
might be assigned to the chairs with four fixed legs; 0.9 to the desk chair, the 
rocking chair, the folding chair, and the upholstered arm chair; 0.8 to the wheel­
chair; and 0.7 to the toilet. To indicate its slight similarity to chairs, a stairway 
might have the value 0.3. Zadeh also assigned numeric values to hedging terms like 
almost, more or less, likely, or very likely. The statement that Quakers are likely to be 
pacifists might have a certainty factor 0.8. 

By representing intuitive judgments, fuzzy logic can sometimes handle situ­
ations with insufficient data for the usual statistical tests. The words young and old, 
for example, are applied to people at various stages of life, but there are no statistical 
tables that relate a person's age to the probability of being called young or old. 
Instead of objective statistics, fuzzy logic uses an intuitive or subjective assignment 
of certainty. Figure 6.4 shows someone's best guess about the certainty factors for 
the predicates young(x) and old(x) as functions of age. 

The two graphs for young and old cross at age 36, which has the neutral or 
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FIGURE 6.4 Certainty of young(x) and old(x) as functions of age x 
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unknown certainty of 0.5. To represent the qualifier very, Zadeh proposed to squar~ 
the values of the base distributions: 

very Young(x) = (young(x) )2. 
veryOld(.x) = (old(x))2. 

Figure 6.5 shows the graphs for the two functions veryYoung(x) and veryOld(x), 
which were derived by squaring the functions shown in Figure 6.4. At age 36, both 
of these predicates would have the value 0.25. Around that age, a person might be 
classified simultaneously as not very young and not very old. 

COMPUTING CERTAINTY FACTORS. For rule-driven expert systems, the range 
-1 to + 1 for certainty factors is convenient because the symmeuy simplifies the 
computation. As an example, consider the problem of Nixon, the Republican 
Quaker. First assume the following certainty factors about Nixon: 

certainty("Nixon is a Republican", 0.9). 
certainty("Nixon is a Quaker", 0. 7). 

The first line says that Nixon is a Republican with a high certainty (0.9). The 
second line says that his Quaker affiliation is somewhat less certain (0.7). The next 
two rules determine the pacifist inclinations of Republicans and Quakers: 

rule("If xis a Republican, then xis a pacifist", -0.8). 
rule("If xis a Quaker, then xis a pacifist", 0.8). 

The first line assigns a negative certainty - 0.8 to the rule that if xis a Republican, 
then xis a pacifist. The second line assigns the positive certainty +0.8 to the rule 
that a Quaker is a pacifist. 

The ·next step is to combine the cenainty of the premises with the cenainty of 
the rules to compute the certainty of the conclusions. Shortliffe's basic rule is to 
multiply the cenainties. According to the first rule, the certainty that Nixon is a 

certainty 

1.0 
very young very old 

0.5 
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6 16 26 36 46 56 66 age 

FIGURE 6.5 Cenainty rf veryYoung(x) and veryOld(x) as functions cf age x 
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pacifist would be the product of 0.9 (Nixon is a Republican) with -0.8 (the 
certainty of the rule). Therefore, Nixori is a pacifist with the negative certainty 
-0.72. According to the second rule, he is a pacifist with a positive certainty 0.56. 
His nonpacifist inclinations would therefore outweigh his pac:ifism. 

As in the Nixon example, different proofs may lead to conflicting or reinforcing· 
conclusions. For the MYCIN family, Shortliffe proposed the following rule for 
combining the contributions of two different proofs that have the certainty factors c1 

and '2= 

If the two certainty factors c1 and '2 have the same sign, the conclusions reinforce one 
another. FortheNixon example, the different signs cause a conflict. With the middle 
option, the values c1 =-0.72 and '2= +0.56 result in the combined certainty factor 
-0.36. The negative value suggests that Nixon is somewhat unlikdy to be a pacifist. 

CoNTEXT DEPENDENCE. An all-purpose certainty factor, as in Figures 6.4 
and 6.5, is likely to be wrong or misleading in any specific context. At age 16, a 
college student would be considered young, but a high-school student would be 
considered average. Age 26 would be considered young for a professor, typical for 
a graduate student, old for an undergraduate, and very old for a high-school 
student. Age 35 is the minimum for the U.S. president, and even at age 46, Bill 
Clinton was considered young. An ·astute observer remarked, "Ever since I was in 
first grade, fve believed that old is fifteen years past my own age." Since the 
pronoun· I is an indexical, any word like young or old that is defined in terms of it 
would also be an indexical, and its current value would be context dependent. In 
general, all fuzzy teffiis are highly context dependent. A machine shop and a 
butcher shop would have very different standards for terms like accurate. 

The practice of treating very as an operator for squaring the distribution 
function is also questionable. An ordinary resistor, for example, might have a 20% 
tolerance: its resistance 1n ohms could vary ±20%. around the stated value. A 
resistor with a 10% tolerance might be called accurate, and one with a 5% tolerance 
might be called very accurate. According to Zadeh's rule, the distribution function 
for very accurate resistors could be derived by squaring the distribution for accurate 
resistors. But suppose ·a manufacturer makes all three kinds of resistors on the same 
assembly line; but uses the following procedure for grading them: 

1. Measure the resistance of each resistor that comes off the line. 

2. If it's outside the 20% tolerance, discard it. 



6.3 FUZZ¥ LOGIC 

3. !fit's between 10% and 20%, call it standard. 

4. If it's between 5% and 10%, call it accurate. 

5. If it's better than 5%, call it very accurate. 

With this manufacturing process, a batch of accurate resistors is guaranteed to 
contain none that are very accurate. Like the descriptive terms young and accurate, 
hedging terms like very are also context dependent. 

As problems become more complex with more interacting varfables, the con­
text dependencies become even more critical In surveying the methods of calculat­
ing uncertainty in medical diagnostics, Chandrasekaran (1994) observed that the 
usual techniques do not properly account for context dependencies: 

Bayesian approaches, fuzzy set theory, Dempster-Shafer theory, and uncertainty 
factor calculus were all available to us. All these calculi shared one important 
property or assumption about human expertise - that there was a situation 
and goal-independent way of combining uncertainties. 

Expert physicians, however, used reasoning techniques that 

differed from context to context and problem-solving goal to problem-solving, 
goal. We. had to resist the mathematical attractions of an abstract calculus. I 
Instead, we developed a formalism in which we could incorporate the uncer-j 
tainty-combining behavior of experts, wlio were compiling a complex of back-: 
ground knowledge in such context-specific rules. , 

In the absence of information about context, fuzzy logic and related statistical 
methods may be useful as a first approximation. But human experts use domain­
dependent models that support different reasoning techniques for each type of 
application. 

Fuzzy CONTROL SYSTEMS. The most successful applications of fuzzy tech­
niques have been in control systems for such things as camera focus, elevator 
scheduling, subway brakes, washing machines, and sake fermenting (Hirota 1993). 
In those applications, fuzzy systems do not behave like theorem provers, but more 
like analog computers for simulating continuous phenomena. Figure 6.6 shows 
how the temperature of a house can vary with a furnace controlled by an ordinary 
thermostat. 

At the starting time in Figure 6.6, the room temperature is at the desired 
temperature T, and the furnace is off. The value e represents the permitted deviance 
from T before the furnace changes state: when the room temperature falls below 
T-e, the furnace goes on; when the room temperature rises above T +e, the furnace 
goes off. As Figure 6.6 shows, the furnace is either rurned on 100 percent or rurned 
off completely. Meanwhile, the room temperature tends to oscillate beyond the 
desired limits ofT-e and T +e. 
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TeJDPeranue Furnace 

T+c 100% 

IdealT 50% 

0% 

- Current room temperature 

- Furnace fuel consumption 

FIGURE 6.6 Room temperarure controlled by a thermostat with discrete settings 

Figure 6. 7 shows the more gradual change in temperature and fuel consumption 
that is possible with a fuzzy thermostat. Instead of the discrete on-off states of the 
conventional thermostat, the fuzzy thermostat begins to feed some fuel to the furnace 
as soon as the temperature begifi!i to fall belowT. When the temperature starts to rise, 
the thermostat reduces fuel even before the ideal setting T has been reached. As a 
result, the room temperature stays closer to the ideal, and the furnace operates more 
efficiently at a moderate setting instead of oscillating between the extremes. 

ANALOG CONTROL SYSTEMS. The graph in Figure 6.7 is typical of analog 
systems, which have been used to control industrial processes for years. A sophisti-

Temperature Fumace 

T+c 100% 

IdealT 50% 

T-E 0% 

- Current room temperature 

- Furnace fuel consumption 

FIGURE 6.7 Room temperarure controlled by a fuzzy thermostat 
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cated analog control system might compute fuel consumption as a function of 
several variables: 

The three principal inputs to fare the outside temperature T 0 , the inside temperature 
T;, and the rate of change of the inside temperature with respect to time dT J dt. The 
function /requires more input data than the simple thermostat shown in Figure 6.6: 
one sensor must monitor the outside temperature while another monitors the inside 
temperature. Furthermore, the control system must maintain a dock, check the 
inside temperature at frequent intervals, and compute its rate of change. Those 
sensors would be much more expensive than a household thermostat, which has a 
single on-off switch connected to a spring that expands or contracts with tempera­
ture. Yet the sensors would still be cheap compared to an analog control system, 
which could only be justified for a major industrial application. 

For a home furnace or for a thermostat in every room of a large building, the 
cost of the sensors and the computer must be kept small. Today the cost of a digital 
computer chip is insignificant compared to the cost of the fuel that can be saved 
with a well-regulated furnace. A sophisticated program on a cheap computer chip 
may be able to save a great deal in fuel consumption while improving room 
comfort. Fuzzy computing techniques on a digital computer can often serve as an 
economical replacement for the more expensive analog control systems. 

CRITICISM OF Fuzzy LoGic. The philosopher Susan Haack (1978, 1996) 
was one of the early critics of fuzzy logic, and she has continued to sharpen her 
arguments against the claims that natural language justifies or even requires "de­
grees of truth." Her most serious criticism is not that fuzzy logic is vague, but that 
it is too precise: instead of modeling the way people talk and think about vagueness, 
fuzzy logic forces an unwarranted quantification of vagueness. Such quantification 
might be useful if it could help solve some of the problems of knowledge soup 
discussed in Section 6.1. But fuzzy logic and numeric certainty factors offer little 
or no help: 

• Incomplete generalizations: Fuzzy logic might assign a certainty factor like 0.8 
to the proposition "Birds fly." But that value is a poor compromise between the 
actual values of 1.0 for normal healthy adult sparrows and 0.0 for penguins. In 
any particular case, the correct inference depends on context-dependent con­
ditions, such as a broken wiiig or location in Antarctica, not on certainty factors 
or likelihoods. 

• Abnormal conditions: Assigning certainty factors to the various situations that 
might arise in driving from New York to Boston may be useful in contingency 
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planning, but it doesn't help in reasoning about a specific situation once it 
occurs. 

• Incomplete definitions: A geological survey or an accounting system requires 
clear-cut definitions of things like oil wells. The definition must specify whether 
a single pipe connected to three holes is counted as one oil well or three. 

• Conflicting defaults: Fuzzy logic might be useful for deciding the likelihood 
that Nixon is a pacifist, but only if the certainty factors on the premises had 
been well chosen. Large amounts of data provide the only solid basis for 
choosing certainty factors; but with a sufficient amount of data, conventional 
statistics is more dependable than fuzzy logic. 

• Unanticipated applications: The certainty that a predicate applies to an indi­
vidual cannot be determined without considering the context. A person might 
be tall for a high school student but short for a basketball player. Someone 
might consider a sock part of the foot when taking measurements for ski boots, 
but not when treating a broken ankle. 

Despite the criticisms, the proponents of fuzzy techniques point to a growing list 
of successful applications. The journal IEEE Expert devoted an entire issue (August 
1994) to criticisms by Charles Elkan and responses by 22 researchers in the field, 
including Lot:fi Zadeh. Some were sympathetic to Elkan's comments and some were 
hostile, but the only consensus about fuzzy values was that they are not conven­
tional truth values. Elkan and his commentators did agree that fuzzy control 
systems have been useful, but better guidelines are needed to determine when they 
are appropriate and which features lead to success or failure in a particular applica­
tion. 

QUANTIFYING CONTINUITY AND VAGUENESS. Fuzzy systems address two is­
sues that create difficulties for classic.al logic: continuity and vagueness. Peirce 
observed that each of them violates a law of two-valued logic: 

• Excluded middle. In classical logic, there is no middle value between true and 
false or 1 and 0. Yet any continuous function with a value 1 at some point and 
a value 0 at another point must assume intermediate values somewhere in 
between. Ifwarm(x) is a continuous predicai;e with a value true when x =30°C 
and false when x = 10°C, there must be some region around 20°C where its 
truth value is unknown, indeterminate, meaningless, or undefined. 

• Noncontradiction. Peirce remarked that it is "easy to be certain. One has only 
to be sufficiently vague" (CP 4.237). By covering a broad range of possibilities, 
a vague statement can be both true and false or neither true nor false. The vague 
statement It's warm in here is more likely to be true than the more precise 
statement The temperature is 29 degrees Celsius. The statement It's comfortable 
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in here may be true and false for different people; even for one person, the 
temperature may be pleasant, but the chairs may be hard. 

By making vague statements precise, science increases their likelihood of being 
prove~ false by experimental tests. Clocks, thermometers, and scales replace vague 
words like e11Tly, warm, and hearyw:ith numbers that designate a narrow, objectivdy 
measurable range. Those numbers do not change the nature of language or logic, 
but they enable people to use it precisely when precision is important. 

Fuzzy values resemble the quantities measured by clocks and thermometers 
more than they resemble truth values. There are no standard units for measuring 
camera focus, laundry dirt, or subway brakes, and fuzzy methods provide a way of 
deriving· numbers for quantifying those subjects. But for each application, the 
methods of deriving the fuzzy values depend critically on the subject matter and 
the user's purpose. That dependency indicates that fuzzy methods ·are very different 
from the domain-independent methods oflogic. Instead, they resemble techniques 
of measurement and approximation, which relate a statement in some language to 
some domain. As Whitehead observed, "The topic of every science is an abstraction 
from the full concrete happenings of nature." Fuzzy techniques, like other methods 
of approximation, can help to quantify the mismatch between abstractions and 
reality. 

6.4 Nonmonotonic Logic 

Classical logic is monotoniC".. adding axioms to a theory monotonically increases the 
number of theorems that can be proved. If a theory implies a car can be driven from 
New York to Boston, new information about a dead battery or snow conditions can 
never block the proo£ If a contradiction arises, the old proofs are not blocked; 
instead, everything becomes provable. The versions of nonmonotonic logic allow new 
information to increase or decrease the number of conclusions that can be derived. 
Information that Tweety is a penguin blocks the conclusion that Tweety can fly. 
Information about snow conditions can make a driver rethink the options for 
getting to Boston. Nonmonotonic reasoning is also called defeasib!e because an 
earlier proof might no longer be feasible when new information becomes available. 

VARJATioN BY DISCRETE STEPS. Unlike fuzzy logic, nonmonotonic logic de­
pends on discrete changes in contc;xt rather than a continuous range of certainties. 
For a certain kind of wall, fuzzy logic might generate the answer 0.83 for the 
question of whether the wall is a part of the room, but an apartment dweller who 
wants to remodel needs a yes or no answer. For a particular wall, a crisp answer can 
be deduced by discrete reasoning from a guideline such as ''If a wall consists of 
multiple layers, an apartment owner may replace or remodel a non-load-bearing 
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surface layer." For the assignment statements in programming languages, each case 
can be defined separately without fuzzy edges between cases. For the cars, trains, 
ships, and airplanes, each system would have distinct concepts and rules, not a 
continuous range of rules. Intermediate cases may exist: a streetcar has some 
similarities to a train, but it also runs on city streets like an automobile. An expen 
system for streetcars might therefore share some of the rules for trains and cars. But 
the rules do not vary continuously: a discrete subset of the rules for trains and cars 
would be adopted for streetcars. 

Instead of the continuous range of membership of fuzzy set theory, Fritz 
Lehmann and Anthony Cohn (1994) used egg-yolk diagrams for grouping things in 
a series of discrete levels of membership. Figure 6.8 shows a diagram for the 
chairlike objects from Figure 6.1. In the yolk are three examples that have all the 
typical features of chairs: a seat, a backrest, and four fixed legs. The egg white 
contains things that differ from typical chairs in one way or another: they move, 
they fold up,_ they have wheels, or they don't have discrete legs. The toilet is a 
borderline case, and the footstool and staircase are outside, but close to the chair 
group. Egg-yolk diagrams show discrete levels of variation rather than continuous 
variation. Without a specific purpose, the question of whether a wheelchair or a 
rocking chair is more chairlike is meaningless. The way they vary from the central 
group may be significant in some contexts and irrelevant in others . 

• 

FIGURE 6.8 The egg-yolk theory of word meaning 
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For the Cyc system, Lenat and Guha (1990) originally tagged the rules and 
facts with certainty factors. But uncenainties in the choice of certainty factors 
caused too many spurious inferences. A fuzzy value of 0.8 for the wheelchair and 
0.9 for the rocking chair might lead to a good conclusion in one context, but an 
erroneous conclusion in another. They replaced the certainty factors with context­
dependent defaults and obtained better results with five discrete options: uncondi­
tionally true, true by default, unknown, false by default, and unconditionally false. 
Whether a default is accepted or rejected depends on the context, not on a 
context-independent number. 

DEFAUIXS IN FRAMES. The oldest, simplest, and most popular way of deal­
ing with defaults and exceptions is to tag slots in a frame with default values. The 
value 18, for example, might be the default for the number of wheels of trailer 
trucks, but it could be overridden for a particular subtype. Such default values are 
called ad hoc because they address a local feature without checking global con­
straints. Programs that had only been tested with 18-wheelers might suddenly fail 
because the code was inconsistent with values other than 18. 

The ease of attaching a default value to a slot in a frame makes default 
reasoning look deceptivdy simple. The toy ~ples in books and manuals often 
reinforce that impression. Following are two frames taken from a book on expert 
systems: 

(defineType 
(supertype 
(covering 
( reproducesBy 
(flies 

(defineType 
(supertype 
(flies 

Bird 
Vertebrate) 
(default feathers)) 
(default lays-eggs)) 
(default true) ) 
Penguin 
Bird) 
default false) ) 

The first frame says that the default value of the flies slot for the Bird frame is true. 
The second frame says that the type Penguin is a subtype of Bird; therefore, it would 
normally inherit all the slots and values from Bird. However, the default value for 
flies is overridden by the value false for Penguin. The first frame would therefore 
imply that birds normally fly, and the second frame would make an exception .for 
penguins. 

This example, which wa5 designed to illustrate defaults, also illustrates the 
popular technique of "coding first and· thinking later." The frames have three slot 

. names: covering is a participle whose associated value is a pluru noun; reproducesBy 
is a verb-preposition pair whose value is a gerund-noun pair; and flies is a verb 
whose value is true or false. The meaning of those slots and values is not defined 
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by any systematic relations.hip to logic, language, or the real world. It is defined 
only by the procedures that manipulate the character strings in the slots, and they 
are allowed to do anything at all. Superprogrammers, who can keep all relationships 
in mind at all times, may be able to use ad-hoc defaults effectively. But maintenance 
and modification over long periods of time can introduce inconsistencies in the best 
of code, and some computer-aided method of detecting and avoiding them is 
desirable. 

DEFAm:r LOGIC. The first systems of nonmonotonic logic evolved from 
attempts to formalize and systematize the ad-hoc defaults used in frames.Jon Doyle 
and Drew McDermott (1980) and Ray Reiter (1980) developed default logic as a 
method of preserving global consistency while supporting local defaults. Reiter 
started with a typical rule that says a(x) implies y(x): 

(llx)(a(x) :::> y(x)). 

Then he added a special predicate ft(x), which may be called the normaliry condi.tion. 
The resulting default rules are implications that check for normality before the 
conclusion is asserted. In Reiter's notation, they are written 

a(x): ft(x) 

y(x) 

This rule says that if some predicate a is true of xand it is consistent to believe the 
normality condition P of x, then conclude y of x. The following rule says that birds 
can fly if it is consistent to believe they can: 

bird(x): canFly(x) 

canFly{x). 

In this case, a(x) is bird(x); ft(x) and y(x) are both canFly(x). The difference between 
this rule and the ad-hoc default is the consistency check before the default is 
asserted. 

For many defaults, the normality condition p is the same as the conclusion y, 
but general default rules can accommodate an arbitrary expression for ft. For the 
example of driving a car to Boston, a(x) might be the statement "xis a car"; ft(x) 
might be "x ha5 all parts in working order"; and y(x) might be the conclusion "x 
can be driven from New York to Boston." If all the normality con.ditions in pare 
consistent with current beliefs, the default rule would imply that the car could be 
driven to Boston. But if the driver later discovered that the battery was dead, the 
new belief would block the earlier conclusion. By allowing new information to 
block a conclusion, default rules provide a nonmonotonic effect. 
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ABNoRMAUTY. Instead of representing defaults in terms of the normality 
predicate, John McCarthy (1980) introduced the abnormality predicate abnor­
mal(x) as the negation of ft(x). Then Reiter's default rule can be restated 

(\ix)(a(x) /\ consistent(-abnormal(x))) ::::> y(x). 

Since -abnormal(x) is consistent if and only if abnormal(x) is not provable, the 
default rule can also be written 

(\ix)(a(x) /\ -provable(abnormal(x))) ::::> y(x). 

The principle of negation as failure, which was discussed in Chapter 3, defines 
negation as a failure to prove. For systems based on that principle, which include 
most database and expert systems, the expression -provable(abnormal(x)) can be 
simplified to -abnormal(x): 

(\1' x) (a(x) /\ -abnormal(x)) ::::> y(x). 

These transformations show how any system based on negation as failure can be 
used to implement default logic. As an example, the default rule that birds can fly 
is expressed by the following Prolog rule, which says that x can fly if xis a bird and 
x is not abnormal: 

canFly(X) ~ bird(X) & -,abnormal(X). 

Then abnormality for birds can be defined by a list of common exceptions: 

abnormal(X) ~ bird(X) & 
(penguin(X) I ostrich(X) I kiwi(X) I chick(X)). 

This rule says that xis abnormal if xis a bird and xis a penguin, an ostrich, a kiwi, 
or a chick. Then suppose that someone asserts that Tweety is a bird: 

bird(tweety). 

At this point, abnormal(tweety) cannot be proved. Therefore, the first rule would 
imply canFly(tweety). But if someone later said that Tweety was a penguin, the 
following assertion would cause abnormal(tweety) to be provable, and canFly 
(tweety) would no longer be provable: 

penguin (tweety) . 

This example illustrates the fundamental characteristic of nonmonotonic reason­
ing: new information blocks an earlier conclusion. 

In SQL, an abnormality table could be defined as a view. Suppose that a table 
named animal has colwnns for the identifier (id), type, species, and growth stage 
of individuals that are known in the database. Then the following definition would 
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create a view named oddbirds, which would extract a column of identifiers for all 
the birds that are abnormal in one way or another. 

create view oddbirds 
as select id 

from animal 
where type = 'bird' 
and species = 'penguin' or 'ostrich' or 'kiwi' 

union 
select iq. 

from animal 
where type = 'bird' 
and growth_stage not equal 'adult' 

This view supports the same kinds of inferences as McCanhy's abnormality predi­
cate. Tweety the penguin would not appear in the list of odd birds until his species 
is known. A newly hatched ostrich would be selected twice, but the union operator 
in SQL would delete the duplicate. Like Moliere's gentleman, who was amazed to 
learn thathe had been speaking prose all his life, most SQL programmers have been 
using nonmonotonic logic without knowing it. 

OPEN AND CLOSED WORLDS. The technique of negation as failure has a 
nonmonotonic effect because m:ost databases are incomplete: they contain some 
but not all the significant facts about their domain of discourse. As Leibniz 
observed, only an omniscient being such as God could have complete knowledge 
of the world. With their limited powers of observation and reasoning, mere mor­
tals (whether animals or robots) are limited to knowledge about finite situations. 
Even for those situations, they could never obtain complete knowledge about all 
possible details. For mathematical theories, however, Leibniz maintained that mor­
tal beings could obtain complete knowledge, since they could choose to limit the 
domain to a finite set of axioms that they would declare true by definition. Reiter 
(1978) used the criterion of completeness to distinguish two categories of data­
bases: 

• Closed worlds. A database that either stores or deduces every true proposition 
about its domain is called a closed world. In a dosed world, negation as failure 
is equivalent to ordinary negation, since any proposition that is not stored or 
provable is guaranteed to be false. When all relevant facts are known, there is 
no need for defaults, and all reasoning is monotonic. 

• Open worlds. A database in which some facts about the domain are unknown 
or unprovabl~ is called an open world. In an open world, some propositions are 
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known to be true, and some are known to be false, but there is a large middle 
area of propositions whose truth value is unknown. That middle area is the 
province of nonmonotonic reasoning, which uses defaults, probabilities, and 
heuristics to make "educated guesses" about the missing information. 

Any database constructed from measurements or observations of situations in the 
real world is almost certainly incomplete. Like Leibniz's mathematical theories, 
closed-world databases are artificial constructions, such as virtual reality or data­
bases whose contents are constrained by the rules of a business organization. An 
airline reservation system, for example, has a closed database because the absence 
of a reservation implies that the reservation does not exist. A passenger's protest does 
not have a nonmonotonic effect of causing a reservation to exist. 

Reiter' s two categories of databases can be extended with a third category, called 
semi-open, in which some subdomains are closed by definition, but other subdo­
mains contain observed or measured information that is typically incomplete. A 
personnel database, for example, may be semi-open: the domain of employees can 
be closed by definition, since anyone not listed would not be an employee; but 
other subdomains, such as the employees' address or list of children, might contain 
missing or incomplete information. In SQL, the keyword mandatory is used to 
declare domains that are required to be closed. 

KNOWLEDGE AND BEUEF. In a closed world, knowledge and belief are iden­
tical: every proposition known to be true is believed, and all the others are unbe­
lievable because they are known to be false. In an open world, beliefs and defaults 
are tentative excursions into the province of what is unknown. Robert Moore 
(1985) developed a version of nonmonotonic logic based on beliefs rather than 
defaults. He called his theory autoepistemic logic, from the Greek auto (self) and 
episteme (knowledge). To maintain a consistent set of beliefs, the inference rules for 
autoepistemic logic must perform the same kinds of consistency checks as default 
logic. Any belief that is inconsistent with current knowledge must be discarded. 
The nonmonotonic effect is the result of discarding inconsistent beliefs in the light 
of new knowledge. 

Theories of beliefs and defaults are derived from different inruirions, but their 
axioms lead to the same kinds of logical and computational systems: knowledge 
takes precedence over belief in the same way that facts take precedence over 
defaults. In effect, a default is a believable proposition that has a high probability 
of being true. Formally, default logic and autoepistemic logic are isomorphic: every 
axiom and inference rule that applies to either one can be translated to an equiva­
lent axiom or rule for the other. Teodor Przymusinski (1991) proved that both of 
them are also eq,uivalent to logics based on negation as failure. The proof of 
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equivalence means that any rule-driven system based on negation as failure, which 
includes Prolog, SQL, and most expert systems, can be used as a tool for imple-· 
menti.ng default logic or autoepistemic logic. 

CoNFLICTING DEFAUU's. The goal of norunonotonic logic is to maintain 
consistency between facts and defaults. But the defaults may be inconsistent with 
one another. Consider the next two default rules: 

Quaker(x): pacifist(x) 

pacifist(x) 

Republican(x): -pacifist(x) 

-pacifist(x) 

The first rule says that if x is a Quaker and it is consistent to believe that x is a 
pacifist, then conclude that xis a pacifist. The second says that if xis a Republican 
and it is consistent to believe that x is not a pacifist, then conclude that x is not a 
pacifist. The diagram on the left of Figure 6.9 shows Richard Nixon as both a 
Republican and a Quaker. If the Quaker rule happened to be executed first, the 
conclusion would be pacifist(Nixon), and the Republican rule would be blocked. 
But if the Republican rule happened to be first, the conclusion would be -paci­
fist(Nixon), and the Quaker rule would be blocked. Such a system would maintain 
consistency, but the choice between the two options is purely arbitrary. 

The diagram on the right of Figure 6.9 shows a kind of conflict that often occurs 
between the default attributes of a type and a supertype. Eleph_ants are normally gray, 
but royal elephants are white. A conflict arises because Clyde, a royal elephant, is also 
an elephant. The usual solution to this conflict is to asstime that defaults for the more 
specific types override .or take priority over defaults inherited fr~m supertypes. In 
terms of the egg-yolk representation, a royal elephant is in the egg white for Elephant. 
Since Clyde is also a royal elephant, he is likely to deviate from the egg-yolk elephants 
in the same way as his immediate supertype RoyalElepham. 

The priority assumption that works for Clyde does not resolve the conflict for 

Nixon 

FIGURE 6.9 Two examp!es of conflicting defaults 
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Nixon because Quaker and Republican are both at the same level. Some rule-based 
languages, such as Prolog, execute rules in the order in which they are listed. A 
programmer can take advantage of that order by listing the more likely option 
Republican before the less likely option Quaker. If the first option leads to a 
contradiction, the Prolog inference engine backtracks to try one of the later options. 
Some languages that do not have ordered rules, such as CLIPS, allow a numeric 
priority level to be assigned to different options. 

Rule order in Prolog and numeric priority in CLIPS support a linear ordering 
of defaults. But a fixed linear order has two weaknesses: first, it depends on some 
programmer's best guess about the importance or likelihood of the various options; 
second, most conflicts arise because of nonlinear dependencies, such :is the dia­
mond patterns in Figure 6.9. To represent those dependencies, some graph or 
network-based approaches have been developed: 

• Inheritance with defaults. Scott Fahlman (1979) designed a network language 
(NETI) for inheritance with defaults. It was based on a mechariism of propa­
gating markers, which trigger computations in the same way as tokens in a Petri 
net. NETI was a complex system that mixed many different mechanisms, and 
Fahlman did not analyze all their logical implications in detail. Rich Thomason 
and David Touretzky (1991) did a formal analysis of such mechanisms that 
confirmed many of Fahlman's informal intuitions, but clarified and corrected 
others. 

• Truth-maintenance systems. Jon Doyle (1979) designed a truth-maintenance 
system (TMS) as a network of propositions linked by implications. Each node 
represents a proposition that is in or out, depending on its consistency with a 
given set of axioms and the other nodes that are currenr.ly marked in. The 
techniques have been extended to nonmonotonic (NMTMS),justification-based 
QTMS), logic-based (LTMS), and assumption-based (ATMS) truth-maintenance 
systems. In effect, a TMS is a bookkeeping system for metalevel reasoning about 
logical dependencies among propositions. For nonmonotonic logic, it can im­
prove efficiency by replacing global consistency checks with local tests in a 
limited region of the network. 

PRIORITIZED DEFAUCTS. Benjamin Grosof (1997) used metalanguage to spe­
cify the priorities of different defaults. To illustrate the technique, he adapted an 
example from Etherington and Reiter (1983) about the shell-bearing properties of 
molluscs. The first two axioms, which have no exceptions, say that every nautilus~ a 
cephalopod, and every cephalopod is a mollusc: 

• N x) (nautilus(x) ::> cephalopod(x) ). 

• (V' x)(cephalopod(x) ::> mollusc(x)). 



CHAPTER SlX KNOWLEDGE SOUP 

By default, every mollusc is shell bearing; a cephalopod, however, is usually not shell 
bearing; but a nautilus is shell bearing. Grosof represented those defaults by named 
axioms: 

• 
• 
• 

Mol: 0f x)(mollusc(x) :::> shellBearer(x)) . 

Cep: (\/x)(cephalopod(x) :::> -shellBearer(x)) . 

Nau: 0fx)(nautilus(x) :::> shellBearer(x)) . 

If any instance x happened to trigger the Cep axiom together with the Mol or Nau 
axioms, a contradiction would arise. To resolve that conflict, the next two metalevel 
statements assert that the Nau axiom takes priority or overrides the Cep axiom, and 
the Cep axiom overrides the Mol axiom: 

• overrides(Nau,Cep). 

• overrides(Cep,Mol). 

Whenever the condition parts of two or more named axioms happen to be true for 
the same instance, the theorem prover checks which axioms have priority. Then it 
ignores the axioms that are overridden. When all axioms are represented in a 
Horn-clause form (Prolog style), Grosof proved that a partial ordering of defaults 
determines a unique, noncontradictory solution for every instance. Given that 
Molly is a mollusc, Sophie is a cephalopod, and Natalie is a Nautilus, these axioms 
would predict that Molly and Natalie are shell bearing, but Sophie is not. Exercise 
6.11 is another of Grosof's examples that shows how prioritized defaults can be 
used by a software agent for sorting email 

COMPUTATIONAL COMPLEXITY. One weakness of default logic is intractabil­
ity. In classical logic, the rule of modus ponens requires a pattern match that can 
be done in linear ~e. Yet even if each rule takes linear time, a complete proof 
could take exponential time, because a very large number of rules may be executed. 
In default logic, however, each rule by itself requires a consistency check that could 
be as complex as an entire proof in conventional logic. A proof with defaults could 
require an exponential number of rules, each of which might take exponential time. 

In contrast with the complexity of default logic, frame systems are usually quite 
efficient. Inheritance allows an inference to be performed just by following a chain 
of pointers and copying some data. A default simply cancels one value and replaces 
it with another. Yet that efficiency is purchased at the expense of reduced expressive 
power: many kinds of inferences cannot be handled by inheritance alone. If 
framelike inheritance were the only inference rule, default logic could also do 
consistency checks as efficiently as a frame system. There is no magic: frame 
notation cannot solve an unsolvable problem; it merely limits the expressive power 
so that the ·difficult questions cannot be asked. 

Of the logically respectable versions of nonmonotonic logic, the most efficient 
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are implemented in database and expert system languages like Prolog, CLIPS, and 
SQ L When the variables in those languages are restricted to the scalar values of a 
relational database, they form an even more restricted language called Datalog, in 
which proofS can be done in polynomial time. Although buggy programs can be 
written in any language, those systems have sound foundations that can be used to 
support logically secure implementations (Apt, Blair, & Walker 1988; Van Gelder 
1988). 

6.5 Theories, Models, and the World 

The problems of knowledge soup result from the difficulty of matching abstract 
theories to the physical world~ The techniques of fuzziness, probability, defaults, 
revisions, and relevance are different ways of measuring, evaluating, or accommo­
dating the inevitable mismatch. Each technique is a metalevel approach to the task 
of finding or constructing a theory and determining how well it approximates 
reality. To bridge the gap between theories and the world, Figure 6.10 shows models 
as Janus-like structures, with an engineering side facing the world and an abstract 
side facing the theories. 

On the left is a picture of the physical world, which contains more detail and 
complexity than any humanly conceivable model or theory can represent. In the 
middle is a mathematical model that represents a domain of individuals 2ll and a 
set of relations ~ over 2ll. If the world had a unique decomposition into discrete 
objects and relations, the world itself would be a universal model, of which all 
accurate models would be subsets. But as the examples in this book have shown, 
the selection of a domain and its decomposition into objects depends on the 

World Model Theory 

,,</ ~<)~~ ::::~:):~:~)-~ (Vx)(Vy)(R(x,y)::iC(y,x)). 

(Vx) (Vy)(C(x,y) ::i C (x.y)). 

~ (Vir)(Vy)(Vz)((R(x,y)AR(y,z))::iR(x,z)). 

~/ ~/ 
Approximation Denotation 

l l 
{Good, Fair, Poor} {True, False}. 

FIGURE 6.10 Rdaring a theory to the world 
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intentions of some agent and the limitations of the agent's measuring instruments. 
f.ven the best models are approximations to a limited aspect of the world for a 
!specific purpose. Engineers express that point in a pithy slogan: All models are 
'wrong, but smne are useful 

On the right of Figure 6.10 are the axioms of a theory that describes the world in 
terms of the individuals and relations in the model. Alfred Tarski (1935) introduced 
model theory as a way of defining the denotation operator 8, which determines the 
truth value of a sentence in terms of a model. Ifs is any sentence that uses only the 
names of individuals and relations in the model, 6s is either true or false. For finite 
models that can be stored in a computer, Tarski's relational structures resemble the 
tables of a relational database or the ground-level facts asserted in Prolog. To make the 
resemblance into an exact equivalence, the closed-world assumption must be added: 
every relationship not found in the tables is assumed to be false. With that assump­
tion, the denotation operator 6 can be computed by an SQL query or a Prolog goal. 
If a model is stored in a database, a theory can be verified by translating each axiom 
to an SQL query and checking whether it is true or false. 

FACTS, F1cTIONS, AND HYPOTIIESES. In a model of an actual situation, all 
the entities in the domain 9J exist in the world. But to represent the semantics of 
natural languages, logic must also accommodate plans for the future, historical 
entities that no longer exist, hypotheses whose truth value is unknown, and stories 
in which some or all the characters and events are fictitious. The Sherlock Holmes 
stories, for example, mix fictional characters with actual places and institutions in 
London. Histories that purport to be factual may contain dubious material that 
would not be admitted in a court oflaw, and even a court must be able to talk about 
entities whose existence is in dispute. Models for scientific theories, history books, 
and fictional stories must be able to represent mixtures of contemporary, historical, 
hypothetical, and fictional entities. In a lib~ary, books about one topic may be 
classified as fact, and books about another as fiction. Yet those are metalevel 
cla5sl.fications. At the object level, the language of a novel is indistinguishable from 
the language of a history book. Today, the standard way to verify information about 
anybody- living, dead; or fictional - is to search the Internet. 

The problems of fictitious and hypothetical entities troubled Plato, Aristotle, 
and all the philosophers who have thought about logic ever since. Karel Lambert 
(1967) coined the term free logic for logics that allow variables to refer to entities 
whose existence is dubious. In a collection of papers on free logic (Lambert 1991), 
the fourteen authors defined more than fourteen versions: 

• The basic language of all versions looks like classical first-order logic. Some 
versions add special vocabulary such as a quantifier (E!x) or a predicate "exisrs(x) 
to indicate that x actually exists somewhere in the world. 
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• The major difference between free logic and classical FOL is in the model 
theory. Instead of a single domain 0l of individuals, the domain is split in two 
disjoint sets: an inner domain 2ll; of ordinary entities that exist in the real world 
and an outer domain 0J 0 of problematical entities that may not exist. 

• The various model theories differ in the truth values assigned to simple sen­
tences that mention entities in 0J 0• The sentence Ancient Greeks worshipped Zeus 
would be uue in positive free logic, false in negative free logic, and indeterminate 
in neutral free logic. 

The characteristic feature of all versions is freedom from assumptions about the 
existence of referents for both the general terms (entity and relation types) and the 
singular terms (names and definite descriptions). 

The definition of free logic is broad enough to accommodate the models 
illustrated in Figure 6.10. Such models support a version of positive free logic whose 
language is identical to classical first-order logic: 

• The domain 0J of the model is an arbitrary set whose elements are called 
surrogates. A conventional model is a special case in which the surrogates are 
acrual entites in the world. In a computer, the surrogates may be object identi­
fiers (OIDs) or universal resource locators (URLs) that are easier to store on a 
disk than physical trees, cows, and people. 

• The rules of inference and the denotation operator 8 are the same as in classical 
FOL. 

• The logic is free because there is no requirement that the surrogates correspond 
to entities in the world. The inner domain 2JJ; consists of the elements of 0l for 
which there exists a one-to-one mapping to some set of entities in the world. 
The remaining surrogates constitute the outer domain 0l 0 • 

• The framework of contexts presented in Chapter 5 may be used to express 
metalevel statements about the logic, the models, and the correspondence 
between the surrogates and the world. A context A could contain a theory ::T, 
a context B could contain a model .M,, and both A and B could be nested in a 
context C that contained metalevel statements relating ::T to .M. 

The framework of contexts and metalevels allows more flexibility than just a 
two-way split in the domain. Different concept types in the ontology may have 
different identity conditions that determine how the entity that corresponds to a 
particular surrogate is recognized. Objects and events, for example, could be repre­
sented by similar kinds of surrogates in the model, but the criteria for recognizing 
their real-world counterparts would be very different. The fuzzy rules and default 
options discussed in Sections 6.3 and 6.4 could also be treated as metalevel criteria 
about the adequacy of a model with respect to the world, not as modifications to 
the logic or the denotation operator. Computationally, the surrogates and models 
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could be stored in a relational database, and all the programs based on classical 
FOL, including theorem provers, query processors, and expert system shells, could 
be used to manipulate them. 

FINDING THE BEST THEORY. Although the world is bigger than any human 
can comprehend or any computer can compute, the set of all possible theories and 
models is even bigger. The entire universe contains a finite number of atoms, but 
the lattice of theories discussed in Section 2.5 is infinite, and the number of possible 
models of those theories is uncountably infinite. The ultimate task of science is to 
search that vast infinity in the hope of finding a theory that gives the best answers 
to all possible questions.Yet that search may be in vain. Perhaps no single theory is 
best for all questions; even if one theory happened tq be_ the best, there is no 
assurance that it would ever be found; and even if somebody found it, there might 
be no way to prove that it is the best. 

Engineers have a more modest goal. Instead of searching for the best possible 
theory for all problems, they are satisfied with a theory that is good enough for the 
specific problem at hand When they are assigned a new problem, they look for a 
new theory that can solve it to an acceptable approximation within the constraints 
of available tools, budgets, and deadlines. Although no one has ever found a theory 
that can solve all problems, people everywhere have been successful in finding more 
or less adequate theories that can deal with the routine problems of daily life. As 
science progresses, the engineering techniques advance with it, but the engineers do 
not have to wait for a perfect theory before they can do their work 

NAVIGATING THE LArncE OF THEORIES. The infinite lattice of theories re­
sembles "The Library of Babel" envisioned by the poet, storyteller, and librarian 
Jorge Luis Borges (1941). His library consists of an infinite array of hexagonal 
rooms with shelves of books containing everything that is known or knowable. 
Unfonunately, the true books are scattered among infinitely many readable but 
false books, which themselves are an insignificant fraction of the unreadable books 
of random gibberish. In the story by Borges, the library has no catalog, no dis­
cernable organization, and no method for distinguishing the true, the false, and the 
gibberish. In a prescient anticipation of the World Wide Web, Borges described 
people who spend their lives aimlessly searching through the rooms with the hope 
of finding some hidden secrets. But no matter how much truth lies buried in such 
a co.llection, it is useless without a method of organizing, evaluating, indexing, and 
finding the books and the theories contained in them. 

From each theory, the partial ordering of the lattice defines paths to more general 
theories above and more specialized theories below. ;Figure 6.11 shows four basic ways 
of moving along the paths from one theory to another: contraction, expansion, revi­
sion, and analogy. 
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Analogy 

FIGURE 6.n Navigating the lattice of theories 

To illustrate the moves through the lattice, suppose that theory A is Newton's 
theory of gravitation applied to the earth revolving around the sun and that F is 
Niels Bohr's theory about an electron revolving around the nucleus of a hydrogen 
atom. The path from A to F is a step-by-step transformation of the old theory to 
the new one. The revision step from A to C replaces the gravitational attraction 
between the earth and the sun with the electrical attraction between the electron 
and the proton. That step can be carried out in two intermediate steps: 

• Contraction. Any theory can be contracted or reduced to a smaller, simpler 
theory by deleting one or more axioms. In the move from A to B, axioms for 
the gravitational force would be deleted. Contraction has the nonmonotonic 
effect of blocking proofs that depend on the deleted axioms.· 

• Expansion. Any theory can be expanded by adding one or more axioms to it. 
In the move from B to C, axioms for the electrical force would be added. The 
net result of both moves is a substitution of electrical axioms for gravitational 
axioms. 

Unlike contraction and expansion, which move to nearby theories in the lattice, 
analogy jumps to a remote theory, such as C to~3~~mati~y__re~~~-the 
types, relations, and individuals that appear in the axioms: !J.i~_e;u:th_is renamed the 
~thesun.iS...renamed thenucleuiii md'tlie- soiar ~t~ is renamed the atom. 
Finally, the revision step from E to F uses aeon traction step to discard ae-taili-aooiit 
the earth and sun that have become irrelevant, followed by an expansion step to 
add new axioms for quantum mechanics. 

By repeated contraction, eXpansion, and analogy, any theory or collection of 
beliefs can be converted into any other. Multiple contractions would reduce a 
theory to the empty or universal theory T at the top of the lattice that contains onl,y 
the tautologies that are true of everything. Multiple expansions would lead to the 
inconsisten.tor absurd theory 1.. at the bottom of the lattice, which contains all axioms 
and is true of nothing. Each step through the lattice of theories is simple in itself, 
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but the infinity of possible steps makes it difficult for both people and computers 
to find the best theory for a particular problem. Newton became famous for finding 
the axioms that explain the solar system, and Bohr won the Nobel Prize for revising 
them to explain the atom. 

'IlmoRY REvlsION. The techniques of nonmonotonic logic depend on meta­
level reasoning about defaults, consistency, abnormality, priorities, or the failure to 
prove. Instead of using nonmonotonic logic, the philosophers Isaac Levi (1980) and 
Peter Gardenfors (1988) have maintained that it is conceptually simpler to keep 
first-order logic and use explicit metalevel reasoning about the axioms of a theory. 
The process of theory revision or belief revision is a metalevel technique for modify­
ing axioms to construct a new theory that forms a better match to a given collection 
of facts. It can be considered a method of navigating the infinite lattice of first-order 
theories. 

If the axioms of a theory are iTzdependent, expansion or contraction can be done 
by adding or deleting one axiom at a time. But dependencies among the axioms 
make the operations more difficult. As an example, consider a theory that happens 
to include axioms of the following form: 

p. q. P=:xt· 

Deleting q by itself would have no effect, since the other two propositions imply rj. 
their deductive closure would bring q back into the fold. To delete q completely, 
one of the other propositions must also be deleted, but there is no obvious way of 
deciding which one. Expansion is more risky beause the addition of a single 
proposition that happens to contradict one of the others causes the entire theory to 
degenerate into the absurd theory .L To avoid falling into the pit of 1., Levi 
recommended that revising a tht;ory <!l by a new proposition p proceed in two steps: 
first contract <!l by removing - p and anything that implies -p before expanding 
with p. Such methods have been codified in the AGM axioms for theory revision, 
named for their authors, Carlos Alchourr6n, Peter Gardenfors, and David Makin­
son (1985). The AGM axioms are metalevel guidelines equivalent in power to the 
nonmonotonic logics discussed in Section 6.4. 

'IlmoRIEs AS Exl>LANATIONS. The lattice of theories with theAGM axioms 
is better organized than the uncataloged library of Babel But it shows only the 
possible pathways; it does not explain why anyone should prefer one path to 
another. In terms of Peirce's categories, the view of a theory as a deductive closure 
is determined by its syntactic form or Firstness. Given axioms .sd., the deductive 
closure <!l is defined as the set of all propositions that are derivable from the axioms 
by the prov~bility operator I-: . 

<!J = {p I sd.1-p}. 
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This is a definition of ~ by Firsmess, since it has no dependencies on anything 
outside of~. If~ is expressed in first-order logic, for which the inference rules are 
sound and complete, it coincides with the set of all propositions that are semanti­
cally entailed by every entity that is described by the axioms .stl: 

~ = {p I (V'x:Entity)(dscr(x,s4.) ::::> xt=p)}. 

This is a definition of~ by Secondness, since the entailment operator F relates the 
propositions in ~ to entities that are external to ~- The Secondness of a theory is 
its applicability to the description of entities outside of itsel£ But by itself, a 
description is not sufficient for an explanation. 

In the empirical sciences, a theory is more than a collection· of propositions. To 
be meaningful, it must have applications (Secondness) aIXl. explanatory power 
(Thirdness). Explanation is Thirdness because it relates a theory (first) to some 
entity (second) in a waythatenables some agent (third) to make predictions.about 
properties of the entity that are not explicitly described. / 

1. If the applications are ignored, a theory is nothing more than the deductive 
closure (Firsmess) of a set of axioms. The formulas of the theory are abstract 
patterns that characterize some form; the word formula, in fact, is a Latin word 
meaning "little form." 

2. If the formulas of a theory are treated as summaries of observed data (Second­
ness), but without any consideration of their predictive or explanatory power 
(Thirdness), then the theory could be considered an instance of type Proposi­
tion. 

3. In the empirical sciences, a theory must have an application (Secondness), and 
the deductive steps of a proof must serve as an explanation (Thirdness) of the 
cause-and-effect relationships in the application domain. As Thirdness, an 
explanation always involves an intention that relates an observer, a theory, and 
a domain. 

The same forms may be applied to different domains. The differential equation for 
an oscillator, for example, may be applied to a radio circuit, a sound wave, or the 
springs in a car's suspension; each application would be a different proposition. For 
an application (Secondness) to provide an explanation (Thirdness), some agent 
must have an intention to use the formulas as an explanation. 

ABDUCTION. Peirce coined the term abduction for the.process of generating 
hypotheses, whose consequences are later developed by deduCtion. The term has 
been adopted by AI researchers for an initial stage of hypothesis formation to be 
followed by a later stage of deduction from the hypotheses. Abduction may be 
considered a process of selecting chunks of kno~ledge from the soup, evaluating 
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their relevance to the problem at hand, and assembling them into a consistent 
theory. It may be performed at various levels of complexity: 

• Reuse. Do an associative search for a predefined theory that can be reused for 
the current problem. 

• Revise. Find a theory that approximately matches the problem at hand and use 
belief_revision techniques to tailor it for the current situation. 

• Combine. Search for scattered fragments ofknowledge and perform repeated 
steps of belief revision to combine them into a complete theory. 

Abduction and deduction may be used iteratively. Peirce noted that after a hypothe­
sis is formed by abduction, its consequences must be tested by deduction. If the 
implications do not match reality, the hypothesis must be revised in another stage 
of abduction. Figure 6.12 illustrates the use of abduction for extracting a theory or 
parts of a theory from the knowledge soup, belief revision for modifying the theory, 
and deduction for answering questions. 

As an example, consider a bridge player who- is planning a line of play. Tiie 
knowledge soup for bridge includes tactics like finesses and endplays, probability 
estimates for various card distributions, and techniques for analyzing a given bridge 
hand to find an optimal line.of play. In double-:dummy bridge (where all 52 cards 
are arranged face up) there is no· uncertainty, and success depends only on precise 
deduction. But in a normal game, each player sees half the cards dealt, and the 
distribution of the remaining cards must be guessed from probabilities and hints 
from the bidding and play. In planning the play, a bridge player combines abduc­
tion and deduction: 

• Abduction. Imagine the possible distributions of the unseen cards and estimate 
their likdihood. Each possibility constitutes one theory about the current deal. 

• Deduction. Determine optimal strategies for each distribution and search for a 
compromise that wins the maximum number of tricks with the favorable 
distributions while limiting the losses with the unfavorable ones. 

Depending on the novelty of the situation, either of these phases could be simple 
or complex. In abduction, a bridge player might quickly recall a similar hand from 
prior experience or spend considerable time imagining a novel distribution and 
doing a lengthy analysis to compute the odds. In deduction, the player might 
already have a predefined pattern for a routine finesse or need to make detailed 
inferences to work out a complex endplay. The two phases may be iterated: if 
deduction does not determine a wiiming strategy, another phase of abduction may 
be used to find a different distribution that could lead to a better strategy. For 
routine bridge hands, a bridge player might complete both phases in a few seconds, 
but a complex hand might require several minutes of thinking before the first card 
is played. During the play, new information is obtained at each trick; it may 
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FIGURE 6.12 Crystallizing theories out of knowledge soup 

confirm one of the hypotheses, or it may be a "surprise" that forces the player to 
rerurn to the abduction stage and generate a new h~_is. 

The example of the bridge player shows how abduction could use statistics with 
a continuous range of probabilities for dealing with uncertainty, while deduction 
uses a two-valued logic. The two phases of reasoning may be stated more generally: 

• Abduction. Use associative search to find chunks in the knowledge soup that 
match the current situation and use statistical measures to determine their 
relative importance. If no chunk matches exactly, find several chunks that 
match partially and combine or modify them to form a theory that applies. 

• Deduction. Apply the theory to find a solution to the current problem. If new 
information conflicts with the theory, go back to the abduction phase to 
modify it or t~ find a better one. 

Some problems may require more emphasis on ope phase or the other. In poker, 
uncertainty predominates, and deduction is minimal. In chess, uncertainty van­
ishes, and deduction predominates. Yet even in chess, the limit on thinking time 
requires a cut-off of deduction and the use of heuristic measures for evaluating 
positions. Most situations in life require a combination of both kinds of thin.king. 

As another example of abduction and deduction, consider whether Nixon is a 
pacifist. The two phases in the reasoning process would proceed as follows: 

• Abduction. Considering what is known about Nixon, search °for related items 
about Republicans and Quakers. In this case, evidence of political activity and 
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absence of strong religious activity suggest that his Republican principles 
outweigh his Quaker principles. Therefore, a first approximation to a theory of 
Richard Nixon would start with everything typical of Republicans; knowledge 
about Quakers would be added only if there were no conflict with the knowl­
edge about Republicans. 

• Deduction. In the theory of Nixon constructed by abduction, the Republican 
views about pacifism would remain, and the Quaker views would be lost. 
Therefore, the conclusion would be that Nixon is not a pacifist. 

For this example, most of the work is done in the abduction phase, which depends 
on metalevel information about the relevance of the competing theories. See 
Exercises 6.14 and 6.15 for a comparison of this technique to the method of 
prioritized defaults discussed in Section 6.4. 

For the problem about driving to Boston, the initial theory would include only 
the most salient propositions: 

If you have a car, you can drive 55 mph on a highway. 

New York is about 200 miles from Boston. 

If the driving time between two locations is four hours or less 

it is reasonable to consider driving between them. 

For most drivers. this is a familiar theory that would be retrieved in the abduction 
phase. But when the engine fails to start, the mismatch between the theory and 
reality forces the driver to revise the theory. The first condition, "if you have a car," 
must be qualified: "if you have a car and it is in working order." Another abduction 
step would be needed for find a theory about how to fix a nonworking car. There 
is no limit to the number of abduction steps that may be needed: while the driver 
is trying to find someone with jumper cables to get the engine started, it may start 
to snow. 

COMBINING KNOWLEDGE SOURCES. Marvin Minsky (1987) has been skep­
tical of the notion of a unified, monolithic reasoner based on pure logic. Instead, 
he has a vision of mind as a society of interacting agents, each specialized for one 
aspect of knowledge or intelligence. The appearance of unity would result from 
averaging over a large number of independent agents. To implement his view, 
Minsky suggested that AI systems should be designed as societies of interacting 
)igenrs, each of which might find a niche where it could contribute its knowledge 
~r talents to the overall flow of thoughi- Precise, logical reasoning might be done 
by some of the agents, but others might pursue independent trains of "thought" 
that sometimes lead to conflicts and sometimes to harmonious resolution. 

The most direct source of knowledge about the world is observation. An 
indirect approach, commonly used in engineering, is to construct a model of some 
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FIGURE 6.13 Three sources of knowledge about the world 

existing or proposed system and observe the simulated behavior in circumstances 
that would be expensive, dangerous, or unethical to recreate in the real world. 
Deduction from a theory is even more indirect: the axioms of the theory are 
abstractions from patterns of relationships in the model, which itself is an abstrac­
tion from the world Figure 6.13 shows the world, a model, and a theory together 
with methods for extracting knowledge from them. 

The three knowledge sources in Figure 6.13 are complementary rather than 
competing. To answer a question, the choice of method depends on the available 
data, the computing resources, the required precision, and the amount of time and 
money that can be devoted to the study. As an example, consider a question about 
tomorrow's weather: 

1. Observation. Weather satellites gather enormous amounts of data about the 
weather across the world By watching the movement of air masses, a forecaster 
can see where tomorrow's air, with its temperature and moisture, is coming 
from. 

2. Simulation. With supercomputers, meteorologists can model the earth's at­
mosphere at various altitudes and study the transfer of heat and moisture to 
and from the ground, the oceans, and the sky. After a simulation, they can read 
the data for any particular time and place. 

3. Deduction. Before the days of satellites and supercomputers, forecasters pre­
dicted the weather by applying general rules to a relatively small amount of 
data. Since the prevailing winds come from the west, tomorrow's weather in 
New York can often be derived from a few rules applied to yesterday's measure­
ments in Chicago and Pittsburgh. The lake effect rules in Exercises 3.6 through 
3.9 illustrate the use of deduction for predicting rain or snow in Buffalo and 
Cleveland 
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In practice, all three of these knowledge sources are used in combination. Computer 
simulations are constantly updated and recalibrated with the latest observations; 
and global models are supplemented with rules to deal with local features; such as 
cities, lakes, and mountains. Like a carpenter or a plumber, a reasoning system must 
have a truckload of tools to handle different aspects of the same problem. 

In the progression from left to right ofFigure 6.13, some detail is lost a teach level 
of abstraction, but each loss is compensated by an increase in generality. With minor 
adjustments, an engineering model can be adapted to many different situations, and 
a scientific theory can be applied by engineers working in different domains. The 
equations of fluid mechanics, for example, apply to the earth's atmosphere, to the 
ocean currents, and even to the flow of magma deep beneath the earth's crust. Because 
of their generality; abstract theories suggest new models and supply the categories for 
interpreting new data. Only raw feelings are truly direct; every recorded observation 
is an interpretation of sensory input in terms of the categories of some preconceived 
theory. Knowledge acquisition involves a constant cycling from data to models to 
theories and back to a reinterpretation of the old data in terms of the new theories. 
Beneath it all, there is a real world, which people learn to approximate through 
repeated cycles of abstraction and reinterpretation. . 

6.6 Semiotics 

The knowledge soup consists of collections of signs- images, symbols, words, and 
concep£:S with associated feelings. An important step toward managing the complex­
ity of the knowledge soup is to analyze and classify the kinds of signs it contains. The 
study of signs, called semiorics, was independently developed by C. S. Peirce and the 
linguist Ferdinand de Saussure. The term comes from the Greek sema (sign); Peirce 
originally called it semeiotic, and Saussure called it semiology, but semiorics is the most 
common term today. Saussure (1916) defined it as a general subject that includes all 
oflinguistics as a special c:aSe: 

Language is a system of signs that express ideas, and is therefore comparable to 
a system of writing, the alphabet of deaf-mutes, symbolic rites, polite formulas, 
military signals, etc. But it is the most important of all these systems. 

A science that studies the life of signs within society is conceivable; it would 
be part of social psychology and consequently of general psychology; I shall call 
it semiology. ... Semiology would show what constitutes signs, what laws 
govern them. Since the science does not yet exist, no one can say what it would 
be; but it has a right to existence, a place staked out in advance. Linguistics is 
only part of the general science of semiology; the laws discovered by semiology 
will be applicable to linguistics, and the latter will circumscribe a well-defined 
area within the mass of anthropological facts. 
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Just as Saussure the linguist classified linguistics as a branch of semiotics, Peirce 
the logician classified logic as a branch of semiotics. In applying his trichotomy of 
Firstness, Secondness, and Thirdness, Peirce (1897) divided semiotics into three 
branches: 

1. Syntax. "The first is called by Duns Scotus grammatica speculativa. We may 
term it pure grammar. It has for its task to ascertain what must be true of the 
representamina used. by every scientific intelligence in order that they may 
embody any meaning." 

2. Semantics. "The second is logic proper. It is the science of what is quasi-nec­
essarily true of the representamina of any scientific intelligence in order that 
they may hold good of any obje'ct, that is, may be true. Or say, logic proper is 
the formal science of the conditions of the truth of representations." 

3. Pragmatics. "The third ... I call pure rhetoric. Its task is to ascertain the laws 
by which in every scientific intelligence one sign gives birth to another, and 
especially one thought brings forth another." (CP 2.229) . 

The words syntax, semantics, and pragmatics were introduced by Charles Morris 
(1938) in his presentation of Peirce's three branches of semiotics. As Peirce devel­
oped it, semiotics is an observational science, which formulates general laws that 
govern the nature and use of signs by "any scientific intelligence," which he defined 
as "an intelligence capable of learning by experience." By that term, Peirce included 
animal intelligence and even mindlike processes in inanimate matter. 

ARBITRARY NATURE OF SYMBOLS. Saussure used the terms signifier and sig­
nified for Peirce's distinction between sign and irzterpretant. Instead of Peirce's triadic 
relationship of sign, interpretant, and object, Saussure (1916) emphasized the role 
of signs in distinguishing what is considered to be an object: 

A language does not simply assign arbitrary names to a set of independently 
existing concepts. It sets up an arbitrary relationship between signifiers of its 
own choosing on the one hand, and sigl.lifieds ofits own choosing on the other. 
Not only does each language produce a different set of signifiers, articulating 
and dividing the continuum of sound in a distinctive way, but each language 
produces a different set of signifieds; it has a distinctive and thus "arbitrary" 
way of organizing the world into concepts or categories. 

In emphasrzing the arbitrary nature of signs, Saussure denied that the world 
naturally divides into distinct objects that are waiting to be labeled. Instead, the 
categories of language draw attention to cenain aspects of the world that are 
considered as objects. Different languages, cultures, and individuals make different 
selections from the continuum of possibilities that may be treated as si~cant. 



CHAPTER SIX KNOWLEDGE SOUP 

CLASSES OF SIGNS. In developing his theory of signs, Peirce (1867) started 
with the trichotomy of icon, index, and symbol. That is the relational trichotomy, 
which is determined by the way the sign is related to its object. Later, Peirce (1897) 
recognized that the relational trichotomy is based on Secondness - the relation­
ship between a sign and its object. He therefore looked for two other trichotomies 
based on the Firstness or Thirdness of the sign. The signs in the first or material 
trichotomy signify by the nature of th~ sign itself; those in the third or formal 
trichotomy signify by some formal rule that associates sign and object. The matrix 
in Figure 6.14 shows Peirce's three trichotomies of signs, with the name and a brief 
description of each kind of sign. 

Different aspects of the same situation may be analyzed according to the 
different kinds of signs in Figure 6.14. As an example, consider a situation with a 
ringing telephone and the associated signs. The following examples illustrate the 
material trichotomy: 

1. Qualisign (material quality): A ringing sound as a pure sensory experience, 
independent of its source in a telephone, doorbell, or alarm clock 

2. Sinsign (material indexicality): A ringing sound coming from the direction of 
a telephone. 

3. I.egisign (material mediation): The convention that a ringing telephone means 
that someone is trying to call. -

The relational trichotomy is determined by the relationship between sign and 
object: 

1. Icon (relational quality): An image that resembles a telephone: 'ft. 

2. Index (relational indexicality): A finger pointing toward a telephone: w 'B'. 

3. Symbol (relational mediation): A ringing sound used on a radio program to 
suggest a telephone call. 

The formal trichotomy is determined by the conventions of some language, either 
natural or artificial: 

1. Rheme (formal quality): A word such as telephone, which represents the possible 
existence of a telephone. 

2. Dicent Sign (formal indexicality): A sentence formed of rhemes used to assert 
actual existence: "You have a phone call from your mother." 

3. Argument (formal mediation): A sequence of dicent signs, such as a syllogism, 
used to express a lawlike relationship: "It may be an emergency. Therefore, you 
should-answer the phone." 

Since a "scientific intelligence," as Peirce said, is capable ofleaming from experience, 
the interpretation of the same physical signs may change over time. The icon 'B', for 
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1. Quality 2 lndexicality ·~ 3.Mediation 

1. Qualisign Sinsign Legisign 
Material A fJU4lity which is a sign. An aau4l c;istmt thing A law which is a sign. 

or nm# which is a sign. 

2. Icon Index Symbol 

Relational 
Refen by virtue of same Refen by virtue of being Refen by virtue of same 
similarit;y to abject. affected by abject. law or associarion. 

3. Rheme Dicent Sign Argument 

Formal A sign of qualit:ative A sign of aauaJ existence. A sign of law. 
passibiltty. 

FIGURE 6.14 Peirce's three trichotorilles of signs 

example, resembles an old-fashioned telephone. When it is used to refer to a modern 
telephone, it has become a symbol rather than a pure icon: habitually used icons tend 
to evolve into symbols. · 

SEMIOTIC ANAIYs1s. Classification is a necessary first step in any science, but 
the benefits of science come from the theories that rdate the categories and the 
applications that use them to explain the phenomena. As an application of the 
semiotic categories, consider the following story, which is swrunarized from a 
newspaper clipping: 

One family noticed that their tdephone would no longer ring. But if they 
happened to pick up the phone when their dog was barking, they would often 
find a caller waiting for them. After some investigation, they discovered that 
the dog'S' leash was short-circuited to the tdephone wires, and the dog was 
getting an electrical shock whenever someone tried to calL They repaired the 
phone lines, and things returned to normal for both the dog and the humans. 

A barking sound, by itself, is a qualisign. It5 occurrence served as a sinsign that drew 
the attention. of the humans to the dog. When they saw no obvious signs of 
anything unusual about the dog, they ignored the barking. Over time, however, the 
habitual association between the barking and the telephone suggested some new 
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law that made barking a legisign for a telephone caller. Then the humans began to 
wonder how that new law was related to known laws about di:>gs and telephones. 
They compared the old legisign that relates a ringing telephone to a phone call to 
the new legisign that relates a barking dog to a phone call. As existing objects, the 
dog and the telephone were both sinsigns. Those objects "were attached to cables, 
which in rum were sinsigns of electrical conduits. After following the chain of 
sinsigns, the humans discovered a point of contact, which was an index of a relation 
between tlie sinsigns. By applying the laws of electricity (which are themselves 
signs), they were able to infer another law- an explanation of the causal links from 
telephone call to electric shock to barking dog. 

But the dog also has "scientific intelligence," which is capable of using signs 
and learning from experience. From its point of view, the electrical shock was a 
painful sinsign, and pain may be a legisign of some threatening agency. By habit 
(or instinct, which is a genetically programmed habit), the dog used barking as a 
legisign to inform the members of its pack (the human family) that something was 
wrong. Over time, the dog learned a new legisign that barking had a causal effect 
in stopping the shock. 

This semiotic analysis depends on the assumption that people and dogs are 
capable of recognizing signs and learning from experience. It also assumes some 
mental capacity that can support triadic relationships of sign, object, and interpre­
tant. It does not, however, assume anything about the nature of that mental 
capacity or its implementation in neural networks or a language of thought. Peirce 
noted that mental images are merely the result of neural processes; they are not the 
mechanisms themselves, about which "there is no reason for supposing a power of 
introspection; and, consequently; the only way of investigating a psychological 
question is by inference from external facts" (CP 5.249). 

APPLICATIONS OF SEMIOTICS. Because of its broad scope, semiotics ~as been 
applied to subjects ranging from psychoanalysis to literary criticism (Eco 1979, 
1990). For AI, semiotics can help resolve philosophical puzzles that have generated 
heated controversies about the nature of intelligence and its simulation by machine. 
Following are some ongoing controversies that could be clarified by a semiotic 
analysis: 

1. Chinese room. The philosopher John Searle (1980) proposed a thought experi­
ment that stimulated a decade of debate. He imagined a "Chinese room," 
which received questions written in Chinese characters and generated appro­
priate answers in Chinese. Inside the room was a man who knew no Chinese, 
but who followed a book of rules for manipulating the characters in order to 
transform the input questions to the output answers. Assuming that the Chi­
nese speakers who submitted questions were satisfied with the answers, Searle 
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asked whether one could therefore assume that the system could be said to 
"understand" Chinese. 

Searle maintained that neither the room as a whole nor any part of it such 
as the man plus the rulebook could truly be said to understand Chinese. He 
therefore concluded that a computerlike process of following rules could not 
achieve humanlike understanding. The ensuing debates went off on many 
tangents, including the issue of whether connectionist or neural simulations 
could more readily achieve understanding than rule following. 

In terms of Pei.ice's categories, a native Chinese speaker, the Chinese room, 
the man inside the room, a digital computer that follows rules, and a neural 
network are all semiotic systems that are capable of relating signs and signs of 
signs. The differences between them are not the result of a mysterious process 
of "understanding," but of differences in the way the signs, objects, and 
interpretants are related. As semiotic systems, the primary difference between 
the Chinese room and a native Chinese speaker is that the room lacks sensory 
inputs and motor outputs for relating symbols to external objects. Therefore, 
its semiotics is limited to metalanguage that relates one kind of symbols to 
another. The question of whether the symbols are being manipulated by a 
human being, a digital computer, or a neural network is irrelevant. A robot 
with sensory inputs and motor outputs would be a more complete semiotic 
system than a windowless Chinese room with a human being inside. 

2. Symbolic and imagelike reasoning. The role of symbols and images in reasoning 
has been discussed by philosophers and psychologists for centuries. With the 
advent of computers that can process either images or symbols, the debate has 
sharpened into arguments over the relative advantages or disadvantages of 
reasoning by symbol manipulation or by transforming analog depictions. In a 
special issue of the journal Computational Intelligence, Janice Glasgow (1993) 
presented a position paper, "The Imagery Debate," which was followed by two 
dozen responses by experts in AI and psychology. The discussants in that debate 
presented examples, made cogent remarks, and took various positions on--the 
issue of whether imagery and symbols are competing or complementary. 

From a semiotic point of view, images and symbols are more than comple­
mentary; they are necessary components of a complete system of reasoning. 
Peirce regarded images or icons as primary, and symbols as derived from them 
by habitual association: 

The only way of directly communicating an idea is by means of an icon; 
and every indirect method of communicating an idea must depend for its 
establishment upon the use of an icon. Hence, every assertion must con­
tain an icon or set of icons, or else must contain signs whose meaning is 
only explicable by icons .... 
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Symbols grow. They come into being by development out of other signs, 
particularly from icons, or from mixed signs partaking of the narure of 
icons and symbols. We think only in signs. These mental signs are of a 
mixed nature; the symbol parts of them are called concepts. 

Wittgenstein (1922) dre?.r a similar distinction between what can be said and· 
what can be shown. Everything that can be said is symbolic; some symbols can 
be explained by combinations of other symbols; but the ultimate explanations 
can only be shown by icons. 

3. Subsymbolic processes. In a book comparing the symbolic and connectionist 
paradigms, John Dinsmore (1992) observed that the mapping from external 
objects to internal symbols depends on "mysterious processes" that are not 
themselvc:s symbolic: 

It follows that there can never be a complete, strictly symbolic theory of 
cognition. Work in connectionism ... suggests that dropping down to a 
lower, subsymbolic, level allows mysterious processes to be analyzed more 
successfully in terms of a nonsymbolic vocabulary. 

/.!!Peirce would agree with this observation. He maintained that symbols are the 
r/end product of a complex process of perception, interpretation, and habitu­
::jation, which begins with sensory impressions or qualisigns. When the resulting 
~:symbols are communicated in a language, either natural or artificial, their 
intended physical referents can only be determined through -the aid of one or 
more indexes. Of the nine categories of signs in Figure 6.14, the five ranging 
from qualis~ns to indexes could be called subsymbolic, and the three from 
rhem s to arguments could be called supersymbolic. 

Peirce's categori s provide a vocabulary for describing neural networks as 
semiotic systems that span the gulf between sensory inputs and symbolic 
outputs. In the network of Figure 6 .15, the uninterpreted signals on the left are 
qualisigns that propagate through the nodes and arcs to generate signals that 
represent symbols on the right. The learning algorJthrns used with neural 
networks create a pattern of weights on the arcs that amplify or inhibit the 
signals. In the hidden layers of the network, some signals represent sinsigns that 
indicate the existence of external features or combinations off earures, and the 
patterns of weights that are created by the learning algorithms determine the 
conditioned reflexes or legisigns that map qualisigns to symbols. Peirce would 
be the first to admit that further analysis and experiments are necessacy, but hiS 
framework provides a "nonsymbolic vocabulary" for discussing and interpret­
ing them. 

4. Phenomenology. The philosopher Hubert Dreyfus (1992) has long criticized 
the goals and methods of ~ He based his philosophy on phenomenology, 
especially in the version developed by Martin Heidegger. His most famous 
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FIGURE 6.15 A neural network for mapping qualisigns to symbols 

conven is Terry Wmograd, who devdoped the SHRDLU system discussed in 
Section 3.3. In the book about SHRDLU, Winograd (1972) claimed that it 
could "understand natural language." After becoming disillusioned by its limi­
tations, Winograd took the opposite position of denying that AI systems could 
ever attain true understanding. In a later book (Winograd & Flores 1986), he 
presented Heidegger's view that it is meaningless to talk about objects and their 
properties without considering their purpose: 

Another aspect of Heidegger's thought that is difficult for many people to 
assimilate to their previous understanding is his insistence that objects and 
propenies are not inherent in the world, but arise only in an event of 
breaking down in which they become present-at-hand (vorhandene). One 
simple example he gives is that of a hammer being used by someone 
engaged in driving a nail. To the person doing the hammering, the hanuner 
as _such does not exist. It is a pan of the background of readiness-to-hand 
(Zuhandenhei~ that is taken for granted without explicit recognition or 
identification of an object. It is part of the hammerer's world, but it is not 
present any more than ·are the tendons of the hammerer's arm. 

In Peirce's terms, the agent's intention in hammering is the Thirdness that gives 
meaning to the hammer as Secondness in its rdationship to the nails and wood. 
The hammer's Firstness - its "hammerness" or vorhandene aspect - becomes 
significant for human purposes only when the Secondness breaks· down, as 
when the hammer "slips from grasp or mars the wood." Peirce would have been 
sympathetic to Winograd's recognition ofThirdness, but he a,l.}'1'3-ys insisted on 
a proper balance of all three categories: the imponance ofThirdness (pragmat­
ics) in no way diminishes the importance of Secondness (semantics) or First­
ness (syntax). 
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This brief discussion cannot do justice to the volumes of commentary that have 
been written on these topics, but it shows how the semiotic categories draw 
attention to key issues. By themselves, the categories cannot solve all the problems 
of knowledge soup, but they are a prerequisite for analyzing, classifying, and stating 
them precisely. By providing a rich, highly nuanced vocabulary, Peirce's semiotics 
can help to clarify and resolve some of the endless debates about artificial intelli­
gence. In fact, Peirce himself might have suggested computational semiotics as a less 
contentious name for AI. 

EXERCISES 

1. Review the examples discussed in Section 6.1 and find more examples at 
about the same level of detail from various subjects you are familiar with. 
Select examples from both technical subjects and everyday life. For each ex­
ample, determine the source of the vagueness or inconsistency and explain 
why it would create difficulties for a reasoning system. 

2. The party game called Horse, Bird, and Muffin· shows how categories that are 
never defined qy necessary and sufficient conditions can still be used as effective 
standards for classification. In the game, the players try to classify people (either 
celebrities in the news or their friends and associates) by estimating each one's 
proportions of horselike, birdlike, or muffinlike qualities. As an example, Presi­
dent Clinton might be classified as having a large amount of muffin, but with a 
considerable amount of horse. His wife, Hillary Rodham Clinton, however, 
might be classified as mostly horse with some bird. As a class exercise, spend 
about 15 minutes (preferably at the end of a class period) describing well-known 
local personalities by their proportion ofhorse, bird, and muffin. 

3. Study the paradox of the heap mentioned in Section 6.1 and the related example 
of the farmer who thought he could become strong enough to lift a cow. Con­
sider the other modes of continuous variability mentioned in that section: color, 
weight, length, happiness, warmth, humidity, noise, pain, sweetness, and wealth. 
Select one of these modes of variability and formulate a paradox similar to the 
examples of the heap or the farmer. 

4. Fuxz;y writing more often results from fuzzy thinking than from an inherent 
fuzziness in language itsel£ Disciplined literary genres, such as Japanese haiku, 
help to avoid fuzziness by forcing the author to observe, analyze, and think 
precisely before starting to write. Each haiku is a poem of exactly seventeen 
syllables that expresses strong emotion while using only concrete words. For 
the following exercises, practice writing. short descriptions of no more than 
three sentences (about fifty words), in which every word has a crisp meaning. 
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Avoid words like beautifal or charming, instead, use concrete words that would 
lead the reader to feel that the subject is beautiful or charming. Also avoid 
intensifiers or hedging words like very or somewhat. 

a. Describe several houses on a street with enough precision that a reader can 
use the written description to distinguish them. Do not adopt the style of 
real-estate ads, which are explicit about the number of rooms and bath­
rooms, but describe the appearance by emotional terms like attractive or 
exciting. 

b. Write captions for pictures of art works, such as sculptures and paintings, 
that might be presented on a website. The captions should not give an 
explicit description, since the readers can look at the pictures. Instead, direct 
the readers' attention to significant aspects of the artist's technique. For 
example, if a painting shows a woman looking happy or sad, point out what 
aspects of her expression, gestures, posture, clothing, surroundings, or light­
ing convey that impression. 

c. Write short descriptions or captions for several objects of the same type, 
such as butterflies, automobiles, or tropical fish. Assume that they would be 
used either to identify the objects (as in part a) or to point out significant 
features (as in part b). 

The time for the observation and analysis to write three succinct sentences may 
take longer than the time to write two rambling pages. Disciplined prose is just 
as hard to write in natural language as in any programming language or 
knowledge representation language. 

5. Ignoring tacit presuppositions can sometimes be a matter of life or death. 
More than 100 people were killed in the collapse of two w;Ukways·that were 
suspended over the lobby of a major hotel The diagram on the left of Figure 
6.16 shows the original design, which supported the walkways by suspension 
rods nearly 14 meters long. Since rods of that length are difficult to work 
with, the contractor who built the walkways decided to use shorter rods, as 
in the diagram on the right of Figure 6.16. In calculating the stress points, 
the engineer made certain assumptions that were invalidated by the contrac­
tor's design change. Which connecting points were the first to fail? Why? 

6. In the book To Engineer Is Human, Henry Petroski discussed many design 
failures, including the one mentioned in Exercise 6.5. Find similar examples, 
either in Petroski's book or in other sources. Show how minor changes in 
assumptions or seemingly insignificant details can make a catastrophic differ­
ence in the results. Engineers summarize that principle in Murphy's Law: "If 
something can go wrong, it will." 
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As the engineer designed it As the contractor built it 

FIGURE 6.16 Two suspended walkways that collapsed after a major 
strucrural failure 

7. Some of the examples in this chapter, such as the paradox of the heap, illustrate 
the vagueness caused by continuous variation, where barely noticeable differ­
ences have little effect individually, but may become significant by repeated 
accumulation. Other examples, such as the strucrural failure of the walkway 
supports in Exercise 6.5, illustrate discontinuities: a seemingly minor alteration 
may have have a catastrophic effect. Review the examples of knowledge soup 
discussed in this chapter. Classify them as continuous, discontinuous, or other. 
Can you find any distinctions for making further subclassifications, especially of 
the category "other"? 

8. Generalize the definition of abnormality in Section 6.4 to include animals 
other than birds: mammals that lay eggs; amphibians that live in trees; a 
"growth stage" of dead or stuffed; or the pandas and kinkajous, which belong 
to the class Carnivora, but do not eat meat. To accommodate expansions and 
revisions, new entries, especially at the species level, should be accommodated 
by changing the data rather than the rules. Implement the definitions in 
Prolog, SQL, CLIPS, or some other rule-based language. 

9. Far from being competitors, logic and statistics are commonly used together 
to compute probabilities. If a proposition pis true in m states out of a possible 
n states and each state is equally likely, then the probability of p is ml n. Apply 
that principle to the following statements to compute the probabilities that 
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the Giants will play the Buccaneers, Lions, Redskins, or Vikings in the first 
round of.the National Football Le~aue playoffs: 

• If the Buccaneers, Lions, and Vikings all win their last game of the regular 
season, the Giants will play the Vikings. 

• If the Redskins and Vikings lose, the. Giants will play the Vikings. 

• If the Lions lose and either the Redskins or the Vikings win, but not both, 
the Giants will play the Lions. 

• If the Redskins win and either the Lions or Vikings win, but not both, the 
Giants will play the Redskins. 

• If the Buccaneers lose and the Lions and Vikings win, the Giants will play 
the Buccaneers. 

None of the Giants' possible opponents are playing one another; therefore, the 
outcomes of au the games are independent. If the probability of each win or 
loss is 50%, compute the probabilities that the Giants will play each of the four 
possible opponents. Compute the probabilities if the Buccaneers, Lions, Red­
skins, and Vikings have winning probabilities b, 4 r, and v respectively. 

10. Review the definitions of open, closed, and semi-open databases in Section 
6.4. Give examples of application domains whose databases would typically 
be open, closed, or semi-open. What features of the applications would lead 
to each kind of database? For your examples of a closed database or subdo­
main, state the axioms, constraints, or. assumptions that require the domain 
to be closed. Could defaults or statistical techniques help to fill·the knowledge 
gaps in your examples of open or semi-open databases? Which gaps could or 
could not be filled by defaults? 

11. Sorting email according to its importance is a typical metalevel operation that 
can be specified with prioritized defaults. Suppose that Karen has defined the 
following rules for a software agent that sorts her email: 

• Mail from a retail store is usually unimportant. 

• But mail from a store from which Karen is aw.airing a delivery is important. 

• However, mail .from Karen's favorite store, fave.com, is always important. 

Translate these three rules to axioms in logic, and use Grosof s technique 
(described in Section 6.4) for naming the axioms and asserting priorities. Then 
add the following information about particular instances: baby.com, fave.com, 
and paris.com are retailers, and Karen is awaiting a delivery from paris.com. 
Trace the inference steps that Karen's agent would take in classifying message 
#54 from baby.com, #81 from paris.com, and #117 from fave.com. 



CHAPTER SIX KNOWLEDGE SOUP 

12. The technique of applying prioritized defaults described in Section 6.4 can be 
interpreted as a walk through the infinite lattice of theories described in Section 
6.5. Whenever a default theory is applied to a particular aspect of the world, only 
a consistent subset of axioms is selected. That selection represents an ordinary 
first-order theory somewhere in the lattice. When the axioms are. applied to a 
different aspect of the world, a different subset of first-order rules is selected. 
That new selection .is a revision of the theory selected for the first application. 
Apply this approach to select the theory that determines that Molly the mollusc 
has a shell. Show how that theory can be revised to determine the theories applied 
to Sophie the cephalopod and Natalie the Nautilus. For Exercise 6.11, do a 
similar analysis to detennine the theories that Karen's email agent selects for 
messages #54, #81, and #117. This exercise illustrates the principle that a default 
theory can be interpreted as an abbreviated representation for a family of first-or­
der theories together with metalevel criteria for determining which theory is 
most appropriate for any particular application. 

13. Exercise 3.9 showed how a proof could be explained by translating each step 
to stylized natural language. Using that technique, write a paragraph that 
starts with an assertion that Sophie is a cephalopod or that message # 117 is 
from fave.com and explains the .implications in terms that could be under­
stood by someone who has never studied formal logic. In your paragraph, 
explain both the default steps and the classical inference steps. 

14. Show how the problem about Nixon the Republican Quaker can be solved 
by theory revision and by nonmonotonic logic with prioritized. defaults. For 
both methods, use the following two axioms: 

Qua: (V'x)(quaker(x) :::i pacifist(x)). 
Rep: (V'x)(republican(x) :::i -pacifist(x)). 

For nonmonotonic logic, treat these as two nained axioms, and state which one 
overrides the other. For theory revision, treat them as two separate one-axiom 
theories that float in the knowledge soup, and state the metalevel conditions 
for selecting one theory or the other. 

15. Although a partial ordering of defaults is more flexible than a linear order, 
no fixed ordering can handle all possible circumstances. After solving Exercise 
6.14, add another Republican Quaker named Bob, who is very religious and 
not politically active. Show how the methods of theory revision and prioritized 
defaults could be adapted to generate plausible conclusions about Nixon.and 
Bob. Add more people with various combinations of political and religious 
convictions and show what conclusions theory revision and prioritized de­
faults would generate. 
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16. In Section 6.3, the problem of Nixon the Republican Quaker was solved by 
adjusting certainty factors. Show that the same techniques can be used to 
generate a plausible conclusion about Bob. Can they also be used to reason 
about shell-bearing molluscs? Compare the techniques of fuzzy logic, priori­
tized defaults, .and theory revision and evaluate their applicability to different 
kinds of problems. Which is the most general? Which is the most ad hoc? 
Which is the most efficient? Which gi,ves the best answers to the most ques­
tions? Which has the best theoretical justification? Would you trust your life 
to a car or airplane that was controlled by any of these theories? 

17. Some aspects of musical notation are iconic, such as the mapping of high-low 
pitch to the up-down position of notes on the staff. Other aspects are sym­
bolic, such as the notations for sharps, flats, and the duration of notes. Some 
aspects are indexical, such as the Italian phrase Da capo al segno (from the 
beginning to the sign). Apply Peirce's classifications in Figure 6.14 to the 
various features. Examine several musical scores and do a semiotic analysis to 
classify the kinds of signs and the information they convey. 

18. Explain how the three knowledge sources described in Section 6.5 - obser­
vation, simulation, and deduction - form a Peircean triad. Review the levels 
and metalevels of representation in Section 3.6 and Peirce's classification of 
signs in Section 6.6. Then do a semiotic analysis of the relationships implicit 
in Figures 6.10 and 6.13. Depending on the depth and detail of the analysis, 
this exercise could be answered in a paragraph, a term paper, a dissertation, 
or an encyclopedia. 

19. The two ttichotomies that form the basis for the table of nine kinds of signs 
in Figure 6.14 have some similarities to the trichotomy of Independent, Rela­
tive, and Mediating in Figure 2.6 and the trichotomy of Structure, Role, and 
Sign in Figµre 2.11. Compare those applications" of Peirce's p~inciple, and 
examine other applications in Sections 2.6, 5.4, and 6.5. What similarities 
do you find? Is it possible to generalize those trichotomies to incorporate the 
nine kinds of signs info a more general version of the lattice in Figure 2.6? 
What new categories are added to the more generalized lattice? Give examples 
of concept types that are subtypes of those new categories. 

20. Many of.the hotel policies stated in Appendix C have multiple options with 
defaults. Select some of those options and show how they could be represented 
with the kinds of default rules discussed in Section 6.4. Do any of those 
defaults conflict with one another? If so, name the default rules and state 
which ones override others. If not, add some-features to the problem statement 
that would introduce possible conflicts and define prioritized defaults to rep­
resent them. 
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Knowledge Sharing 
an_d Acquisition 
~~ 

The only way to rectify our reasoning.r is to make them as tangible as those 
of the Mathematicians, so that we can find our error at a glance, and 

when there are disputes among persuns, we can simply saY: Let us 
calcu/,ate, without further ado, in order to see who is right. 

GOITFRIED WIIEELM LEmNIZ, 'The Art of Discovery» 

The purpose of cumputing is insight, not numbers. 
RICHARD HAMMING, Numerical Methods for Scimtists and Engineers 

Ou:r lift is .frittered away by detail .. Simplify, simplify. 
HENRY DAVID THOREAU, Wafdm 

7.1 Sharing Ontologies 

To the problems of knowledge representation, knowledge sharing adds the further 
difficulty of rdating different choices of representation by different people for 
different purposes. Each of the three aspects of knowledge representation - logic, 
ontology, and computation - poses a different kind of problem: 

• Logic. Different implementations support different subsets and variations of 
logic. Transferring information from a smaller, less expressive subset to a larger 
one can usually be done automatically. Transfers in the opposite direction, 
however, are only possible for information that can be expressed in the com­
mon subset of the rivo versions. 

• Ontology. Different systems may use different names for the same kinds of · 
entities; even worse, they may use the same names for different kinds. Sometimes 
twO entities with different definitions are intended to be the same, but the task of 
proving that they are indeed the same rriay be difficult, if not impossible. 

• Computation. Even when the names and definitions are identical, computa­
tional or implementational side effects may cause the same knowledge to 
behave differently in different systems. In some implementations, the order of 
entering rules and data may have an effect on the possible inferences and the 
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results of computations. Sometimes the side effects may cause a simple infer­
ence on one system to get hung up in an endless loop on another system. 

These three aspects of knowledge sharing are interdependent. For applications in 
library science, humans usually process the knowledge. Therefore, the major atten­
tion has been directed toward standardizing the terminology used to classify and 
find the information. With its emphasis on computer processing, artificial intelli­
gence requires deep, precise axiomatizations suitable for extended computation and 
deduction. But as these fields develop, the requirements are beginning to overlap. 
More of the librarian's task is being automated, and the AI techniques are being 
applied to large bodies of information that have to be sorted, searched, and 
classified before extended deductions are possible. 

To address such issues, standards bodies, professional societies, and industi:y 
associations have developed standards to facilitate sharing. Yet the standards them­
selves are part of the problem. Every field of science, engineering, business,· and the 
arts has its own specialized standards, terminology, and conventions, but the various 
fields cannot be isolated. Medical instruments, for example, must be compatible 
with the widely divergent standarc;is developed in the medical, pharmaceutical, 
chemical, electrical, and mechanical engineering fields. The standards for hospital 
operating rooms must take into account heating, lighting, and air conditioning. 
Medical computer systems must be compatible with all of the above plus the 
standards for billing, inventory, accounting, payroll, patient records, scheduling, 
email, networks, databases, and government regulations. The first requirement is to 
develop standards for relating standards. 

The three quotations at the beginning of this chapter present desirable, but 
sometimes conflicting goals for the techniques of knowledge sharing and acquisi­
tion. In his search for mathematical precision, Leibniz led the way to symbolic logic 
and calculating machines for knowledge representation. Computer science pioneer 
Richard Hamming contributed many innovations to the development of computer 
systems, but he was always sensitive to the broader human implications. Yet their 
contributions, which simplified some aspects of life, have introduced more of the 
details that Thoreau hoped to escape. Even in his cabin on Walden Pond, Thoreau 
found some details too daunting- he made periodic visits home, bringing a bag 
oflaundry for his mother to deal with. The tools for knowledge acquisition should 
enhance precision, insight, and simplicity while providing an automatic washer­
dryer to take care of the dirty laundry. 

PROBLEMS OF ALIGNING ONTOLOGIES. Related concepts in the ontologies 
underlying different languages and knowledge bases can seldom be put in an exact 
one-to-one alignment. Concepts in one ontology may be subtypes, supertypes, or 
siblings of the related concepts in another ontology. Figure 7 .1 shows the concept 



4J'.O 't>' CHAPTER SEVEN KNOWLEDGE SHARING AND ACQUISITION 

Know 

/~ 
Wissen = Savoir Kennen = Conniitre 

FIGUIU: 7.1 Subtypes of Know expressed in French and German 

type Know, which represents the most general sense of the English word know, and 
two of its subtypes. On the left are the German concept type WJSSen and the French 
concept type Savoir, which correspond to the English sense of knowing-that. On 
the right are the German Kennen and the French Connaitre, which correspond to 
the English sense of knowing-some-entity. 

Figure 7 2 shows a more complex pattern for the senses of the English words 
river and stream and the French words fleuve and riviere. In English, size is the 
feature that distinguishes river from stream; in French, a fleuve is a river that flows 
into the sea, and a riviere is either a river or a stream that flows into another river. 
In translating French into English, the word fleuve maps to the French concept type 
Fleuve, which is a subtype of the English type River. Therefore, river is the closest 
one-word approximation to fleuve, if more detail is necessary, it could also be 
translated by the phrase river that runs into the sea. In the reverse direction, river 
maps to River, which has two subtypes: one is Fleuve, which maps to fleuve, the 
other is the English-French hybrid BigRiviere, whose closest approximation in 
French is the single word riviere or the phrase grande riviere. 

Even when words are roughly equivalent in their literal meanings, they may be 
quite different in salience. In the type hierarchy; Dog is closer to Vertebrate than to 
Animal. But since Animal has a higher salience, people are much more likdy to 
refer to a dog as an animal than as a vertebrate. To illustrate the way salience affects 
word choice, Figure 7.3 shows part of the hierarchy that includes the English 
Vehicle and the Chinese Che. The English types Car, Taxi, Bus, Truck= Lorry; and 
Bicycle are subtypes of Vehicle. The Chinese types do not exactly match the 
English: Che is a supertype of Vehicle that includes Train (HuoChe), which is not 
usually considered a vehicle in English. The type QiChe (Energy-Che) has no 
English equivalent, and it includes Car, which has no Chinese equivalent. 

In English, the specific words car, bus, and taxi are commonly used in speech, 

River Riviere 

/~/~ 
Fleuve Big Riviere Stream 

FIGUIU: 7.2 Hierarchy for River, Stream, and their French equivalents 
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Che 

/~ 
Vehicle Train = HuoChe 

/I~ 
Bicycle= ZiXingChe Qi.Che · Truck = KaChe 

/-I~ 
Car Taxi =ChuZuQi.Che Bus= GongGongQiChe 

FIGURE 7.3 Hierarchy for English Vehicle and Chinese Che 

and the generic vehiclewould normally be used only in a technical context, such as 
traffic laws. In Chinese, however, the word cheis the most common term for any 
kind of a vehicle. When the specific type is clear from the context, a Chinese 
speaker would simply say Please caU me ache, Tm waiting for the 5 o'clock che, or I 
parked my che around the corner. The fact that cheis both a standalone word and a 
component of all its subtypes enhances its salience; the fact that chuzuqiche and 
gonggongqiche are four-syllable words decreases their salience. Therefore, it would 
sound unnatural to use the word chuzuqiche, literally the exact equivalent of taxi, 
to translate the sentence Please call me a taxi. In translations from Chinese, the type 
Che would have to be specialized to a subtype to avoid sentences like I parked my 
mobile entity around the corner. George Lakoff (1987) presents many more examples 
of the effect of silience in natural languages. 

Misalignments between ontologies arise from a variety of cultural, geographic, 
liriguistic, technical, and even random differences. Geography probably contributes 
to the French distinction, since the major rivers in France flow into the Atlantic or 
the Mediterranean. In the United States, however, there are major rivers, such as 
the Ohio and the Missouri, which flow into the Mississippi. The Chinese prefer­
ence for one-syllable words that can either stand alone or form part of a com,pound 
leads to the high salience for che. The English tendency to drop syllables leads to 
highly salient short words like bus and taxi from omnibus and taxicab, which itself 
is a contraction of taximeter cabriolet. 

Figure 7.4 shows a "bowtie" inconsistency that sometimes arises in the process of 
aligning two ontologies. On the left is a m3:thematical ontology in which Circle is 
represented as a subtype of Ellipse, since a circle can be considered a special case of an 
ellipse in which both axes.are equal. On the right is a repi;:esentation that is sometimes 
used in object-oriented programming languages: Ellipse is considered a subclass of 
Circle, since it has more complex methods. If both ontologies were merged, the 
resulting hierarchy would have an inconsistency. To resolve the inconsistency; some 
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T:><T 
Circle Ellipse 

FIGURE 7.4 A bowtie inconsistency between two ontologies 

definitions must be changed, or some of the types must be relabeled. In most graphics 
systems, the mathematical definitions are pref erred because they support more gen­
eral transformations. 

ONTOLOGIES AND AxloMs. The most widely used ontology for natural lan­
guage processing is WordNet, developed by George Miller (1995) and his col­
leagues (Fellbaum 1998). WordNet contains thousands of English words classified 
by concept types called synsets (synonym sets). The synsets are organized in a 
hierarchy of types and subtypes with a few other associated relations, but with no 
;axioms or formal definitions. An even larger ontology is EDR (Electronic Diction­
:ary Research), which includes 400,000 concept types with the Japanese and English 
terms that express them (Yokoi 1995). The Cyc system (Lenat 1995) has the most 
detailed definitions and axioms for its concepts. To facilitate knowledge sharing, 
these groups have been collaborating with ANSI and ISO committees to develop 
standards for tdigning ontologies and their associated axioms. Since WordNet is 
freely available on the World Wide Web, it is being used as a starting point, but 
adjustments and revisions are inevitable as inconsistencies between the ontologies 
are resolved. 

Different applications require different amounts of detail in the ontologies and 
different levels of logic in the representation. Following are the requirements for 
some typical applications: 

• Information retrieval (IR). Many search engines on the World Wide Web use 
_arbitrary character strings as the keywords for indexing documents. They are 
useful for many purposes, but they often find thousands of irrelevant docu­
ments (low precision) while missing some of the most significant ones (low 
recall). Both recall and precision ca:i be improved with ontologies that organize 
concepts in a generalization hierarchy and show the common relations linked 
to them. Ontologies like WordNet and EDR, which have thousands of wor~ 
but very few axioms, are commonly used for IR 

• Machine "translation (MT) .. For more than thirty years, MT systems have been 
used to generate quick drafts of a text in a new language. Ontologies at the level 
of WordNet and EDR have been used for resolving ambiguities, but most 
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commercial MT systems do not translate the source documents to a logical 
form that can use detailed axioms at the level of Cyc. 

• Database question answering (QA). Unlike IR and MT systems, which depend 
on users to understand the documents, a QA system must analyze the question 
in sufficient detail to know what it is asking for. Some early QA systems, which 
were largdy based on keywords, were useful for finding data (as an IR system), 
but their answers were often highly misleading (see the examples in Section 
7.2). A robust and reliable QA system must be sensitive to as many logical 
features of the input as a problem-solving system. The axioms and background 
knowledge of Cyc would be valuable for analyzing the input questions and 
doing the inferences necessary to answer them. 

• Problem solving. Chess-playing programs illustrate the highly-specialized prob­
lem solvers that are designed for a specific task or a narrow range of tasks. 
Commercially practical examples occur in most of the major engineering, 
financial, scientific, and business applications. Such app4cations typically have 
small ontologies with a few dozen or a few hundied concept types. But those 
ontologies have associated axioms that are far more detailed and specialized 
than any of the large ontologies, including Cyc. Narrow ontologies, which are 
tailored for a single application, create serious difficulties for knowledge sharing 
and reuse. The engineers who design automobiles and the drivers who use them 
have completely different ways of thinking and talking about them. The 
workers in auto repair shops face the challenge of becoming multilingual in the 
ontologies of different manufacmrers and drivers. 

• Automatic programming. In the early days of computers, the term automatic 
programming was applied to compilers that translated high-level languages to 
machine language. Since then, the. term has COII].e to mean ·the much more 
difficult task of translating informal specifications written in natural language 
to formal, executable programs. That task, which is discussed in Section 3.1, 
was serious! y pursued in AI research projects during the 1960s and 1970s. The 
conclusion of that research was that the problem is far more difficult than 
anyone had imagined. It would require a total integration of every aspect of 
language understanding, every reasoning technique ever developed, and broad 
coverage dictionaries and encyclopedias axiomatized to a depth and precision 
that has so far been achieved only on very small problems. This is an example 

:- of an AI complete problem, which cannot be solved until all the outstanding 
research issues in AI have been settled. 

The result of aligning WordNet, EDR, and Cyc with other ontologies would be 
valuable for most of these tasks. But the problems of knowledge soup discussed in 
Chapter 6 must always be kept in mind. The standards for relating and aligning 
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ontologies must be systematic, but they must also be open to unforeseen and 
unforese~ble extensions, modifications, and revisions. 

NATURAL LANGUAGE AND PROBLEM SOLVING. For natural language process­
ing, an ontology must be able to accommodate anything that anyone might say. Its 
concepts must cover the full range of word senses in the language. For problem 
solving, the axioms are the major concern, and colorful details expressed in the source 
language are often irrelevant. As a typical AI problem, consider the MC puzzle about 
missionaries and cannibals who want to cross a river: 

Three missionaries wearing flowing robes and three cannibals wearing loin­
cloths are walking together from one village to another. Along the way, they 
come to a river where they find a boat that is big enough to hold two people 
at a time. They want to get everyone across the river, but the missionaries are 
afraid of being eaten if at any time the cannibals on either bank of the river 
outnumber the missionaries. How can they manage to get all six people safely 
across? · 

The task of translating this English paragraph to any notation for logic and 
analyzing the conditions of the puzzle is more difficult than the task of solving the 
puzzle itsel£ To illustrate the complexity, Figure 7.5 shows a conceptual graph for 
the first sentence. Literally, it may be read A set of peo pie consisting of the union of a 
set x of three missionaries who are wearing.flowing robes and a set y of three cannibals 
who are wed.ring loincloths are walking together from a village to a village that is 
different from the first one. 

This sentence illustrates several kinds of problems that arise in translations 
from language to logic. The word together in the original sentence indicates a 

People: Col{?x, ?y} 

Robe:{*} 

Cannibal: {*}@3 *y 

FIGURE 7.5 Conceptual graph for the first MC sentence 
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collective set Col{?x,?y}, which consists of the' union of sets x and y. But that 
sentence also contains four other plural nouns: missionaries, cannibals, robes, and 
loincloths. No special words or syntactic markers indicate how the corresponding 
collections arerelated to one another and to the instances of wearing. In Figure 7.5, 
the generic plural marker{*} leaves open the issue of how many robes or loincloths 
the people are wearing and how they may be sharing them. If the language analyzer 
had sufficient background knowledge, it might guess that each of the three mission­
aries was likely to wear a separate robe: 

[Missionary: Dist{*}@3 *x]~(Expr)~[Wear]-
(Thme) ~[Robe]~ (Throe)~ [Flow] . 

The distributive prefix Dist indicates that each of the three missionaries is wearing 
a distinct robe. A similar analysis would be needed for the cannibals and their 
loincloths. See Section 4.1 for other examples of distributive and collective sets. 

At the bottom of Figure 7.5, the phrase one village was mapped to the concept 
[Village], which indicates that there exists a village. The word another is an indexi­
cal, which indicates the existence of a village that is different from the other village. 
Indexicals like these, which were discussed in Section 5.2, can be resolved by 
domain-independent rules. Some of the other indexicals, however, require more 
background knowledge: the wa.11 they, and the cannibals on either bank. The phrase 
the missionaries, which occurs twice in the paragraph, is an indexical with different 
referents at each occurrence. The first occurrence refers to all three missionaries, but 
the second occurrence refers to just those missionaries who are on the same bank 
as the cannibals. A mistake in resolving the referents might lead to the lol!S. of some . . . 
m1ss10nar1es. 

Logical features that are critical for problem solving are less important for many 
applications of natural language processing. For IR, the search engines on the 
World Wide Web can retrieve dozens of student papers and analyses of the MC 
puzzle when given just the phrase "missionaries and cannibals." They even find 
solutions to the problem written-in Lisp, Prolog, Java, and other languages. Finding 
a previously written program is often just as useful as automatically generating a 
new one. For MT, the logical details of the plurals and indexicals are almost 
irrelevant: even a crude translation of the English statement to another language 
would convey enough of the content and purpose that a reader of the target 
language could understand the relationships. The burden of supplying the back­
ground knowledge and deriving the logical constraints is placed on the human 
reader rather than the machine. 

REPRESENTATIONS FOR PROBLEM SOLVING. After the MC paragraph has 
been translated to some knowledge representation language, it is still much too 
complex for most problem-solving programs. Many. details, such as the flowing 
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robes and loincloths, are irrdevant. Other details, such as the fear of being eaten 
and the desire to cross the river, are necessary as motivation, but they do not appear 
in the final representation. In analyzing the MC puzzle, Saul Amard (1968) derived 
a series of six representations, each with progressivdy less detail. His simplest and 
most efficient representation for each state is a triple <m,c,b>, which represents 
the number of missionaries m, cannibals c, and boats b on the starting side of the 
river. The initial state is <3,3,1>, and the goal state is <0,0,0>. The conditions 
of the puzzle are translated to axioms, which state the constraints on the form of 
permissible triples: 

• For any state <m,c,b>, 0:Sm:S3, 0:Sc::S3, O:Sb:Sl, (m=O or ~c), and 
((3-m)=O or (3-m);:::(3-c)). 

• For any state <m1,c1,l>, the next state is <~,ez,O>, where l:S(m1+c1) 

-(~+c:):S2. 

• For any state <m1,c1,0>, the next state is <~,ez,l>, where l:S(~+Cz) 
-(m1 + c1):S2. 

After the English statement has been translated to logical formulas, the problem 
could be solved by constraint-satisfaction methods, as described in Section 4.6. 
Doing the translation, however, is the.difficult part. Writing a general program that 
could translate a wide range of problems from English to logic is still an AI 
complete research problem. 

ELABORATION TOLERANCE; With minor changes, Amarel's triples could be 
used for different numbers of missionaries, cannibals, and boats. But such a highly 
specialized representation cannot accommodate major changes in the strUcture of 
the problem. John McCarthy (1997) coined the term elaboration tolerance for the 
ability of a representation to accommodate changes in structure. As examples, he 
discussed several kinds of elaborations of the MC puzzle: 

• Political correctness. The missionaries are in no danger, since the cannibals only 
eat enemies they capture in war. But if the missionaries outnumber the canni­
bals, they might conven them and reduce ethnic diversity. Find a solution to 
the puzzle that avoids the conversion of cannibals. 

• An oar on each bank. In the initial state, there is one oar on each side of the 
river. The boat can carry one person with one oar, but two oan are needed for 
it to carry two persons. 

• Bridge. Instead of a boat, there is a bridge that can accommodate tw0 persons 
at a time. 

• Bad boat. Suppose the boat had a leak. One solution might require a repair 
stage before the boat could be used. Another solution might require one person 
to bail and row. 
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• Restrictions on rowers. Case I: the missionaries can't row. Case 2: only one 
missionary and one cannibal can row. 

• Restrictions on sizes. Case I: the biggest cannibal eats the smallest missionary if 
they are alone together. Case 2: the biggest cannibal fills the boat. Case 3: ~e 
biggest missionary fills the boat. 

• Island. There is an island in the middle of the river where extra cannibals can 
be parked until the missionaries get across. 

• Time dependencies. Cannibals are initially not hungry, but rowing makes them 
hungry. If the strongest of the missionaries rows fast enough, the cannibals 
won't get hungry enough to eat the missionaries. 

• Conversion. A cannibal left alone with three missionaries is converted to a 
missionary. A missionary who goes too long without food becomes a cannibal. 

• Pregnancy. One of the missionaries or cannibals happens to be pregnant and 
has a baby during the crossing. Babies can't row, but they don't take up much 
space in the boat. They also raise issues of whether the property of being a 
missionary or a cannibal is inherited or acquired and whether it is manifested 
at birth or takes some time to devdop. 

These daborations, although stated in terms of a toy problem, are typical of the 
kinds of revisions and extensions that occur in any program as new features and 
functions are added. A drawback to reusing programs written by other people is the 
difficulty of adapting them to such changing requirements, especially if they are 
poorly documented. (As examples, see some of the MC programs found on the 
World Wide Web.) Specialized representations, which ·may be highly efficient for 
one version, are usually the hardest to modify or extend. A general representation 
in logic is usually the easiest to extend: the revisions can be made by adding and 
ddeting axioms, as in the theory revision systems discussed in Section 6.5. See 
Exercises 7. I to 7 .6 for further discussion of these issues. 

7.2 Conceptual Schema 

Every program encodes knowledge about some application or domain of applica­
tions, but the conventions for encoding the knowledge depend on some program­
mer's ingenuity. Figure 7.6 illustrates current practice: application programs are 
connected to the database and the user interface by thin lines supported by subrou­
tine calls. Each of the circles processes the same logical information about the same 
application domain. But for each of them, the information must be encoded in 
different formats, in different languages, and with features that are optimized for one 
circle but are possibly redundant or incompatible with the features needed for any 
other circle. As a result, Cu.rrent systems are plagued with special-purpose encodings 
that are difficult to design, implement, debug, maintain, use, and reuse. 
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FIGURE 7.6 Calling interfaces in current systems 

The need for standardized ways of encoding knowledge has been recognized 
since the 1970s. The American National Standards Institute (ANSI) proposed that 
all pertinent knowledge about an application domain should be collected in a single 
conceptual schema (Tsichritzis & Klug 1978). Figure 7.7 illustrates an integrated 
system with a unified conceptual schema at the center. Each circle is specialized for 
its own purposes, but they all draw on the common application knowledge repre­
sented in the conceptual schema. The user interface calls the database for query and 
editing facilities, and it calls the applieation programs to perform actions and 
provide services. Then the database supports th~ application programs with facili­
ties for data sharing and persistent storage. The conceptual schema binds all three 
circles together by providing the common definitions of the application entities and 
the relationships between them. 

User Interface 

FIGURE 7. 7 Conceptual schema as the heart of an integrated system 
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INTEGRATED SYSTEMS. For more than twenty years, the conceptual schema 
has been the key to integrated application design, development, and use. Unfortu­
nately, there were no full implementations. Yet partial implementations of some 
aspects of the conceptual schema have formed the foundation of several important 
developments: the fourth generation languages (4GLs); the object-oriented program­
ming systems (OOPS); and the tools for computer-aided software engineering(CASE). 
Each of these approaches enhances productivity by using and reusing common data 
declarations for multiple aspects of system design and development. Each of them 
has been called a solution to all the world's problems; and each of them has been 
successful in solving some of the world's problems·. But none of them has achieved 
the ultimate goal of integrating everything around a unified schema. One program­
mer Characterized the lack of integration in a poignant complaint: 

Any one of those tools by itself is a tremendous aid to productivity. 
But any two of them together will kill you. 

Each tool reshapes the world in its own image with its own data structures and 
programming techniques. It may be highly efficient within its sphere of influence, 
but it frustrates peaceful coexistence with other Systems based on a different world 
view. The most serious challenge for all such systems is to accommodate the billions 
of dollars of existing software - the so-called legacy systems. Even if all the programs 
in the world were magically converted to some new standard, they would not work 
unless they could process the volumes of old data in the old formats. 

The enhanced productivity of the 4GLs, the 0-0 languages, and the CASE 
tools is derived from a common strength: improved methods of representing 
application knowledge in a form that can be used and reused by multiple system 
components. Their limitations result from a common weakness: the inability to 
share that knowledge with systems that use a different representation. The potential 
fur conflict is inevitable: sharing requires a common representation, but inde­
pendently developed systems almost invariably use different representations. In 
order to support knowledge sharing among heterogeneous systems, the conceptual 
schema must be general enough to accommodate anything that c:in be represented 
in any current system, any legacy system inherited from the past, and any new 
system that may be developed in the furore. 

UNIVERSAL LANGUAGES. To express anything that can be represented in any 
past, present, or future system requires a universal language- one that can repre­
sent anything and everything that can be said. Fortunately, universal languages do 
exist. There are two kinds: 

1. Natural languages. Everything in the realm of human experience that can be 
expressed at all can be expressed in a narural language, such as English, French, 
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Japanese, or Swahili. Natural languages are general enough to explain and 
comment on any artificial language, mathematical notation, or programming 
language ever conceived or conceivable. They are even general enough to serve 
as a metalanguage that can explain themselves or other natural and artificial 
languages. 

2. Logic. Everything that can be stated clearly and precisely in any natural lan­
guage can be expressed in logic. There may be aspects oflove, poetry; and jokes 
that are too elusive to state clearly. But anything that can be implemented on 

a digital computer in any programming language can be specified in logic. 
Logic can also be used as a metalanguage for defining other formal languages, 
including itsel£ 

Although anything that can be stated clearly and precisely can be expressed in logic, 
attaining that level of precision may not be easy. Chapter 6 discussed the limitations 
oflogic in dealing with the complexities of the knowledge soup. Yet logic is all there 
is: every programming language, specification language, and requirements defini­
tion language can be defined in logic; and nothing less can meet the requirements 
for a complete definition system. 

NEED FOR LoGic. In the early work on conceptual schemas, Thomas Steele 
(1975) advocated logic as "the only acceptable choice" for representing database 
definitions, constraints, and queries. Yee Steele's advice was not heeded, partly 
because of the unreadability of predicate calculus. But without a solid foundation 
in logic, a database system cannot be trusted for critical applications. One question­
answering system, which was widely used during the 1980s, was advertised as 
capable of"understanding English," but it did not understand logic. As an example, 
it included a personnel database for a sample company. Using that database, it 
correctly answered the following question: 

Who are all of the exempt female managers? 

The advertising claimed that the system could handle "incorrect grammar." That was 
true, only because it completely ignored grammar. When the words in the above ques­
tion were scrambled in the following ways, it would still produce. the same answer: 

·Managers female exempt the of all are who? 
Who the be of females all manager on exempts ofof? 

- It discarded all function words such as a, the, are, and of as "noise words." The only 
words it saved from this query are exempt, female, and manager. Regular users 
learned to type just the basic keywords: 

~anager female exempt? 
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Despite its rudimentary treaonent of meaning, it was useful for many simple 
queries. Its major drawback, however, was that it couldn't handle complex queries. 
Even worse, users had no easy way to tell when a query would be handled correctly 
or incorrectly. Following are some actual responses: 

Q: How many managers are exempt? 
A:36 

Q: How many managers are nonexempt? 
A: 5 
Q: Haw many managers are not exempt? 
A: 5 

So far, all of these answers are correct. 

Q: How many exempt managers are not exempt? 
A: Your request contaim a l.ogical inconsistency. 

This is a good response that tells the user that the query was not stated correctly. 
But note the following response: 

Q: How many exempt managers are nonexempt? 
A:41 

Instead of saying that the request was inconsistent, it answered 41, which is the 
total number of all managers in its database. 

Questions that might seem simple to the user often turned out to be surpris­
ingly difficult for the system. Following is another strange response: 

Q: Are all managers men? 
A: yes 

On the surface, this response might not seem strange. It could indicate a typical 
male chauvinist company. But consider the next response: 

Q: Are all managers women? 
A: yes 

These two responses suggest the following ques_tion: 

Q: How many men are also women? 
A: 441 

The answer 441 happens to be the total number of employees in the company. 
Either everybody in the company is a hermaphrodite, or the logic used by the query 
system is highly unusual. 

The manuals did not explain the rules of logic assumed by the system, since 



422 'CO' CHAPTER SEVEN KNOWLEDGE SHARING AND ACQUISITION 

logic was considered "too technical" for the average user. By trial and error, however, 
an experienced user could discover the following implicit rules: 

1. If two terms ref er to different database fields, connect them with a logical and. 

2 If two terms refer to the same database field, connect them with a logical or. 

3. Assume that not negates the next database term, and ignore intervening "noise 
words." 

4. Map all quantifying terms to the existential quantifier 3. 

These rules are good enough to answer many questions correctly. By rule 3, the 
system was able to detect the inconsistency in the question How many exempt 
managers are not exempt? But instead of analyzing the word nonexempt as a synonym 
for not exempt, it treated it as just another term that might occur in the same 
database field as exempt. By rule 2, it interpreted the question How many exempt 
managers are nonexempt? as though it meant How many managers are either exempt 
or nonexempt? The answer to that question is all of them or 41. 

Some of the most egregious errors were the result of rule 4, which treats all 
quantifiers as existential. Because of that rule, the system could not distinguish an~ 
every, all, or some. Therefore, it treai:ed the questions Are all managers men? and Are 
all managers women? as though they were stated Are any managers men? and Are any 
managers women? Finally, by throwing away what it considered "noise words," the 
system treated the question How many men are also women? as if it had been stated 
How many men and women are there?The answer to that question is the total, 441. 

Many people found the system useful because it was much easier to learn than 
SQL or any other formal query language. Although it made occasional errors, most 
-of its answers were correct. Furthermore, the system always generated an echu. an 
11English paraphrase that showed exactly how it interpreted the input question. But 
~since most of its answers were correct, the· users· didn't always read the echo. 
Ironically; the more successful the system became in answering routine questions, 
the more likely that users would ignore the echo, and the more dangerous its 
mistakes could become. For a mediCal database, imagine what might happen if the 
system treated the following two questions as synonymous: 

Did every patient who received drug X survive? 
Did any patient who received drug X survive? 

The system would answer yes to both of these questions even if 90 percent of the 
pati~ts died after taking drug X. Some people bought the database system because 
it was easy to use and it generated attractive reports with colored bar charts and pie 
charts. But a patient who might be given drugX would undoubtedly prefer a system 
that paid more attention to logic than to pretty pictures. 
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ENTrrY-REl.ATioNSHIP DIAGRAMS. Every reliable database language does 
have a logical foundation. SQL, for example, supports all of first-order logic, 
although with a notation that is more difficult to read and write than' predicate 
calculus. Even professional programmers rarely write a correct SQL query on their 
first try, especially when it involves database joins." Many database design languages 
also suppon subsets oflogic. They include graphic notations such as entity-relation­
ship (E-R) diagrams (Chen 1976) and NIAM (Nijssen & Halpin 1989; Win­
traecken 1990). Those notations have proved to be valuable for many purposes. Yet 
none of them are as general and flexible as logic, and none of them can be used by 
themselves for a complete system design and specification. 

To illustrate some of the issues, Figure 7 .8 shows an entity-relationship diagram 
for pan of a university database. The four boxes represent the entity types Depart­
ment, Course, Section, and Student. The four diamonds represent relations be­
tween those types: Offers is a 1-to-nrelation between depanments and courses; Has 
is a 1-to-n relation between courses and sections; Enrolls is an n-to-m relation 
between students and sections; and Major is an n-to-1 relation between students 
and depanments. 

E-R diagrams represent some of the information needed for a conceptual 
schema: a list of the entity types, the permissible relations between them, and some 
of the constrfilnts on those relations. But they are too limited to express everything 
needed for data and program specification. Following are the kinds of information 
that cannot be expressed in E-R diagrams: 

• Instances. E-R diagrams only represent types and cannot say anything about 
particular instances of those types. It is not possible, for example, to use E-R 
as a language for a database update, such as Student Tom Jones, who is majoring 
in biology, is enrolled in Section M IB of Course Calculus L 

• Integri-ty cons'traints. They can only express constraints on one relation at a 
time. The following constraint cannot be expressed because it involves two 
relations, Enrolls and Has: No student may be enrolled in two or more sections of 
the same course. 

• Programs. They cannot express procedures, time dependencies, dataflows, state 
transitions, or mathematical formulas. 

• Object-oriented systems. Although some versions of E-R have been extended 
to show type or class hierarchies, they cannot represent object encapsula­
tions, message passing, or the operations an object performs in response to a 
message. 

These weaknesses do not imply that E-R diagrams are bad for what they can do. 
But they do imply that E-R diagrams are incomplete as a design and specification 
language. Richer languages are needed to supplement them. 
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DEPARTMENT 

SECTION 

FIGURE 7.8 Entity-relationship diagram for a university database 

CONCEPTUAL GRAPHS AND KIE To provide a more expressive basis for the 
conceptual schema, the NCITS T2 committee has developed ANSI standards for 
two logic-based languages: the Knowledge Interchange Format (KIF) as an inter­
change format between heterogeneous systems and conceptual graphs (CGs) as a 
presentation format with. better readability for human users. Although the KIF and 
CG nQtations look different, their semantics are identical. The two standards have 
been developed in parallel to ensure that anything written in one can be .translated 
automatically to the other. Therefore, any information transmitted via KIF could 
be presented in CGs, and vice-versa. As an example, Figure 7.9 shows a conceptual 
graph for an assertion that could not be stated in an E-R diagram: Student Tom Jones 
majurs in the Biology Department, he enrolls in Section MIB, and Course Calculus I 
has Section M IB. 

Each concept box has two parts: the type label on the left of the colon corresponds 
to the entity types in the E-R diagram; the referenton the right designates an instance 
of the type, such as Tom Jones or MlB. To translate Figure 7.9 to KIF, a concept like 

Department Biology Course: Calculus I 

FIGURE 7.9 An assertion stated as a conceptual graph 
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[Student: Tom Jones] becomes the parenthesized pair (student Tom_jones). Each 
relation with n arguments becomes a list of n elements, starting with the name of the 
relation. The relationship between Tom Jones and Section MlB would be written 
(enrolls Tom_jones MlB). The order of the arguments corresponds to the direction 
of the arrows: Tom_jones is first, and Ml B is second. Following is the KIF version of 
Figure7.9: 

(and (student Tom_Jones) (department Biology) (section MlB) 

(course Calculus_I) (major Tom_Jones Biology) 

(enrolls Tom_Jones MlB) (has Calculus_I MlB) ) 

In KIF, the operator "and" is used to combine all the information from the concepts 
and relations; its arguments may be listed in any order. 

QUANTIFIERS. To make general statements about instances, logic and natural 
languages use quantifiers. The following table compares the quantifiers in English, 
predicate calculus, conceptual graphs, and KIF: 

English 

some srudent 

every srudent 

PC 

3x:srudent 

'lix:srudent 

CG 

[Student] 

[Student: 'Ii] 

KIF 

(exists ((?x srudent)) ... ) 

(forall ((?x srudent)) ... ) 

Figure 7 .10 shows a conceptual graph with four concepts, each of which is exis­
tentially quantified (blank referent). Surrounding the graph is a context box marked 
with a negation symbol -.. The complete graph may be read It is false that there 
exists a student who is enrolled in two different sections of the same course. This 

Section 

.., 

Section 

FIGURE 7.10 A constraint stated as a conceptual graph 
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constraint, which cannot be stated in E-R diagrams, requires the quantifiers of 
first-order logic. 

In KIF, a variable is associated with each of the four concept boxes in Figure 
7.10: ?x for the student, ?y for one section, ?z for another section, and ?w for the 
course. The question mark distinguishes a variable like ?x from a constant like MlB. 
The operator "exists" is used for the existential quantifier and "not" for the nega­
tion. Following is the KIF version of Figure 7.10: 

(not (exists ((studen~ ?x) (section ?y) (section ?z) (course ?w)) 

(and (enrolls ?x ?y) (enrolls ?x ?z) (/= ?y ?z) (has ?w ?y) (has ?w ?z)) ) ) 

This statement may be read, It is false that there exist a studentx, a section )I a section z, 
and a course w, where x is enrolled in )I xis enrolled in z, y is not equal to z, w has )I and w 
has z. For readability, conceptual graphs may use special symbols like -=fo for not equa4 
but KIF uses I=, since it is restricted to a minimum number of special characters. 

QUERY GRAPHS. Besides representing tuples and constraints, conceptual 
graphs can also. express any database query that can be expressed in SQL. Figure 
7.11 shows a graph for the query Which student is enrolled in two different sections 
of the same course?That question might be used to search for students who violate 
the constraint in Figure 7.10. · 

The question mark in the concept [Sru.dent: ?] of Figure 7 .11 characterizes the 
graph as a query. When used by itself, the question mark asks the question Which 
student?When the question mark is used with a vai:iable, as in ?x, the combination 
corresponds to KIF variables like ?x or ?y. These two uses of the ? symbol correspond 
to the two uses of the word which in English: ? by itself corresponds to the 
interrogative which for asking questions; and ?x corresponds to the relative pronoun 
which used to make a reference to something else in the sentence. In the query 
language SQL, the question mark maps to the select verb, which designates the field 

Section 

Section 

FIGURE 7.u A query stated as a conceptual graph 
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Section 
MIA 

Section: 
MlB 

FIGURE 7.12 A constraint violation stated as a conceptual graph 

of the database that contains the answer. In SQ L, Figure 7 .11 would be translated 
to the fullowing query: 

select a.student 
from enrolls a, _enrolls b, has c, has d 

where a. student = b. student 
and a.section A= b.section 
and a. section = c. section 
and b. section = d. section 
and c.course = d.course 

Any or all of the four concepts in Figure 7 .11 could contain a question mark in the 
referent field. If all four were marked with the ? symbol, the answer would be the 
constraint violation in Figure 7.12, which says Student Tom Jones is enrolled in two 
different sections, MIA and M JB, of the course Calculus L 

As these examples illustrate, logic can state constraints, queries, and answers to 
queries. But besides making statements, logic includes inference nues that can carry 
out computations. Chapter 4 showed how logical inferences can simulate any 
computation that can be performed by a digital computer. Chapter 5 showed how 
logic can represent distributed agents, encapsulated objects, and message passing 
between agents and· objects. The next two sections of this chapter show how logic 
can represent various data structures of computer science. 

7.3 Accommodating Multiple Paradigms 
No single notation can ever be ideal for all purposes. Natural languages are good 
for asking questions and giving explanations, algebra is good for doing arithmetic, 
trees are good for representing hierarchies, and graphs are good for showing 
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complex interconnections. In computer science, there is no end to the number of 
specialized notations. Besides the hundreds of programming languages, there are 
diagrams for circuits, flowcharts, parse trees, game trees, Petri nets, PERT charts, 
neural networks, design languages, and novel notations that are invented whenever 
two programmers work out ideas at the blackboard. Musical notation, which was 
discussed in Chapter 1, is an example of a complex language that is both precise 
and human factored. As long as the mapping rules are defined, all of these notations 
can be automatically translated to or from logic. 

TREES. Since a tree is a kind of graph, trees can be mapped directly to 
conceptual graphs and then to KIF or predicate calculus. Yet the highly specialized 
trees of computer science typically leave implicit many details a conceptual graph 
would make explicit. As an example, Figure 7.13 shows two common kinds of trees: 
a type hierarchy and a parse tree. 

The two trees in Figure 7.13 have the same shape, but their arcs have different 
meanings. In the type hierarchy on the left, each arc represents a subtype relation: 
Plant, Mineral, and Animal are subtypes of Entity; Rabbit, Kangaroo, and Dog are 
subtypes of Animal. In the· parse tree on the right, each arc represents the part-of 
relation: a variable, := operator, and expression are parts of an assignment state­
ment; and a variable, + operator, and variable are parts of an expression. Another 
difference depends on the ordering of the branches. The type hierarchy is unor­
dered: the branches for Plant, Mineral, and Animal could be listed in any order 
without changing the meaning. The parse tree, however, has a strict ordering: 
moving the branches around would create an ungrammatical statement. 

A third difference is the distinction between instances and 'types. The parse tree 
relates instances: "+"is an instance of an operator, which is part of the expression 
"A+ B," which is part of the assignment statement "X:=A:::t-B." Every level of the 
parse tree says that the instances below are parts of the current instance, which in 
turn is part of the larger instance above. The type hierarchy; however, is a metas­
tatement about types: the arc that shows Plant as a subtype of Entity includes vast 

Rabbit Kangaroo Dog Operator Variable 
I I 

"~" "B" 

FIGURE 7.13 A type hierarchy and a parse tree 
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numbers of instances of plants within its scope. Logic can be used at either the 
instance level or the .. tyPe level Following are six pairs of formulas in logic that 
correspond to each of the six arcs in the -type hierarchy: 

Plant< Entity. \:dx)(plant(x) :::> entity(x)). 
Mineral< Entity. (Vx)(mineral(x) :::> entity(x)). 
Animal< Entity. (:dx)(animal(x) :::> entity(x)). 
Rabbit< Animal. \:dx)(rabbit(x) :::> animal(x)). 
Kangaroo <Animal \:dx)(kangaroo(x) :::> animal(x)). 
Dog< Animal. \:dx)(dog(x) :::> animal(x)). 

Each formula ori the left is a metalevel statement about types and subtypes; the 
corresponding formula on the right is a statement aboqx instances of those types. 
The operator < represents the subtype relation: the type Pla~t is a subtype of 
Entity. The formula on the right relates the instances: for every x, if x is an instance 
of Plant, then x is an instance of Entity. For each of these formulas in predicate 
calculus notation, there is an exactly equivalent statement in CGs and KIF: 

[Type: entity]-7(Subt)-+[Type: plant]. 

(subtype entity plant) 

[Plant: 'v'*x] [Entity: ?x]. 

(forall (?x plant) (entity ?x)) 

The six arcs of the type_ hierarchy in Figure 7.13 represent six metalevel statements 
that could be represented in the conceptual graph of Figure 7 .14. 

PARSE ThEE. Figure 7.15 shows the parse tree represented as a conceptual 
graph. Instead of the Subt relation to link levels, it uses the Part relation. To show 
the ordering, the nodes arelinked by the Next relation to their siblings. The referent 
fields of the concept nodes contain strings that represent the corresponding in­
stances. For example, the string "X: =A+ B" is the source code for the complete 

Type: Entiq-

Type: Plant Type: Mineral Type: Animal 

Type: Rabbit Type: Dog 

FIGURE 7.14 Type hierarchy of Figure 7.13 drawn as a conceptiial graph 
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Variable: "X" 

Variable: "B" 

FIGURE 7.15 A parse tree expressed as a conceptual graph 

assignment statement, and the lower-level concepts contain the corresponding parts 
of the statement. ' 

The grammar rules that are used t~ derive a parse tree are usually stated in a 
linear notation, such as Backus-Naur form: 

Assignment : : = Variable ": =" Expression 

This grammar rule could also be expressed as a conceptual graph. Figure 7.16 says 
that every assignment has three parts: a variable, next an operator":=", and next 
an expression. Figures 7.15 and 7.16 show the intimate relationship between 
grammar rules and parse trees: each grammar rule is a little triangle that can be 
joined with other grammar rules to build a parse tree. The rules of logic that allow 
the universal quantifier\;:/ to be instantiated with particular instances determine the 
constraints on the way the triangles are assembled. 

Figure 7 .16 can also be translated to other systems of logic, such as KIF: 

(forall (?x assignment) 

(exists ( (?y variable)· (?z operator) (?w expression)) 

(and (part ?x ?y) (part ?x ?z) (part ?x ?w) 

(next ?y ?z) (next ?z ?w) 

(repr ?y ' : =) ) ) ) 

Although the KIF form is semantically equivalent to the conceptual graph, its 
syntax does not show the close correspondence between the parse tree and the 
grammar rule. 

As these examples illustrate, tree diagrams can be mapped in a one-to-one 
I fashion to conceptual graphs or KIE But CGs and KIF are g~al~purp_Q§~E_~ta­
tions that usually have more detail than the special-purpose trees that leave maiiy 
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AssignmentV 

Variable Op=ror.":=" Expression 

FIGURE 7.16 A grammar rule expressed as a conceptual graph 

details implicit. If the detail is not important or is well understood, there is no 
reason to show it explicitly. People who are used to seeing parse trees and type 
hierarchies in the form of Figure 7.13 can continue to draw them in that style as 
long as they like. For a computer, however, no detail is implicitly "understood," and 
CGs provide a convenient way of showing the details explicitly. Graphics tools can 
off er users the option of seeing the details in CGs or suppressing them in more 
abbreviated notations. 

MODELS AND METAMODELS. Computer systems are ideal modeling tools, 
but any model can itself be the subject of models, which are then called metamodels. 
The languages used to describe the models are metalanguages and metametalan­
guages: instead of talking about some aspect of the world, they talk about the 
programs and languages that talk about the world. Requirements, designs, specifi­
cations, explanations, evaluations, and help facilities use metalanguages for talking 
about the programs, languages, databases, and knowledge bases that directly address 
some aspect of the world. In their original paper on stored-program digital com­
puters, Herbert Goldstine and John von Neumann introduced jluwcharts as the 
metalanguage for describing the design of computer programs. . 

For database design, the entity-relationship (E-R) diagrams discussed in Section 
7.2 are a· popular metalanguage. Instead of describing external objects directly, an 
E-R diagram is a metalevel statement that describes the database that stores infor­
mation about the objects. A sentence such as Tom Jones is enrolled in section MIB 
of Calculus !would be a statement about the objects Tom Jones, the section MlB, 
and the course in calculus. But a sentence about the n-to-m Enrolls relation is 
metalanguage about the language used tp talk about the objects. Logic can be used 
to express language at any level: it can be used as a metalanguage to describe the 
relations or as a language that describes particular facts stored in those relations. 
Figure 7.17 shows a metalevel statement expressed as an E-R diagram followed by 
a collection of facts expressed as conceptual graphs. The diamond node in the E-R 
diagram represents the relation Has, which relates the types Course and Section. 
The labels 1 and n on the arcs are called participation counts. They express the 
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constraint that each course may have some number n of sections, but each section 
is of exactly one course. Beneath the E-R diagram is a collection of conceptual 
graphs that represent instances. For a relational database, the E-R diagram repre­
sents a constraint on the relation and the entity types it relates. The conceptual 
graphs, however, represent the tuples or rows that contain the actual values stored 
in the database. 

In Figure 7.17, the diamond node indicates that Has is a 1-to-n relation between 
courses and sections. The circles in the conceptual graphs show that course Calculus 
I has two sections MIA and MlB, course Calculus II has two sections M2A and 
M2B; and course Topology has one section M37. This example illustrates the point 
that E-R diagrams are a metalanguage for talking about types, and conceptual graphs 
are an object language for talking about instances. But since logic can be used at either 
level, the E-R diagram can be translated to an exactly equivalent statement in concep­
tual graphs or any other version oflogic. Figure 7.18 shows the E-R diagram from 
Figure 7 .17 translated to a metalevel conceptual graph. 

The E-R diamond node becomes the concept [Relation: Has], whose type is 
Relation and whose referent names the relation Has. The E-Rentity nodes become 
concepts of type Type, whose referents name the Course and Section types. The 

Type Constraint: Course Section 

Course: Section: 
Calculus I MlA 

Course: Section: 
Calculus I MlB 

Instances: Course: Section: 
Calculus II M2A 

Course: Section: 
Calculus II M2B 

Course: Section: 
Topology M37 

FIGURE 7.17 Metalevel E-R constraint and object-level CG instances 
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EJ,_1--< 
,___n_G, 

Type: Course Relation: Has Type: Section 

I Participation: < l,n> I 
FIGURE 7.18 Metalevd E-R and CG constraint on the Has relation 

links in the E-R diagram are represented by the conceprual relations Argl and Arg2, 
which indicate the first and second arguments of the relation. The 1-to-n constraint 
on the Has relation is shown by the participation counts 1 and n on the arcs of the 
E-R diagram. In the conceprual graph, the participation counts are specified by a 
separate concept [Participatio~: <l,n>], which is linked to the relation node by 
the characteristic rdation Chrc. -

Besides box and diamond nodes, E-R diagrams may have oval nodes for 
attributes, which can be linked to either entity or relation nodes. Figure 7.19 shows 
an E-R diagram and the corresponding conceptual graph for showing that the 
relation greaterThan has the attribute transitive. 

As Figures 7~19 and 7.20 illustrate, when an E-R diagram is translated to a 
conceptual graph, the result usually has more nodes than the original. That kind of 
expansion is common when a specialized notation like E-R is translated to a more 
general notation like CGs or KIF. Following is the corresponding KIF formula for 
the CG in Figure 7.18: 

(and (type course) (relation has) (type section) (participation '(1 n)) 

(argl has student) (arg2 has section) (chrc has ' (1 n)) } 

Although the conceptual graph is more detailed than the E-R diagram, it has a more 
direct mapping to English. The CG in Figure 7.18 could be read as the following 
English sentence: 

The Has relation has argument 1 of -type Course, argument 2 of type Section, 
and a characteristic participation < 1, n>. -
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Relation: GreaterThan ~ Trmsitive I 

FIGURE 7.19 Metalevel E-R and CG showing that the greaterThaii. relation 
is transitive 

Besides representing the metalevel information in an E-R diagram, CGs and 
KIF can also represent the rules for mapping from the metalevel to the instance 
level As an example, Figure 7 .20 shows a conceptual graph for an If-Then rule 
whose conclusion is another If-Then rule. The If-part of Figure 7 .20 is the follow­
ing conceptual graph, written in the linear notation: 

[Relation: *r]-7(Attr)-7[Transitive]. 

This graph matches the CG in Figure 7.19, with thevariable*r matching the name 
"greaterThan." The Then-part of Figure 7.20 is another If-Then rule, which 

If. 

Then: 

FIGURE 7.w Metametalevel CG mapping from the metalevel to the object level 
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FIGURE 7.21 Object-level CG derived by applying the rule in Figure 7.20 to the 
CG in Figure 7.18 

contains conceptual relations whose label is pr. The Greek letter p represents an 
operator that maps a name like "greaterThan" to a label of a conceptual relation. 
The following statement defines the symbol > as the value of p when applied to 
the name "greater Than": 

pgrea terThan = '>' 

With this definition, the If-Then rule in Figure 7 .20 would generate the conclusion 
in Figure 7.21. 

The If-Then rule in Figure 7.21 is the axiom that defines what it means for the 
greaterThan relation to be transitive. In English, Figure 7.21 may be read Jf xis 
greater than y and y is greater than z, then x is greater than z. The symbols *x, *y, and 
*z in the IF-part of Figure 7.21 represent the defining occurrences of the variables 
x, y, and z. The symbols ?x and ?z in the Then-part represent references back to the 
defining occurrences. KIF uses the same form ?x, ?y; and ?z for both the defining 
occurrences and the repeated references .. Following is the KIF form of Figure 7.21: 

(=> (and (> ?x ?y) (> ?y ?z)) 

(> ?X ?z) ) 

As these examples illustrate, conceptual graphs and KIF can be used like E-R 
diagrams to represent metalevel information. But they can also state something that 
no E-R diagram ever could: the object-level axiom for transitivity in Figure 7.21. 
Furthermore, they can even state metametarules like Figure 7 .20, which map from 
the nietalevel to the object level. With s.uch power, CGs and KIF can be used as the 
object language, the metalanguage, or even the metametalanguage. In fact, they can 
be used at a potentially infinite number of levels. 

UNIFIED MODELING LANGUAGE. Many different design notations have been 
developed over the years, each with its own language, symbols, and graphics. All of 
them can be interpreted as variations or specializations oflogicsupplemented with an 
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ontology of metalevel terms and a methodology for applying those terms to the 
design and description of computer systems and applications. Three authors who had 
developed competing notations, Grady Booch, Ivar Jacobson, and Jim Rumbaugh, 
pooled their resources to produce the Unified Modeling Language (UML). The UML 
specifications, as described by the Rational Software Corporation (1997), are organ­
ized in four levels: 

• MetametamodeL The starting level or metametamodel specifies a small number 
of entity types that are used to define the syntax and semantics ofUML. The 
starting set includes high-order types such as MetaClass, MetaAttribute, and 
MetaOperation, as well as the general-purpose first-order types Integer, Real, 
String, and Boolean. · 

• MetamodeL The UML metamodels introduce more types such as Class, At­
tribute, Operation, Event, and Component as instances of the higher-order 
types of the metamodeL 

• Model For each application domain, a system analyst defines a model, whose 
types are instances of the types in a metamodel. 

• Application. The working data of an application program consist of instances 
of the types specified in the model of the ~pplication domain. 

The language used to define all the models and metamodels is a version of typed 
first-order logic called the Object Constraint Language (OCL). As an example, the 
UML specifications include the following OCL statement, which says that all 
parameters of an entity have unique names: 

self.parameter->forAll(pl, p2 I 
pl.name~p2.name implies pl=p2j. 

In OCL, seljis an indexical that refers to the current entity being defined, and the 
names of functions are written after the entity to which they apply. In predicate 
calculus, the order would be interchanged: pl.name would be written name(p1). 

Following is a translation of the OCL statement to predicate calculus with the 
symbol #self representing the indexical: 

(V' p1,;ieparameter(#self)) 
(name(p1) = name(p2) ::::> P1 = ;i). 

This formula says thatfor every p1 and Pi in the set of parameters of the entity#self, 
if p1 and Pi have the same names, then they are equal 

As the example illustrates, OCL is about as readable as other variations of 
predicate calculus such as KIF or Z (Spivey 1992). For better readability, the UML 
metamodels define graphical notations as extensions of OCL. The graphics include 
many of the notations that have been described in this book: generalization and 
specialization hierarchies, entity-relationship diagrams, state-transition diagrams, 
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Watch Seek 
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FIGURE 7.22 A Petri net overlaid with swimlanes 

and Petri nets· (which are called activit;y diagrams in UML). The logic-based OCL 
serves as the foundation for defining and relating these graphical notations. The 
design and development tools based on UML present the graphics to the program­
mers and systems analysts, but use OCL as the common internal representation. 

Besides unifying many conventional notations, UML introduces some innova­
tions, such as swimlanes, which partition the places and transitions of a Petri net, 
much like the partition~ that separate competing racers in a swimming pool. In 
Figure 7 .22, the Petri net of Figure 5.24 for the game of Hide and Seek has been 
overlaid with three swimlanes: the hiders proceed down the leftmost lane, which 
leads them to safety at the bottom; the seeker proceeds down the rightmost lane, 
but with the goal of avoiding the It place at the bottom; and the center lane shows 
the interactions between die seeker and the hiders. 

The swimlanes have no effect on the procedure defined by the Petri net; instead, 
they serve as a metalevel commentary about its structure. In Figure 7 .22, for example, 
they separate the actions performed by the hiders, the seeker, and the hider-seeker 
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pairs. Such a separation can be useful for both explanation and implementation. It 
ma ydivide a business organization into manageable units; it may partition a distrib­
uted system among different computers; or it may be the first step in decomposing a 
Petri net into a collection of finite-state machines, as in Section 5. 7. 

Swimlanes are an example of the open-ended number of notations that might 
be used to show different views of the same application. Each view is an abstraction 
from reality that highlights a different selection of objects, features, relationships, 
and behaviors. Yet ultimately, every view must be related to every other view in 
order to specify, develop, test, and deploy the system as an integrated whole. Logic 
is the universal language that can describe every feature represented in the more 
specialized notations and define the transformations from one to another. In his 
research, Guus Ramackers (1994) defined logical transformations for relating the 
different design notations of systems like UML. Hansen, Miihlbacher, and Neu­
mann (1992) showed how logic in the CG form can be used to relate five different 
design notations: entity-relationship diagrams, NIAM, Remora, dataflow diagrams, 
and set-function segments. Their students implemented Prolog programs to trans­

late each of the five notations to and from conceptual graphs: 

7.4 Relating Different Knowledge Representations 

Databases and knowledge bases created for different purposes by different people 
often represent the same information with a different choice of concept and relation 
types. Relational databases, for example, organize the data in tables, while object­
oriented databases group the data by objects. To illustrate the differences, Figure 7.23 
shows two structures of blocks and their representation in a relational database. 

Objects Supports 

ID Shape Color Supporter Supportee 

A pyr.i.mid red A D 
B pyramid green B D 
c pyr.i.mid yellow c D 
D block blue D E 
E pyr.i.mid orange F G 
F block blue H G 
G block orange 
H block blue 

F 

FIGURE 7.23 Two structure$ represented in a relational database 
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The two structures at the left of Figure 7.23 are composed of objects that 
support other objects. On the right are two database relations: the Objects relation 
lists each object's ID (identifier), its Shape, and its Color; the Supports relation lists 
the Supporter and the Supportee for each instance of one object supporting an­
other. In English, the structure at the top left could be described An orange pyramid 
E is supported by a blue block D, which is supported by a red pyramid A, a green 
pyramid B, and a yellow pyramid C That sentence could be represented by the CG 
in Figure 7 .24. -

The ontology of types and relations in Figure 7.24 does not correspond to the 
tables of the relational database in Figure 7.23. Figure 7.25 is another CG that uses 
the same ontology as the database. 

REORGANIZING A DATABASE. The dyadic relations of Figure 7 .24, which are 
based on the primitives of natural language, resemble the links in an object-oriented 
database. In a relational database, the data are often organized in tables with 
multiple columns, such as the Objects relation of Figure 7.23. To relate the two 
ontologies, their types and relations must be defined in terms of a common set of 
primitives, such as the sample ontology of Appendix B. Following is a definition of 
the type Block: 

type Block(*x) is [Object: ?x]--7(Chrc)-HShape: Block]. 

This definition says that a block xis an object xwith a characteristic (Chrc) shape 
of block. Next is a similar definition for the type Pyramid: 

type Pyramid(*x) is [Object: ?xJ-HChrcl-HShape: Pyramid]. 

Pyramid: E 

Color: orange 

Pyramid:A 

$ 
Color: red 

Color: green 

FIGURE 7.24 A conceptual graph that represents the top structure in Figure 7.23 
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Supports 

Color: orange 

Color: red Color: yellow 

Shape: pyramid Color: green 

FIGURE 7.25 A conceptual graph generated directly from the rdational database 

Following is a definition of the dyadic relation Supports: 

relation Supports(*x,*y) is [Object: ?x)+-(Tbme)+-[Support)-Hinst)-+[Object: ?y]. 

This definition says that the Supports relation links an object x, which is the theme 
(Thme) of the concept [Support], to another object y, which is the instrument 
(Inst) of the same concept. The Objects relation is triadic: 

relation Objects ( *x, *y, * z) is 
[Object: ?x] -

(Chrc)~[Shape: ?y] 

(Chrc)~[Color: ?z]. 

This definition says that the Objects relation has three formal parameters: an object 
x, which has a characteristic shape y and a characteristic color z. In the relational 
database, the Supports relation has domains named Supporter and Supportee, 
which could also be related to Figure 7.24 by type definitions: 

type supporter ( *x) is [Object : ?x] ~ (Inst) ~ [Support] . 

type Supportee ( *x) is [Object: ?x] ~ (Thme) ~[Support] . 

The first line says that Supporter is defined as a type ·of Object that is .the 
instrument (Inst) of the concept [Support], and Supportee is a type of Object that 
is the theme (Thme) of [Support]. 
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By expanding and contracting the definitions, conceptual graphs or the corre­
sponding formulas in predicate calculus can be convened from one ontology to 
another. Unfortunately, the problems of mapping ontologies, which were illustrated 
in terms of natural languages in Section 7.1, also plague the mappings from one 
database or knowledge base to another. For most purposes, the French word fleuve 
can be translated to the English word river, but for technical accuracy, it may have 
to be translated by the clumsy phrase river that flows into the sea. For computer 
systems, the simple translations that may be adequate 99 percent of the time create 
annoying and potentially disastrous bugs when the unexpected conditions arise. See 
Exercise 7. l 0 for further discussion of this problem and various ways of solving it. 

ANSWERING QUERIES. Restructuring a large database is a lengthy process 
that is sometimes necessary. But to answer a single question, it is usually faster to 
restructure the query graph than to restructure the entire database. To access a 
relational database such as Figure 7.23, the definitions can be used to translate the 
concept types in the query graph to concept types that match the domains of the 
database. As an example, the English question Which pyramid is supported by a block? 
would be translated to the following conceptual graph: 

[Pyramid: ?]~(Thme)~[Support]~(Inst)-HBlock]. 

The question mark in the referent field of the concept [Pyramid: ?] shows that this 
graph is a query graph. The identifier of the pyramid that makes this graph true 
would be the answer to the question. For Figure 7.24, the answer E could be derived 
by matching the query graph to the _conceptual graph. But if the data are in a 
relational database, the query graph must be translated to SQL. 

Figure 7.26 shows how the type and relation definitions are used to translate 

Pyramid:? 

FIGURE 7.26 Translating a query graph to a form that maps directly to SQL 
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the English question to a CG that uses the same types and relations as the database. 
At the top is the original query graph. The second graph replaces the types Pyramid 
and Block with their definitions as object with shape pyramid or object with shape 
block. The third graph replaces the type Support and the relations Thme and Inst 
with the relation Supports, which links the supporter to the supportee. Finally, the 
bottom graph replaces the two occurrences of the Chrc relation with the Objects 
relation. Since the Objects relation has three arcs, two concepts of type Color are 
also introduced; they they are ignored in the mapping to SQL, however, since colors 
are irrelevant to this query. 

By translating the bottom graph of Figure 7 .26 to SQL, the system can generate 
the following SQL query for the original English question Which pyramid is 
suppurted by a block? 

select supportee 
from supports, objects a, objects b 

where supportee = a.id 
and a.shape = 'pyramid' 
and supporter = b. id 
and b. shape = 'block' 

The question mark in the concept [Supportee: ?] m~ps to the select verb in the first 
line of the SQL query. The three relations in the query graph are listed in the 
from-clause on line two. Since the Objects relation appears twice, it is listed twice 
on line two - once as Objects A and again as Objects B. Then the where-clause· 
lists the conditions: the supportee must be equal to the identifier of object A; the 
shape of object A must be p:framid; the supporter must be equal to the identifier 
of object B; and the shape of object B must be block Every feature of the SQL 
query is derived from some feature of the transformed query graph at the bottom 
of Figure 7 .26. 

MAPPING TO NATURAL LANGUAGE. Semantic representations for expert sys­
tems are often highly specialized for a particular application. One expert system for 
diagnosing cancer patients represented knowledge in a frame with the following 
format: -

(defineType MedPatient 

(supertype Person) 

(motherMelanoma (type Boolean) 

(question ' (Has the patient's mother had melanoma?)) ) ) 

This frame says that a medical patient, MedPatient, has a supertype Person. Then 
it lists several attributes, including one named motherMelanoma, which has two 
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facets: one facet declares that the values of the attribute must be of type Boolean; 
the other specifies a character string called a question. Whenever the system needs 
the current value of the motherMelanoma attribute, it prints the character string 
on the display screen, and a person answers yes or no. Then the system converts the 
answer to a Boolean value (Tor F), which becomes the value of the attribute. 

Such frames are simple, but they omit important details. The words motherand 
melanoma appear in the character string that is printed as a question to some person 
at a computer display. Although the person may know the meaning of those words, 
the system cannot relate them to the attribute motherMelanoma, which by itself 
has no more meaning than the character string "MM". Whether the system can 
generate correct answers using values of that attribute depends on how the associ­
ated programs happen to process the character strings. To express those details in a 
form the computer can process, Figure 7 27 shows a conceptual graph for the 
sentence The patient's mother suffered from melanoma. 

The concept [MedPatient: #] for the medical patient is linked via the child 
relation (Chld) to the concept [Mother]. The experiencer (Expr) and source (Srce) 
relations link the concept [Suffer] to the concepts [Mother] and [Melanoma]. The 
type hierarchy would show that a medical patient is a type of person; a mother is a 
woman, which is also a person; and melanoma is a type of cancer, which is also a 
disease: · · 

MedPatient < Person 
Mother < Woman < Person 
Melanoma < Cancer < Disease 

The type MedPatient could be introduced by the following definition: 

type MedPatient (*x) is 
[Person: ?x] f-- (Ptnt) ~ [TreatMed] ~ (Agnt) ~[Physician] . 

In this graph, the verb treat is represented by the type TreatMed to distingwsh it 
from other word senses, such as giving the patient some candy. The definition may 
be read The type MedPatient is defined as a person x who is treated by a physician. 
Figure 7.28 defines MotherMelanoma as a dyadic relation that links a person x to 
a Boolean value y, where y is the mode of a proposition that x is the child of a 
mother who suffered from Melanoma. 

Med.Patient: # Mother Melanoma 

FIGURE 7.27 CG for the English sentence" 
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type MotherMelanoma(*x, *y) is 

Person: ?x Boolean: ?y 

Proposition: 

Mother Suffer Melaµ.oma 

FIGUR.i! 7.28 Definition of the MotherMelanoma relation 

The amount of detail required for semantics shows why most expert systems 
do not have a narural language interface. A system that translated The patient's 
mother had melanoma to Figure 7.27 would be more complex than a typical expert 
system shell Even then, it would still have to perform further inferences before it 
could deduce T or F for the motherMelanoma attribute. It is easier to print out a 
character string and let the user select yes or no from a menu. Yet that solution rpight 
make it harder to modify, extend, and link the system to other programs designed 
for other purposes. Consider some possible extensions: 

• If the expert system were later linked to a database so that it could check the 
patient's records directly, the attributes stored in the database would probably 
not match those needed by the expert system. Instead of storing a mother­
Melanoma attribute for each patient, the database would be more likely to list 
the person's mother. Before the system could determine the value of that 
attribute, someone would have to write a database query or view with the more 
detailed concepts of Mother, Disease, and Melanoma. 

• Besides the prompts, many expert systems include additional character strings 
for explanations. Many of them are stored as canned phrases that are typed 
whenever a particular rule is executed. But better explanations would require 
some tailoring of the strings to insert context-dependent values. As the system 
becomes more complex, the help, prompts, and explanations could take more 
space than the rules, and they would have to be revised or rewritten whenever 
the rules were changed. 

• Writing the help, prompt, and explanation messages and keeping them consis­
tent with every modification to the rules is difficult enough with one language, 
but for a system used in different countries, they would all have to be written 
and revised for every language. 

This example is another illustration of elaboration tolerance. McCarthy observed 
that a general-purpose representation in logic is usually the most flexible and the easi-
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est to adaptto a wide range ofapplications. Experience with the Cyc system (Lenat & 
Guha 1990) confirms that point: Cyc began as a frame-based system augmented with 
constraints, but over the years the logic-based constraints evolved into the primary 
Cyclanguage (CycL), and the frames have been limited to simple data entry. 

7.5 Language Patterns 

Knowledge acquisition begins with natural language. The key words of a document 
or an interview with an expert express the concepts of an application. They map to 
predicates in logic, domains in a database, slots in frames, attributes in rules, or classes 
in 0-0 languages. But words and the concepts they express are not isolated symbols; 
they are interconnected in complex patterns of thought that cannot be understood. in 
isolation. A person or computer with no background knowledge about the following 
subjects could not understand dictionary definitions of the terms they use: 

• Religiorr. sin, kosher, taboo, kanna 
• Automobiles.· ignition, transmission, differential 

• Finan~e. tax shelter, depreciation, puts and calls 

The entry for sin, for example, might define it as a transgression against God. But 
that introduces the concepts of transgression and Goel A transgression is a violation 
of a law, but that raises questions about how God gives laws and how they differ 
from human laws or laws of physics. A few more steps lead to the concepts of 
heaven and hell and eventually all of theology. Understanding an automobile 
ignition requires knowledge about the electrical system, the fuel system, and even 
the operation of the engine itsel£ Puts and calls cannot be understood without 
detailed knowledge about the stock market and how it operates. In every field of 
human endeavor, from cooking and fashion to topology and quantum mechanics, 
concepts are only meaningful in relation to other concepts in tightly organized 
structures of thought. Knowledge acquisition begins with words, but it must find 
the connections that link those words in larger patterns. 

Co-OCCURRENCE PA'.ITERNS. Words with the same semantic features tend to 
occu+ in the same kinds of expressions. Linguists take advantage of that tendency 
by looking for co-occurrence patterns- phrase or sentence patterns that systemati­
cally occur with words that have a certain feature. The co-occurrence patterns serve 
as an ~pirical test for the presence of that feature. As an example, consider the 
following pattern: 

a book, three books 

an elephant, three elephants 
an idea, three ideas 
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Those phrases sound normal, but the following seem odd or incorrect: 

a water, three waters 

a butter, three lnaters 
a happiness, three happinesses 

A phrase like three waters may be used, but only to indicate three kinds, not three 
instances: 10u have a choice of three waters: Perrier, Poland Spring, or New York City 
tap. This co-occurrence pattern highlights a distinction between two kinds of 
nouns: book, elephant, and idea are count nouns that occur with the article a in the 
singular and can be used normally in the plural; water, butter, and happi.nessare mass 
nouns that .do not occur with a in the singular and have different meanings in the 
plural. The distinction corresponds to a semantic difference that is important for 
knowledge representation: count nouns ~ef er to things that can be counted, but 
mass nouns refer to substances that can only be measured. Although the distinction 
is usually quite sharp, some nouns, such as cake, may be used as both count nouns 
and mass nouns. As a count noun, a cake refers to an object; but as a mass noun, 
cake refers to the substance of which a cake is made. This is not an exception to the 
rule, but an example of a word with two different but related senses. 

The presence or absence of an ~de in English signifies an important semantic 
distinction, but many languages, including Russian and Chinese, have no articles. 
Each language has its own syntactic ways of expressing semantic distinctions, and 
different languages emphasize different aspects. Although Russian and Chinese do 
not mark definite and indefinite noun phrases as clearly as English, they are more 
specific in indicating whether the action of a verb is complete (perfective) or 
incomplete (imperfective). Ert'glish marks a different feature of verbs: the distinction 
between a simple verb form like walks and the progressive form is walking. That 
distinction, which ~ peculiar to English, is the basis for useful co-occurrence tests 
that cannot be translated directly to other languages. Co-occurrence patterns are 
used to detect language-independent semantic features, but they are always ex­
pressed in language-dependent syntax. 

VERB PATTERNS. Verbs have syntactic relations that are signaled by 'position 
in English and Chinese, but by case markers in Russian and Japanese. Those 
syntactic relations express different semantic information that can be distinguished 
by co-occurrence patterns. The verbs eat and like, for example, both occur in a 
pattern with a direct object: 

I ate the doughnut. 
I liked the doughnut. 

This pattern can be used to group verbs in two major classes: the transitive verbs, 
which take a subject and an object, and the intransitive verbs like sleep or walk, 
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which take only a subject. Those broad classes can be subdivided further with more 
distinctions. The following patterns sound natural or normal with the verb eat, but 
they sound odd with the verb like. 

I am eatingthe doughnut. 
I am likingthe doughnut. 
What I did was eat the doughnut. 
What I did was like the doughnut. 

These co-occurrence patterns distinguish actions from states: verbs in the eat:-cl.ass 
express actions, while verbs in the like-class express states. Other verbs that can 
occur in the same patterns as eat include mash, bake, dunk, discard, and explode. 
Some verbs that occur in the same patterns as like include own, admire, and know. 

In the classification of processes in Section 4.2, the end points are significant 
for distinguishing completed from continuing actions. But what determines com­
pletion depends on various factors, including the agent's intentions and the nature 
of the process itsel£ The philosopher Zerio Vendler (1967) developed co-occurrence 
tests to determine the nature of the processes expressed by the verbs. Following is 
a sample pattern: 

John partially wrecked the house. 
John partially boughtthe house. 

The first sentence means that John did some damage, yet less than total destruction. 
But the second sentence is nonsense: buying is an indivisible action that cannot be 
done partially. Vendler used this pattern to distinguish achievement verbs like buy, 
which represent indivisible actions, from accomplishment verbs like wreck, which 
allow intermediate stages or degrees of completion. Other achievement verbs that 
cannot be done partially include see, take, enter, and drop. Some accomplishment 
verbs that can be done pirtially include penetrate, cover, consume, and burn down. 

Each co-occum;:nce pattern divides the words in two classes: those that fit the 
pattern, and those that don't. Further tests may subdivide either or both of those 
classes. The transitive verbs that fit the pattern I -- -the doughnut are further 
classified as action verbs or state verbs by the pattern What I did was - - - the 
doughnut. With n patterns, up to 211 co-occurrence classes may be distinguished; the 
actual number is often less than 2" because some combinations may be mutually 
exclusive. Beth Levin (1993) presented a compendium of such patterns for class­
ifying verbs and the processes they express. Appendix B summarizes the conceptual 
relations defined by such pa_tterns. 

SUBJECT PATTERNS. Different classes of verbs are characterized by different 
concept types, and those types may be linked to other concept types by different 
types of conceptual relations. The concepts of action verbs are subtypes of Action, 
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and the subjects of the verbs are the agents that voluntarily perform the actions. 
The concepts of state verbs are subtypes of State, and the subjects of those verbs 
may have little or no choice about the experience. The next two conceptual graphs 
show the concept [Eat] with the agent relation (.Agnt) and [Like] with the experi­
encer rdation (Expr): 

[Person: #I]~(Agnt)~[Eat]~(Ptnt)~[Doughnut: #]. 

[Person: #I]~(Expr)~[Like]~(Thme)~[Doughnut: #]. 

The symbol # marks indexicals. By itself, # represents the definite article the, and 
the synibol #I represents the speak.er in the current context. 

Not all verbs have animate subjects that can voluntarily perform an action, and 
they roay have nonsentient subjects that cannot experience anything. In the sen­
rence John opened the door, John is the agent who had some choice. But in the 
sentence The key opened the door, the key is not an animate being. To test for agents, 
the on purpose pattern may be used: 

john opened the door on purpose. 
The key opened the door on purpose. 

11· Only agents can .do things on purpose. Since the first sentence sotinds normal, John 

I is the agent of the concept Open. Since the second sentence sounds odd, the key 

1 c.annot be an agent. Instead, it would be an ins~ent (Inst): 
' -

[Person: John]~(Agnt)~[Open]~(Thme)~[Door: · #]. 

[Key: #]~(Inst)~[Open]~(Thme)~[Door: #]. 

If neither the agent nor the instrument is mentioned, some English verbs permit 
!he direct object to be promoted to the subject position. In the sentence The door· 
/opened, the door cannot do anything on purpose, but its relationship to opening 
lremains the same as in the previous sentences. It is the theme (Thme) of the action, 
which may be the subject when the other rdations are omitted: -

[Door: #]~(Thme)~[Open]. 

Sometimes a verb with multiple word senses may express different concept 
types in different syntactic patterns. In the following sentences, the verb think 
represents an action whose subject passes the tests for an agent: 

I am thinking about the probl=. 
What I did was think about the ,problem. 
I thought about the problem on purposC: 

These sentences sound natural with the phrase about the problem, but they would 
sound strange with the phrase that the sky is blue. Therefore, think is an action verb 
in the pattern think about, but a state verb in the pattern think that. In the next twO 
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CGs, the different word senses are distinguished by the concept type ThinkAbout 
with an agent and Think.That with an experiencer: 

[Person: #I] f-(Agnt) ~ [ThinkAbout]-7 (Thme) ~[Problem: #] . 
[Person: #I]f-(Expr)f-[ThinkThat]-

(Thme)-7[Proposition: [Sky: #]-7(Attr)-7[Blue]J. 

In the second graph, the theme of Think is a proposition whose referent is a nested 
graph that says the sky has attribute blue. 

OBJECT PATTERNS. All transitive verbs have direct objects, but the semantic 
relation depends on how the action or state of the verb affects the object. Something 
very different happens to the doughnut in each of the following sentences: 

I made the doughnut. 
I liked the doughnut. 
I ate the doughnut. 

Making causes the doughnut to come into existence, liking has no effect on it, and 
eating causes it to change or even disappear. The resul~ relation JRslt) is used for 
objects that are created by the action; theme (Thme) for objects that may be moved 
or experienced, but not changed internally; and pati~I?-.!_ (£>tn.t) for objects that are 
structurally improved, dam~desuoyed. So~etimes the same-V:e;l:) lnay be 
Wed t~. expr~ -creation or modification, as in the sentence I baked the doughnut. 
That sentence has two possible interpretations: I created the doughnut by baking it, 
which would use the result relation; or I heated a pre-existing doughnu~ which would 
use the patient relation. 

BUT TEST. Many co-occurrence patterns test for simple features like the 
distinction between states and events. But other patterns can detect complex 
strucrural relationships. As an example', Jerrold Katz (1966) used the following 
pattern: 

The razor blade is good. 
The grain of sand is good. 

The first sentence is complete in itself and needs no further explanation. The 
second, however, immediately leads the reader. to ask, good for what? Terms that fit 
in the same co-occurrence class as razor blade include poker hand and lung. These 
wo~ds refer to things that have implicit purposes: a razor blade is supposed to be 
good for shaving, a lung for breathing, and a poker hand for winning a game. 

Words that fit in the same class as grain of sand include molecule, integer, liquid, and 
planet. These words have no implicit relations that provide a scale of goodness. A 
grain of sand may be good for causing an oyster to grow a pearl, and a planet may 
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be good as a target for space exploration, but those uses are not part of the meaning 
of sand or planet. As a test to determine the implicit relationships for a concept type, 
consider the next example: 

Here is a razor blade, but .. . 
Here is a grain of sand, but .. . 

In the first sentence, one would expect a continuation that denies some typical 
relationship of a razor blade, such as you can't shave with it or its blade is chipped. 
In the second, however, there is no obvious continuation. In a discussion about 
cultured pearls, it might make sense to continue with you can't grow a pearl with it. 
Yet that continuation would be suggested by the previous context, not by any 
relationship intrinsic to the grain of sand itsel£ This example can be generalized to 
a co-occurrence pattern known as the bu~test: 

1. Contradictory. Macula is a dog, but she is not an animal. 

2. Normal Lucky is a pet, but he is not tame. 

3. Odd, but possible. Muffy is a cat, but she is not black. 

4. Odd and nonsensical. Yojo is a cat~ but he is not a verb. 

The first sentence is contradictory since the definition of dog implies animal. The 
second sounds normal since being tame is an expectation for a pet, but not a 
requirement. The third sounds odd with but since being black is not an expectation 
for a cat. That sentence, however, would sound normal with the conjunction and 
instead of but, since not being black is a possibility. The fourth is literally uue, but 
it sounds odd, since there is no way that anything could ever be both a cat and a 
verb. In general, for any concept type t and predicate p(x), the but-test has the 
following form: 

xis an instance of t, {but I and} not p(x) 

A sentence of this form may be contradictory, natural, odd, or nonsensical with the 
con junction but or and. 

• If contradictory, then either p(x) is part of the definition oft, or it is implied 
by the definition. 

• If natural with but and odd with and,. then p(x) is implied by the expectations 
fort. 

• If odd with but and natural with and, then p(x) is possible for t, but it is not 
an expectation. 

• If odd or nonsensical with both but and and, then p(x) does not apply to 

instances of type t. 
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The expectations implied by a concept type are the defaults that can be used in 
nonmonotonic reasoning, as discussed in Sections 6.4 and 6.5. 

BusINEss RULES AND TYPES. The linguistic techniques of co-occurrence re- 11 
lations and the logical techniques of defining categories by distinctions with asso-ff! 
ciated axioms apply to ontologies for every aspect of life. For families, they apply/ 
to kinship terms like sister and grandfather, which can all be defined by combina~· 
tions of the dyadic rdation parentOf and the binary distinction of male or female. 
For businesses, the techniques apply to enterprise analysis, which is the study of the 
information flow between various divisions, such as engineering, manufacturing, 
accounting, and sales. For example, Donald Burnstine (1977) devdoped the Busi­
ness Information Analysis and Integration Technique (BIAIT) as a method of 
classifying the recordkeeping needs of business enterprises in terms of seven binary 
distinctions: 

1. Bill Does the supplier bill the customers, or do they pay cash? 

2. Future. Does the supplier deliver the products at some time in the future, or 
do the customers take the products v.ith them? 

3. Pro.file. Does the supplier keep a profile of the customers, or is every transac-
tion a surprise? 

4. Negotiate. Is .the price negotiated or fixed? 

5. Rent. Is the product rented or purchased? 

6. Track. Does the supplier keep track of the product after it is sold or not? 

7; Customize. Is the produce custom made or provided from stock? 

These seven binary distinctions determine 27 or 128 types of businesses, distin­
guished by their recordkeeping needs. The first answer to each question implies 
more complex records. In the simplest case, a.pushcart vendor does a cash-and-carry 
business with no records at all. 

For each of the seven questions, the first answer implies one ,or more record 
types that must be prepared, processed, and saved for every_ sale. The question about 
billing, for example, implies that the business m~st do credit checks,- bill prepara­
tion, accounts receivable, and debt collection. The question about.future deliveries 
implies· a need to remember addresses. Since packages may get lost or damaged in 
transit, it also implies a need to record the complete contents of each order in case 
one has to be duplicated or a client reimbursed. If a company does both billing and 
future deliveries, then it inherits all the recordkeeping requirements of both types 
of businesses_ In general, the implications of each question are the rules-or axioms 
of a certain type of business_ Those axioms are inherited by every subtype. The 
complete axioms for a business constitute a theory of its record-handling and 



452 2->' CHAPTER SEVEN KNOWLEDGE SHARING AND ACQUISITION 

information-processing needs. Although business executives rarely use mathemati­
cal terms like axiom and theury, the record-handling and accounting procedures in 
their computers are just as mathematical as any program used in engineering or 
science. The only difference is that the theori~ that underlie the business programs 
haven't been analyzed as thoroughly as the theories of physics. 

7 .6 Tools for Knowledge Acquisition 

Knowledge acquisition is the process of eliciting, analyzing, and formalizing the 
patterns of thought underlying some subject matter. In elicitation, the knowledge 
engineer must get the expert to articulate tacit knowledge in natural language. In 
formalization, the knowledge engineer must encode the knowledge elicited from 
the expert in the rules and facts of some AI language. Between those two stages lies 
conceptual analysis. the task of analyzing the concepts expressed in natural language 
and making their implicit relationships explicit. A deep understanding of logic, 
language, and philosophy is a prerequisite for conceptual analysis. Logic is essential, 
~since every knowledge representation language is a thinly disguised version of logic; 
1ianguage is essential, since natural languages are the primary means of communi­
cation between the experts and the knowledge engineers; and philosophy is essen­
tial, as the discussion of ontology in Chapter 2 has shown. With such a large 
number of prerequisites, finding people who are qualified to do conceptual analysis 
can be challenging. One solution is to develop tools that can enable people with 
different specialties to collaborate. 

CONCEPTUAL SCHEMA MODELING FACILITIES. Conceptual modeling is cen­
tral to systems analysis, database modeling, and-knowledge engineering. To support 
those tasks, the ISO SC32 project on Conceptual Schema Modeling Facilities 
(CSMF) is developing standards for appropriate languages and tools. Figure 7.29 
shows how CSMF could be used to divide the task of knowledge acquisition into 
separate stages. At the upper left, logicians, linguists, and philosophers enter the 
ontological primitives of language and logic. Logicians could use CSMF to enter the 
de£nitions and axioms for logical operators, set theory, and basic mathematical 
concepts and relations. Linguists could use it to enter the grammar rules of natural 
languages and the kinds of semantic types and relations defined in Appendix B. 
Philosophers could use CSMF to collaborate with the linguists and logicians in 
analyzing and defining the fundamental ontologies of space, time, and causality 
common to all domains of application. Together they would provide the basic 
ontologies or starting definitions for the application developers and users. 

In the center of Figure 7.29, application developers use CSMF to enter do­
main-dependent information about specific applications. Some_of them would use 
CSMF to define generic ontologies for industries such as banking, agriculture, 
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muung, education, and manufacturing. Others would start with one or more 
generic ontologies and combine them or tailor them to a particular business, 
project, or application. The process of defining ontologies is an integral part of 
application development. The domain ontologies would actually be a byproduct of 
the implementation process: the same information that the developers use to define 
database formats, programming interfaces,_ and object declarations could be trans­
lated to natural language in the operational stage. The documentation could never 
be inconsistent with the impiementation, since it would be generated automatically 
from the implementation. 

At the bottom right of Figure 7.29 is a Multimedia Dialog Manager (MDM), 
which controls the interactions with the application users. Figure 7.29 shows con­
ceptual graphs as the central knowledge representation for integrating the compo­
nents of MDM and CSMF. The individual components, however, may use any 
appropriate language in their internal implementations. F~r communicating be­
tween components, any logic-based language with the same expressive power as CGs 
and KIF could be used. The ISO standards specify the abstract syntax and semantics 
-fu1'7ilie CSMF, but they allow the implementers to choose any appropriate internal 
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representation. Conceptual graphs may be used as a presentation language by the 
application developers who are writing and editing the domain-dependent knowl­
edge. The application users would not see the CGs themselves, but the natural 
language messages generated from the CGs. 

VARIETIES OF DOMAIN KNOWLEDGE. After the logicians, linguists, and phi­
losophers have created the general-purpose dictionaries and ontologies, application 
developers can use CSMF to enter the domain knowledge in their area of speciali­
zation. As examples of the kinds of knowledge that must be entered, consider the 
following sentences: 

I. Wallets are used to carry money. 

2. Chttrlie lost his wallet on the train. 

3. Charlie lost all the money in his wallet. 

Sentence 1 is a general principle that might be found in a dictionary; it could be 
encoded in a rule that would apply to any instance of a wallet. Sentence 2 is a 
specific fact about a particular instance; it might be stored in a database, but it is 
hot a general rule. Sentence 3 is an inference that an expert system might derive by 
combining the general principle (1) with the specific fact (2). 

The general principles constitute the semantic memory of an expert system -
its background kiiowledge about the world, including the ontology, axioms, and 
defaults. Specific faets constitute episodic memory about situations at particular 
times and places. It makes up the operational knowledge that is stored in a database, 
acquired from a user during a dialog, or derived by inference in answer to a 
question. Semantic m~ory-includ~ five kinds of information: ---.....,..---- .. - ---- ------- - - --------------
• Ontology. A classification of the types and subtypes of concepts and relations 

necessary to describe everything in the application domain. 

• Definitions: Necessary and sufficient conditions that define new types of con­
cepts and relations in terms of more primitive types. 

• Constraints. General principles or axioms that must be true of the instances of 
those concepts. 

• Defaults: Information that is expected to be true of the instances of various 
concept types. 

• Behavior. Rules that govern the actions by and upon each type of object and 
the interactions of collections of objeets. 

As an example, a definition of automobile would state the necessary and sufficient 
conditions that define the term: "a four-wheeled, self-propelled vehicle designed for 

:transporting passengers." In that definition, vehicle is thc:R,enus or sup~e, and 
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the modifiers state the conditions that distinguish automobiles from other kinds of 
vehicles. Besides the defining constraints, there may be legal and practical con­
straints: on size, big enough to carry a human being, but small enough to travel on 
typical roads; on the engine, powerful enough to attain highway speeds, but with 
a limited amount of pollutingfumes. Definitions and constraints must be true, but 
for different reasons: if the definition of automobile were false for some object, then 
it would not be called an automobile; if the other constraints were false, some law 
would be violated, or the thing could not be used for its normal purpose. Besides 
the requirements stated in the definitions and constraints, defaults state the ex­
pected background information: a typical automobile costs $20,000 when new; 
most families in the United States own one or two; they may be status symbols; 
teenagers covet them; they are essential for people living in Los Angeles, but not for 
those living in New York City. 

MAPPING SPECIFICATIONS TO LOGIC. The difficulty of translating specifica­
tions from English to any formal notation was discussed in Section 3. I. Although 
computers are not as good. as people at resolving ambiguities, they are better than 
people at detecting ambiguities and finding statements where more precision or 
clarification is needed. Instead of automatic translation from specifications to 
programs, computer-aided tools can help a domain expert analyze informal speci­
fications, clarify them, and rewrite them iD,. mor~ precise terms. By echoing its 
assumptions and asking for clarifications, the CSMF could work with a domain 
expert to develop precise specifications in logic, which it could then translate to 
natural language for the documentation and to programming languages for the 
implementation. 

A CSMF that uses and reuses the same information in the design, implemen­
tation, and ope.ration would ensure consistent definitions throughout all stages of 
software development and use. With such a CSMF, there would be.no simpler or 
faster way to write a "quick-and-dirty" program than to enter its definition decla­
ratively and let the CSMF tools compile it from the specification. The same source 
from which a program is generated should also be translated to its documentation 
and help messages. As an example of the mapping from language to logic, consider 
the following sentence, which might appear in a specification document: · 

Every employee is hired by some manager on some date. 

The analysis starts with the content words in the sentence: employee, hire, manager, 
and date. In any database or· knowledge base, these words would map to some 
significant feature. In conceptual graphs, they map to type labels for the associated 
concepts. The labels are written as upper-case character strings: Employee, Hire, 
Manager, and Date. Those .labels must then be organized in a type hierarchy: 
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Manager is a subtype ofEmployet;, which is a subtype of Person; Hire is a subtype 
of Act; and Date is a subtype of Time: 

Manager < Employee < Person 
Hire< Act 
Date< Tline 

The other words in the sentence - eve~ is, by, some, and on - are usually called 
function words. Unlike the content words that map to concepts, function words 
map to conceptual relations or to quantifiers inside a concept node. The words every 
and some represent quantifiers; the auxiliary verb is and the ending -ed mark the 
passive voice, which indicates that [Hire] is linked to [Employee] by the Thme 
(patient) relation; and by indicates that [Hire] is linked to [Manager] by the Agnt 
(agent) relation. The preposition on maps to different relations in different contexts; 
in this example, the type Date, which is a subtype of Time, indicates that on 
represents the PTim (point in time) relation. Figure 7.30 shows a conceptual graph 
for that sentence. 

In the concept [Employee: V], the. type label is followed by a colon and a 
referent field, which contains the quantifier 'ii for every. The word some represents 
an existential quantifier. The ordinary existential .3 is the default; the phrase some 
manager would be represented by the concept [Manager] with nothing in the 
referent field. That concept corresponds to the formula (.3x)manager(x), which 
means that there exist one or more individuals x of type manager. If no further 
information were available, the default would be assumed for both some manager 
and some date. But whenever the word some is used, CSMF could ask questions to 
determine what kind of existential quantifier is intended: 

Is each employee hired by exactly one manager? 
Is it possible for an employee to be hir~d by several managers? 

In predicate calculus, the quantifier .3! is used to show exactly one; in conceptual 
graphs, the symbol @I is used in the referent field: [Manager: @I]. 

Manager: @I 

\Employee: v Date:@l 

FIGURE 7.30 A CG specification generated from English 
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CONTROLLED NATURAL LANGUAGE. To support a readable notation for both 
people and computers, versions of controlled or stylized natural languages ha Ve been 
designed for special purposes. One of the first was COBOL, which uses an Eng-I 
lish-like syntax for common programming statements. Each verb in COBOL has 
a predefined template with options marked by special keywords. In the following 
statement, the verb add takes three operands; the first one follows the verb, and the 
other two follow the keywords to and giving. 

Add Sales-Tax to Balance giving Amount-Due. 

In C, the equivalent statement would be written 

amountDue = salesTax + balance; 

Although COBOL has been criticized for its verbosity, the amount of extra typing 
is less than a factor of two. The main limitation of COBOL is its fixed ontology of 
computer-oriented concepts and relations. The verb add, for example, is compiled 
to machine instructions, and the variables Sales-Tax and Amount-Due represent 
data in the computer rather than entities in the application domain. A computer­
oriented ontology is necessary to make COBOL or Ca programming language, but 
the inability to extend the ontology makes such languages inappropriate for any 
other purpose. 

Pure logic, which has no built-in ontology, can be applied to any domain 
whatever. That flexibility is shared by any notation that can be compiled to logic. 
An example is Attempto Controlled English (ACE), which was designed by Nor­
bert Fuchs and his students (Fuchs et al. 1998; Schwitter 1998). The only prede­
fined terms in ACE are fanction word.S, which include the articles the, a, and an, the 
quantifiers every and some, the logical connectives and, or, not, if and then, the two 
verbs is and has, and a few prepositions. All content words (most nouns, verbs, 
adjectives, and adverbs) are defined implicitly by statements in ACE. Following are 
three ACE statements about employees and managers: 

Every manager is an employee. 

Every employee is a person. 

For every employee, a manager hires the employee on a date. 

From the syntactic form, the Attempto system assumes manager, employee, person, 
and date are nouns and hires is a verb. That information is sufficient to translate the 
first two statements to typed predicate calcu:1us: 

(\:;/ a:Manager)(3b:Employee)a= b. 
(\/ a:Employee)(3b:Person)a= b. 

The quantifier every maps to\:;/, and the quantifier some or the indefinite article a 
maps to 3. Nouns are translated to type labels in typed logic or to monadic 
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predicates in untyped logic, and the verb is is translated to the = operator. The third 
ACE statement requires more features: 

("if a:Employee)(3b:Manager)(3c-.Event){3dDate) 
(on(c,d) /\ dscr(c, hire(b,a))). 

For verbs other than is, Attempto uses a context notation based on discourse 
representation structures (see Section 5.2). The DRS contexts are equivalent to CG 
contexts of type Event or State; in predicate calculus, they are represented by the 
description predicate. In this example, the event c is described by the nested 
proposition that manager b hires employee a. The definite article the marks a 
reference to some entity previously introduced by a quantifier. For further details 
about ACE and its translation to logic, see the example in Appendix C.2 and the 
subsequent discussion. ·· 

COBOL, Cyc, and ACE illustrate three approaches to the problem of defining 
and usi~g ontologies for knowledge representation: 

• COBOL is based on a predefined ontology for a single domain - the 
computer-oriented operations and datatypes used in a conventional program­
ming language. That ontology, which is defined by an ISO standards commit­
tee, cannot be changed by the COBOL programmer. 

• Cyc has an extensible logic-based language for defining knowledge of any kind 
and a predefined ontology with the scope of an encyclopedia. Knowledge 
engineers who use Cyc can adopt as much or as little of the predefined ontology 
as they find useful, but they can also redefine, extend, or modify the categories 
and definitions to tailor them to an app.lication domain. 

• Except for the assumption that verbs represent states or events, ACE is almost 
as ontologically neutral as first-order logic. Before it reads the statements about 
employees and managers, the Attempto system knows nothing about the 
domain. Afterward, it knows exactly what was entered and nothing more. 

The COBOL approach is suitable for well-defined applications, but the lack of 
extensibility makes it difficult to adapt to new applications. The ACE language is 
the easiest one to implement, since it needs no built-in ontology, but it could be 
supplemented with ontologies defined in any logic-based lang1.1-age. A language like 
ACE could be used to enter and modify knowledge in Cyc, or it could be used to 
write programs. Exercises 7.17 through 7.20 illustrate the strengths and weaknesses 
of the ACE approach: it is general enough to specify a Turing machine, but 
predefined ontologies could make it easier to use by reducing the amount of d~ 
that must be specified for each application. 

DEVELOPING CSMF AND MDM. In Figure 7.29, the CSMF and MDM are 
hypothetical systems, but they include the features of many prototypes imple-
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mented by research and development groups around the world. Computer Aided 
Software Engineering (CASE) tools are being used to help programmers and system 
analysts with the middle stage of Figure 7.29. Most of them use notations like E-R 
diagrams, NIAM, and UML, which are close enough to logic that they could be 
rranslated automatically to and froin CGs or KIF. Systems like Attempto suppon 
languages that can be read by people who have never studied logic, UML, or any 
other specialized notations. The developers of Cyc, WordNet, EDR, and other 
ontologies have been collaborating with ANSI and ISO standards organizations to 
design standard . formats for defining and sharing ontologies for databases and 
knowledge bases. The ideal CSMF will not spring into existence as an overnight 
breakthrough. Instead, it is more likely to evolve through the integration of logic­
based CASE tools with gradually improving systems for representing and using 
knowledge to assist i!l software development, documentation, and help. facilities. 

EXERCISES 

1. Review the bilingual type hierarchies in Figures 7.2 and 7.3. Then draw a 
type hierarchy that includes types for the English terms clock, watch, wrist­
watch, and pocket watch and the Japanese word tokei, which means either 
clock or watch. Following are three sentences that have been panially trans­
lated from Japanese to English, leaving the word tokei untranslated. 

I took my tokei off 
I took my tokei out. 
My tokei is slower than the tokei on the wall 

Which translation should be used for each occurrence of tokei in these sen­
tences? What information would a computer system need to select those 
translations? 

2. Study the representation of the missionaries and cannibals puzzle in the form 
of triples and constraints as described in Section 7.1. Write a program in a 
language of your choice that searches through the state space from the starting 
state <3,3,l> and finds a path to the goal state <0,0,0> that preserves the 
constraints. 

3. Study the translation of the first MC sentence to the conceptual graph in 
Figure 7.5. Then translate the other sentences of that puzzle to conceptual 
graphs, predicate calculus, or any other knowledge representation language 
that you find convenient. Try to represent the details of the original English 
sentences as accurately as possible. Then analyze the issues that arise in trans­
lating this detailed representation to Amarel's triples and constraints. 
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4. Review the elaborations of the MC puzzle that were suggested by McCarthy. For 
each of them, show how the constraints would be modified and determine 
whether there exists a safe solution to the revised puzzle. Then modify the 
program you wrote for Exercise 7 .1 to solve two differentvariations of the puzzle. 

As a result of your experience in revising the program to accommodate 
modifications, redesign the program to make it easier to modify. Then write 
programs to solve two more variations of the puzzle. As a class exercise, 
compare implementations in different languages to see how the choice of 
programming language affects the ease of modification. 

5. After crossing the river, the missionaries and the cannibals decided to play a 
game ofleapfrog, but with more complex constraints than the usual children's 
game. They agreed to the following rules: 

• Each state in the game consists of a line of people with one empty space, 
which may be somewhere inside the line or at either end. 

• The initial state has all the missionaries on the left, an empty space in the 
middle, and all the cannibals on the right. It could be represented by the 
character string mmm_ccc. 

• Missionaries are only permitted to move to an empty space on the right, 
either by stepping one space right or by leaping over one person, who may 
be either a missionary or a cannibal. 

• Cannibals are only permitted to move to an empty space on the left, either 
by stepping one space left or by leaping over one person, who may be either 
a missionary or a cannibal. 

• The goal state is ccc_mmm, which has all the missionaries on the right and 
all th_e cannibals on the left, with the empty space between them. 

Before choosing a programming representation, tty playing a few games. If you 
can't find enough people to volunteer, use two different kinds of coins to 
represent the two kinds of people. Then answer the following questions: 

a. What would be a good representation if the primary purpose were to 
minimize the storage space for each state? Assume that the number of 
people might be arbitrarily large and millions of states had to be saved in 
long-term storage. 

b. Would a representation that minimize8 storage space be convenient foc a 
game-playing program that was designed to find an optimal strategy for the 
game in a minimum number of moves? If not, suggest a differwt repre­
sentation that might simplify the programming and improve performance. 

c. Would the same representation improve efficiency and simplify program­
ming, or might one representation be best for performance and another for 
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ease of programming? Would the uade-offs between efficiency and ease of 
programming vary with different programming languages? If so, how? 

d. If you wanted to display game positions in a way that would be easily 
readable by a person who was learning the game, what would be a conven­
ient representation for the display? How would you uanslate to that repre­
sentation from a representation designed to minimize storage or maximize 
performance? 

e. Suppose you were given a program for generating English sentences from 
conceptual graphs and you wanted to use it for a tutorial that would explain 
positions and moves in the game. What choice of concept and relation types 
would be convenient for generating readable explanations? Try to avoid 
concepts that reflect aspects of the representation that were designed for ease 
of programming or machine efficiency. · 

£ Suppose that you wanted to use the same English generator to explain the 
internal states of the game to a programmer who wanted to know the details 
of the representation. What choice of concepts and relations might be 
convenient for representing the machine-oriented or programming aspects? 

g. Using lambda expressions, define translations between the concept and 
relation types used to express the programming details and those used to 
explain the game to a nonprogrammer. 

6. When played with coins, the game of leapfrog is easier to conuol than with 
people, who might get tired, bored, confused, injured, converted, or eaten 
during the game. Make a list of possible modifications of the rules to accommo­
date such possibilities. Represent the modified constraints in logic and show how 
each of them would affect the program for playing the game. 

7. The ideas of elaboration tolerance apply to every application of computer 
systems. Select some working program or system that you are familiar with 
and study the effects of possible elaborations: 

a. Start with a clear English description of the ideal or standard case that the 
system is required to handle. 

b. Translate that description to a formalized representation in some version of 

logic or to a semif ormal statement in stylized English, as in the uaffi.clight 
example of Section 3.1. 

c. Make a list of the kinds of unexpected elaborations or modifications that 
might occur. By Murphy's law, the ones that can cause the system to fail are 
sure to occur. 

d. Check to see what happens to the program or system when such cases occur. 
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e. Translate those elaborations to the same notation you used for part (b) and 
integrate them with that representation. 

f. Translate the revised representation to a clear description that would be 
readable by a person who was not trained in logic. 

8. Use the ideas discussed in this or earlier chapters to answer the following 
questions: 

a. Which of the following verbs represent actions, and which represent states? 

jump, want, love, eat, believe, kick, own 

b. Which of the following nouns represent entities according to their roles, 
and which represent entities according to some inherent characteristics? 

dog, brother, adult, employee, pet, tree, fastener 

c. Which of the following words represent mass nouns or count nouns? 

dog, butter, person, air, pencil, employee, happiness 

d. For each of the following transitive verbs, state which conceptual relation 
would be used for its direct obj~t - result (Rslt), patient (Ptnt), or theme 
(Thme). Do any of them have different senses that might be used with 

. different conceptual relations? 

cut, see, build, mash, carry, squash, take, decorate, bring, refurbish, 
love, hate, kill, want, paint, renovate, cook, construct, deconstruct, 
write, explode, fetch, carve 

e. Which of the following relationships can be represented by acyclic graphs 
or by graphs with possible cycles? 

part-whole, parent-child, homeowner-neighbor, lawyer-client, manager­
employee, brother-sister, doctor-patient 

9. In analyzing the problems of mapping language to logic, the logician Evert 
Beth (1939) discussed the following argument 

John is a rascal. 
Peter is a rascal. 
Therefore, John and Peter are rascals. 

This conclusion is acceptable, but the following argument, which seems to have 
a similar structure, is dubious: 

John is a brother. 
Peter is a brother. 
Therefore, John and Peter are brothers. 
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This conclusion is syntactically unambiguous, but an axiom associated with the 
concept type Brother causes a semantic ambiguity. State that axiom in English 
and translate it to logic. Also consider the following argument: 

Mary is a mother. 
Susan is a mother. 
Therefore, Mary and Susan are mothers. 

Is this conclusion acceptable? State an axiom associated with the concept type 
Mother and explain why it does not lead to the same kind of ambiguity as the 
axiom for Brother. W'hile working on this exercise, review the discussion of 
conversational implicature in Section 5.2 and default reasoning in Section 6.4. 
Explain why those topics are relevant. 

10. The phrases halffolland halfemp-eyseem to be synonymous because they can be 
true of similar situations. Yet they may have different implications. Consider a 
cup of coffee that is described as half empty and one that is described as half full. 
Which one is likely to be hotter? What kind of knowledge would enable any 
reasoner - human or computer - to decide? Find other examples of phrases 
that may be true of similar situations but have different implications. 

11. In English, the structure at the top left of Figure 7 .23 could be described An 
orange pyramid E is supported by a blue block D, which is supported collectively 
by three pyramids- a red one A, a green one B, and a yellow one C That 
sentence could be represented by the following conceptual graphs: 

[Orange] +-(Attr) +-[Pyramid]+- (Tbme) +-[Support] "°'(Inst)"°' [Block: Dl­

(Attr) "°'[Blue] 

(Thme)"°'[SUpport]"°'(Inst)"°'[Pyramid: Col{A,B,C}@3]. 

[Pyramid: Al"°' (Attrr"°' [Red]. 

[Pyramid: B]""'(Attr)"°'[Green]. 

[Pyramid: CJ"°' (Attr) "°'[Yellow] . 

Show how the collective plural referent Col{A,B,C)@3 could be expanded in 
the same way as the graph for Alma's three husbands in Figure 4.2; then join 
the identical concepts to derive the CG in Figure 7.24. For the strucrure at the 
bottom left of Figure 7.23, state the English description, translate it to a CG 
with the collective plural Col{F,H}@2, and expand it to a CG similar to Figure 
7.24. Then translate the question Which block is supported by two blocks? to a 
query graph with the plural referent Col{*}@2, expand the plura~ and find the 
answer by matching graphs. 

12. For the CG in Figure 7.25, replace the conceptual relations Objects and Sup­
ports with their definitions. Then replace the concepts of object with shape 
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pyramid and object with shape block with concepts of type Pyramid and Block. 
Is the resulting CG identical to Figure 7.24? If not, why not? Are the two CGs 
provably identical? If not, is one of them more general or more specialized than 
the other? State a constraint in English that adds information that could be used 
to convert the more general CG to make it identical to the more specialized one. 
Translate that English constraint to an if-then rule stated as a CG. Then apply 
that rule to the more general CG to derive the more specialized one. The issues 
illustrated by this exercise are the same kinds of issues that plague database and 
knowledge base conversions from one ontology to another. The use of con­
straints stated as if-then rules is a logic-based technique for ensuring com patibil­
ity between two different databases or knowledge bases. 

13. The BIAIT technique discussed in Section 7.6 is based on seven questions 
that determine the information-processing needs of a business. The kinds of 
records implied by the first two questions were mentioned in that section. 
Study all seven questions and describe the records and procedures implied by 
the answers to each one. Consider the flow of records between different 
departments of a business; a custom-made product, for example, may impose 
requirements ~n the records used hr: sales, engineering, manufacturing, and 
accounting. 

14. The oldest musical notations, like the oldest computer languages, were highly 
machine dependent. The family of notations called tablature specified the details 
of the strings, keys, frets, fingers, or feet used to produce the tones. Remnants of 
those notations are still used to specify fingering on the piano, bowing on the 
violin, or chords on the guitar. Before such notations can be translated to logic, 
an ontology must be defined that includes those parrs of the musical instrument 
or the human body that correspond to the symbols of the notation. Analyze some 
musical score that includes such instrument-dependent notation, define an 
ontology for the notation, and show how the score could be translated to 
predicate calculus or conceptual graphs. Show how the result could be translated 
to the standard, machine-independent musical notation. Discuss some of the 
issues involved in translating from the machine-independent form to a machine­
dependent form such as guitar chords or piano fingering. Can such translations 
be automated? If so, how? If not, why not? 

15. The features of musical notation discussed in the previous exercise are typical of 
many languages and interfaces: instead of specifying a goal to be achieved (pro­
ducing a melody), they specify the detai!s of some technology used to achieve 
that goal (striµgs, keys, and fingers). A driver who wants to make an automobile 
stop, go, and turn must Jearn a great deal of detail about the wheels, the engine, 
the ignition system, the fuel system, and the various switches, levers, and pedals 
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used to control them. Automa:ted systems help to reduce the amount of detail the 
users must learn, but that detail becomes annoyingly obtrUSive when something 
goes wrong: the wheels are skidding, the battery is dead, there is moisture in the 
fuel tank, or a leak devclops in the tires, the radiator, the transmission, the 
exhaust pipe, or the brake lines. Find similar examples in any field you may be 
familiar with. Show how the language or interface mixes an ontology about the 
desired goals with an ontology about the means of achieving those goals. How 
does that mixrure affect the ease of learning and ease of use? How can either or 
both be simpli£ed? Distinguish between ease of learning and ease of use. Do 
changes intended to improve one affect the other positively or negatively? Give 
examples. 

16. Zachman's Information Systems Architecture (ISA), which was described in 
Section 3.6, has five design levels. Most of the development tools for object­
oriented languages, however, are limited to entities at the technology level 
(row 4) and the component level (row 5). Design languages, such as UML, 
address the systems level (row 3). Very few notations represent the top two 
rows: the scope and enterprise levels. For the six ISA columns, most notations 
represent the data and function in the first two columns, and some represent 
the network, organization, and schedule. For his strategic business models, 
Ram.ackers (1994) represented the strategy column with E-R diagrams that 
show relationships between goals, problems, causes, critical success factors, 
and solutions; but E-R diagrams are inadequate to define and describe all the 
relationships and constraints. As a term project, review the design and devel­
opment literature and determine which of the thirty boxes in the ISA frame­
work are addressed by each notation and technique. Can any of them be 
adapted to represent information in other boxes of the ISA framework? Show 
how logic could be used to define the relations and transformations between 
the notations used for different rows and columns. 

17. Study the ACE specification of the library database in Appendix C.2 and the 
methods ·of translating it to discourse representation structures, conceptual 
graphs, and typed predicate calculus. Then translate several of the LibDB 
rules to each of those three notations for logic. 

18. Make a list of every verb used in the LibDB specification. Classify each verb 
as an expression of an action or a state. For several of the actions, draw a 
small Petri net that shows which states are preconditions and which states are 
postconditions; you may have to add some states that are not mentioned in 
the LibDB ruleS. Then translate the Petri nets to conceptual graphs according 
to the conventions of Chapter 4. For each concept that represents a state or 
event, write a short English sentence that describes the corresponding state 



466 '2->' CHAPTER SEVEN KNOWLEDGE SHARING AND ACQUISITION 

or event. Then translate the sentences to conceptual graphs ne5ted inside the 
concept nodes. 

19. Alan Turing (1936) defined a very simple, but general computing machine 
whose instructions have five pans: current sci.te; current tape symbol; new. 
state; new tape symbo~ and a move (right, left, or stay in place). Because of 
their generality, Turing machines have become a standard for testillg the 
generality of computing devices and specification languages: any language that 
can specify Turing machine instructions and their method of execution is in 
principle capable of specifying any program that can be executed on any 
digital computer. To show that the ACE language is general enough to specify 
a Turing machine, find some textbook on automata theory that describes 
Turing machines and their operation. Rewrite the definition of the Turing 
machine formats and method of execution in the syntactic forms permissible 
in ACE. Show that the specification is complete by translating the ACE 
statements to a program that can simulate any Turing machine described in 
the textbook you have been using as a reference. 

20. Review the discussion of event variables and adverbial modifiers 'in Section 
4.1. Then study the DRS notation used by Attempto in Section C.4. Why 
does DRS require special variables tor events and states? Why doesn't the CG 
in Figure 7.30 require such variables? Show how the translation from ACE 
to predicate calculus can be simplified by using CGs instead of DRS as the 
intermediate notation. 

21. Review the exercises concerning the hotel reservation problem in previous 
chapters and your analyses and solutions to them. Suggest possible tools and 
techniques that could be used to facilitate or automate some of that analysis 
and the subsequent design and implementation. 
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Summary of Notations 
~~ 

By relieving the brain of aU unnecessary work, a good notation sets it free 
to concentrate on 1fl(lf'e advanced problems, and in effect increases the 

mental power of the race. Before the introduction of the Arabic notation, 
multiplication was difficult, and the division even of integers called into 
play the highest mathematical faculties . ... Civilization advances by 

extending the number of important operations which we can 
perform without thinking about them . 

.Autu;o NORTH WHrrEH!!AD, Introduction to Mathematics 

A 1 Predicate Calculus 

Symbolic logic has two main branches: propositional logic and predicate logic. Pro­
positional logic treats propositions as single units. The symbol p, for example, could 
represent the entire proposition Trailer trucks have 18 wheels. Predicate logic, 
however, makes finer distinctions. It analyzes propositions into combinations of 
predicates like trailerTruck(x) and wheel(x). Besides symbols for propositions, pro­
positional logic also includes operator symbols for logical connectives like and, or, 
not, and if-then. Let p be the proposition The sun is shining, and let q be the 
proposition It is raining. Following are the most commonly used operators: 

• Conjunction (and). PIVJ represents the proposition The sun is shining. and it is 
raining. 

• Disjunction (or). pvq represents The sun is shining, or it is raining. 

• Negation (not). -p represents The sun is not shining. 

• Material implication (if-then). p~q represents If the sun is shining, then it is 
raining. 

• Equivalence (if-and-only-if). p=q represents The sun is shining if and only if it 
is raining. 

The operators A, v, -, ~.and= are usually called Boolean operators. 
Propositions may be true or false. The rules of propositional logic define the 

truth of a compound proposition in terms of the truth or falsity of the elementary 
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propositions contained within it. The following truth table shows the truth values 
of compound propositions as functions of the truth values of their components. 
On the left are the four possible combinations of 1 and 0 for the truth or falsity of 
the simple propositions p and q. On the right are the resulting values for the 
compound propositions p!VJ, pvq, -p, p=:iq, and p=q. Such tables, which resemble 
the addition and multiplication tables of arithmetic, are known as truth tables. 

p 

0 

0 

1 

1 

q 

0 

1 

0 

1 

0 

0 

0 

1 

pvq 

0 

1 

1 

1 

-p 

1 

1 

0 

0 

p=>q 

1 

1 

0 

1 

p=q 

1 

0 

0 

1 

Boolean operators are called truth functions because they take truth values as 
input and generate truth values as output. There are sixteen possible truth functions 
of two arguments, but the five listed ip. the table are the most common. Another 
common operator is exclusive or, which is equivalent top or q, but not both. Two 
operators used in computer circuit design are nandr.. and nor'o': (pr..q) is equivalent 
to -(.pAq), and (.p'o'q) is equivalent to -(.pvq). One or two Boolean operators may 
be taken as primitives, with the others defined in terms of them. Following are the 
definitions of v and => in terms of - and A: 

pvq = -(-p A -q). 
p=:iq s -(.p A -q). 

Following are the definitions of A and =i in terms of - and v: 

pAq s -(-p V -q). 
p=>q = -p v -q. 

In fact, only one primitive operator, either r.. or¥, is necessary since-, A, and v 
can be defined in terms of either one of them. 

PREDICATES. A predicate or relation is a function that maps its arguments to 
the truth values 1 and 0 or T and F. One example is the predicate less than, 
represented by the symbol <. For the arguments 5 and 12, the value of 5<12 is 
true, and the value of 12<5 is false. Predicates may be written as infix operators 
with special symbols like <; they may be represented by single letters like R(x,y) 
and S(x,y,z); or they may be represented by longer names like mother(x,y) and 
between(x,y,z). Traditional mathematics uses only single letters or symbols, but 
programming languages and database systems permit longer names. The tenn 
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predicate is a synonym for relation. Some authors say that relations must have two 
or more arguments; they would call a predicate with one argument a property. 
However, the terms predicate and relation are often used interchangeably. 

Predicates may be defined either by intension or by extension. An intensional 
definition is a rule for computing a truth value for each possible input. An 
extensional definition is a list of all combinations of arguments for which the 
predicate is true; for all other combinations, it is false. In a database, a stored relation 
is one whose values are listed by extension, and a virtual relation is computed by 
some rule. In theory, implementation issues are irrelevant. In practice, the question 
of how a relation or a predicate is computed is of vital importance. The relation 
x<y, for example, is easy to compute, but it would require an infinite amount of 
space to store. 

PREDICATE LOGIC. In propositional logic, the proposition Every peach is 
fuzzy is represented by a single symbol p. In predicate logic, however, the structure 
of the proposition is shown in finer detail: 

('v'x)(peach(x) ::J fuzzy(x)). 

The symbol \::/ is called the universal quantifier, the combination ('v' x) may be read 
for every x. The predicate peach(x) may be read xis a peach, and fuzzy(x) may be 
read x is fuzzy. The entire formula, therefore, may be read For every x, if x is a peach, 
then xis fuzzy. Note that predicates are combined with the same Boolean operators 
used in the propositional logic. Predicate logic is not a replacement for proposi­
tional logic, but an extension or refinement of it. 

Predicate logic has one other quantifier, the existential quantifier 3. The com­
bination (3x) may be read there exists an x such that. The following formula uses an 
existential quantifier: 

-(3x)(peach(x) /\ -fuzzy(x)). 

This may be read It is false that there exists an x such that x is a peach and x is not 
fuzzy. Formulas with more than one quantifier are possible. The English statement 
For any integer x, there is a prime number greater than x is repr~ented -as, 

(\:/x)(3y)(integer(x) ::J (prime(y) /\ x<y)). 

Literally, this formula may be read For every x, there exists a y such that if x is an 
integer, then y is prime and x is less than y. 

The order of quantifiers in symbolic logic makes a crucial difference, as it does 
in English. Consider the sentence Every man in department B55 'Yfl4rried a woman 
who came from Boston, which may be represented by the formula 

(\::/ x)(3y)((man(x) /\ dept{x,B55)) ::J 

(woman(y) /\ hometown(y,Boston) /\ married(x,y))). 
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This formula says that for every- x there exists a y such that if xis a man and xis in 
department B55, then y is a woman, the hometown of y is Boston, and x married 
y. Since the two-place predicate married is symmetric, married(x,y) is equivalent to 
married(y,x). Interchanging the arguments of the predicate married makes no 
difference, but interchanging the two quantifiers makes a big difference: 

(3y)(Vx)((man(x) A dept(:X,B55)) :::> 

(woman(y) A hometown(y,Boston) A married(x,y))). 

This formula says that there exists a y such that for every x, if x is a man in 
department B55, then y is a woman, the hometown of y is Boston, and x married 
y. In ordinary English, that means, A woman who came from Boston married every 
man in department B55. If there is more than one man in department B55, the 
implications this sentence are very different from those of the preceding one. 

FORMATION RUJ.Es. The notation of propositional logic includes symbols 
for variables, parentheses, and Boolean operators. The notation of propositional 
logic includes those symbols plu,s symbols for quantifiers, functions, and predicates. 
These symbols are combined in formulas according to three formation rules. 

• 

• 

• 

A term is either a constant such as 2~ a variable such as x, or a function or an 
operato; symbol applied to its arguments, each of which is itself a term. 

An at:om is either a single letter such as p that represents a proposition or a 
predicate symbol applied to its arguments, each of which is a term. 

A formula is either an atom, a formula preceded by-, any two formulas A and 
B together with any two-place Boolean operator op in the combination (A op 
11), 9r any formula A and any variable x in either of the combinations (3x)A or 
(Vx)A. 

The formation rules may be applied recursively to derive all possible formulas. If f 
is a one-place function and+ is a two-place operator, thenf(x) and 2+2 are terms. 
If Pis a two-place predicate and Qis a one-place predicate, then P(f(x),2+2) and 
Q(7) are atoms. Since all atoms are formulas, these two formulas can be combined 
by the Boolean operator :::> to form a new formula: 

(P(f(x),2+2) :::> Q(7)). 

Since any formula may be preceded by - to form another formula, the following 
string is also a formula: 

-(P(f(x),2+2) :::> Q(7)). 

Putting the quantifier (Vy) in front of it produces, 

(Vy)-(P(f(x),2+2) :::> Q(7)). 
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Adding another quantifier (3x) produces, 

(3x)(Vy)-(P(f(x),2+2) ::J Q(?)). 

And preceding this formula with - produces, 

-(3x)(Vy)-(P(fix),2+2) ::J Q(?)). 
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In this formwa, the occurrence of x infix) is bound by the quantifier (3x). The 
quantifier (Vy) has no effect on the formula since y does not occur as an argument 
of any function or predicate in it. 

RULES OF INFERENCE. Formation rules define the syntax of formulas, but 
they don't guarantee that the fofl!lulas are true. A rule of inference is a rule that 
preserves truth: if the starting formulas are true, the result of performing a rule of 
inference on them must also be true. In English, the following two sentences are 
equivalent: Every peach is fuzzy and There is no peach that is not fuzzy. To show the 
equivalence, first map both sentences into logic: 

(V x)(peach(x) ::J fuzzy(x)) 
-(3x)(peach(x) A -fuzzy(x)) 

If the first formula were represented by the single variable p and the second by q, 
there would be no way to prove that p==q. The rules of predicate logic, however, 
can show the equivalence. The first rule relates the quantifiers V and 3. If A is any 
formula, · 

(3x)A is equivalent to -(V x)-A 
(Vx)A is equivalent to -(3x)-A 

By replacing V with-3-, the first of the peach formulas can be transformed to 

-(3x)-(peach(x) ::J fuzzy(x)). 

An implication of the form pq can be defined as -(pA-q). With this definition, 
the preceding formula becomes 

-(3x)--(peach(x) A -fuzzy(x)). 

Whenever a double negation (a sequence of two consecutive - symbols) occurs, 
both can be deleted. Then the formula becomes 

~(3x)(peach(x) A -fuzzy(x)), 

which is the same as the second peach formula. This proof shows that the first 
formula implies the second. Another proof would use the inverses of these rules to 
show that the second implies the first. If each fmmula implies the other, then the 
two are equivalent. 



472 ~-- APPENDIX A SUMMARY OF NOTATIONS 

Following are some rules of inference for propositional logic. The symbols p, 
q, and r represent any formulas whatever. 

• Modus punens. From p and p~q, derive q. 
• Modus tollens. From -q and p~q, derive-p. 

• Hypothetical syllogism. From pq and tpr, derive p~r. 

• Disjunctive syllogism. From pvq and -p, derive q. 
• Conjunction. From p and q, derive pAq. 
• Addition. From p, derive pvq. (Any formula whatever may be added to a 

disjunction.) 

• Subtraction. From pAq, derive p. (Extra conjuncts may be thrown away.) 

Not-all of these rules are primitive. In developing a theory oflogic, logicians try to 

minimize the number of primitive rules. Then they show that other rules, called 
derived rules of inference, can be defined-in terms of them. 

Following are some common equivalences. Either of the formulas in an equiva­
lence can be substituted for any occurrence of the other, either alone or as part of 
some larger formula: 

• I dempotency. pAp is equivalent top, and pv pis also equivalent top. 

• Commutativi-iy. pAq is equivalent to qAp, and pvq is equivalent to qvp. 
• Associativi-iy. pA(qAr) is equivalent to (pAq)Ar, and pv(qvr) is equivalent to 

(pvq)vr. 
• Distributivi-iy. pA(qvr) is equivalent to (pAq)v(pAr), and pv(qAr) is equivalent 

to (pvq)A(pvr). 

• Ahsorption. pA(pv q) is equivalent top, and pv(pAq) is equivalent top. 

• Double negation. pis equivalent to -p. 
• De Morgan's laws. -(pAq) is equivalent to -pv-q, and-(pvq) is equivalent to 

-pA-q. 

RULES FOR QUANTIFIERS. In predicate logic, the rules of inference include 
all the rules of propositional logic together with rules for handling quantified 
variables. Before those rules can be stated, a distinction must be drawn between free 
occurrences and bound occurrences of a variable: 

• .If A is an atom, then all occurrences of a variable x in A are said to be free. 

• If a formula C was derived from formulas A and B by combining them with 
Boolean operators, then all occurrences of variables that are free in A and Bare 
also free in C 

• If a formula C was derived from a formula A by preceding A with either 0i/ x) 
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or (3x ), then all free occurrences of x in A are said to be bound in C All free 
occurrences of other variables in A remain free in C 

The rules for dealing with variables depend on which occurrences are free and bound 
and which variables must be renamed to avoid name clasheswith other variables. 

Let <l>(x) be a formula containing one or more free occurrences of a variable x. 
Then <l>(t) is the result of substituting a term tfor every free occurrence of x in <I>. 
Following are permissible substitutions that preserve truth: 

• Universal instantiation. From 01 x)<l>(x), derive <l>(c), where c is any constant. 

• Existential generalization. From <l>(c), where c is any constant, derive (3x)<l>(x), 
provided that every occurrence of x in <l>(x) is free. 

• Dropping quantifiers. If the variable x does not occur free in <l>, then from 
(3x)<l> derive <l>, and from 01 x)<l> derive <I>. 

• Adding quantifiers.· From <I> derive 01 x)<l> or derive (3x)<l>, where x is any 
variable whatever. 

• Substituting equals for equals. For any terms s and twhere s= t, derive <l>(t) from 
<l>(s), provided that all free occurrences of variables in tremain free in <l>(t). 

Logically, there is never a need to assert a formula with free variables, but some rules 
of inference are stated in terms of subformulas with free variables. 

TYPED PREDICATE LoGIC. The version of typed predicate logic used in this 
book is defined as a purely syntactic extension of untyped logic. The semantics of 
the typed and untyped versions are identical, and every theorem and proof in one 
version has an equivalent theorem and proof in the other. For knowledge repre­
sentation, typed logic has the advantage of being more concise and readable. 
Further, it can support efficient rules of inference based on inheritance. These rules 
do not make the logic more expressive, since every theorem in typed logic has an 
equivalent in untyped logic, and vice versa. They can, however, shorten some proofs 
and help to support efficient implementations. 

The only difference between typed and untyped logic is the addition of a type 
label after the quantifier. Every type label corresponds to a monadic predicate; in 
this book, the type labels are written with an initial capital letter, and the predicates 
are written with an initial lowercase letter. The spelling of the type label is identical 
to the spelling of the corresponding monadic predicate. Let L be any type label th~t 
corresponds to a monadic predicate l(x), and let <l>(x) be any predicate or expression 
that contains a free variable x. Then the following typed and untyped formulas are 
defined to be equivalent: 

• Universal. 01x:L)<l>(x) = 01x)(l(x) => <l>(x)). 

• Existential (3x:L)<l>(x) = (3x)(l(x) A <l>(x)). 
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Note that the universal quantifier.V' expands to a formula with an implication:::>, 
and the existential 3 expands to a formula with a conjunction A. 

With a string of multiple quantifiers of the same kind (either V' or 3) and with 
the same type label, it is permissible to factor out the common quantifier and type 
label As an example, the axiom of transitivity for the < operator on numbers may 
be stated in the following form: 

(V' x,y,z:Number) 
((x<yAy < z) :::J x< z). 

To expand this formula to the untyped form, replace the single quantifier with 
separate quantifiers and type labels for each variable: 

(V' x:N umber) (V' y:Number) (V' z:Number) 
((x<yAy < z) :::J x< z). · 

Then expand each quantifier separately: 

(V'x)(number(x) :::> 
(V'y)(number(y) :::J 

(V' z)(number(z) :::J 

((x<yAJ < z) :::J x< z) ))). 

The rules of inference allow this form~a to be simplified to the following: 

(V'x)(V'y)(V'z)((number(x) A number(y) A 

number(z) Ax <yAy< z) :::J x< z). 

As this example illustrates, typed logic can often simplify the formulas and elimi­
nate much of the tedious and error-prone bookkeeping. In Whitehead's terms, it 
advances civilization by reducing the need to think about the details. 

An untyped formula can be considered a special case of a typed formula, where 
every variable has the universal type label T. The type T can be expanded to a 
monadic predicate T (x), which is true for every possible value of x: 

• Universal. 

(V' x: T)<l>(x) 
= (V'x)(T(x) :::J <l>(x) 
= (V' x)<l>(x). 

• Existential. 

(3x: T)<l>(x) 
= ~x)(T(x) A <l>(x) 
= (3x)<l>(x). 

Ex.TENDED QUANTIFIERS. Many formulas can be simplified by introducing 
special operators or quantifiers. In the Principia Mathematica, Whitehead and 
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Russell defined two relational operators: E! for exactly one and Ell for unique. For 
each of those operators, there is a corresponding quantifier. Stephen Kleene defined 
the exactly-one quantifier (3!x) by the following equivalence: 

(3!x)<I>(x) is defined as 
(3x)(<I>(x) A -(3y)(<I>(y) A yi:=x)). 

The first line may be read There exists exactly one x such that <I> is true of x. The 
second may be read There exists an x such that<I> is true of x and it is false that there 
exists any y for which <I> is true and y is different frum x. 

Uniqueness is a more complicated notion that depends on two variables. Let 
'¥(x,y) be any dyadic predicate or expression. Then the unique existential quantifier 
(3!!y) is defined by the following equivalence: 

(\:/ x)(3!!y)'¥(x,y) is defined as 
(\f x)(3!y)('¥(x,y) A 

-(3z)('¥(z,y) A zi:=y)). 

To illustrate the difference between exactly one and unique, consider the following 
two sentences and their translations into typed logic with the 3! and 3!! quantifiers: 

• Exactly one. Every person has exactly one mother (but multiple people may 
have the same mother). 

\:/ x:Person)(3!y:Mother)has(x,y). 

e Unique. Every person has a unique social security number, (and no two people 
may have the same SSNo). 

\:/ x:Person)(3!!y:SSNo)has(x,y). 

When the unique existential quantifier with typed variables is expanded to the basic 
notation, there is usually an explosion of symbols. To expand the quantifiers, first 
expand the unique existential 3!! quantifier: 

(Vx:Person)(3!y:SSNo)(has(x,y) A 

-(3z:Person)(has(z,y) A zi:=y)). 

Next expand the 3! quantifier: 

(Vx:Person)(3y:SSNo)(has(x,y) A 

-(3w:SSNo)(has(x,w) A xi:=w) A 

-(3z:Person)(has(z,y) A zi:=y)). 

Then expand the type labels: 

(\:/ x) (person(x) ::::> 

(3y)(ssno(y) A has(x,y) A 

-(3w)(ssno(w) A has(x,w) A xi:=w) A 

-(3z)(person(z) A has(z,y) .A zi:=y) )). 
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This formula may be read For every x, ifx is a person, then there exists a y where y is 
a social security numher and x has y and it is false that there exists a w where w is a 
social security number and x has w and x is different ftom w and it is false that there 
exists a z where z is a person and z has y and z is different ftom y. Examples like this 
illustrate Whitehead's point that a good notation can relieve the brain of unneces­
sary work 

To simplify formulas with sets, it is also convenient to use extended quantifiers 
with set qualifiers. Restricted quantifiers can be defined to limit the values of a 
variable to the elements of a set S: 

• Universal. 

(VxeS)<l>(x) = (V'x)(xeS=:> <l>(x)). 

• Existential. 

(3xeS)<l>(x) = (3x)(xeS A <l>(x)). 

(V xeS) is read for every x in s, and (3xe.s) is read there exists an x in s. 
In classical first-order logic, quantification restricted to a particular type label 

tis equivalent to quantification restricted to the denotation oft: (V x:t} is equivalent 
to (V'xec5t) and (3x:t} is equivalent to (3X'ec5t}. This equiv~ence, however, does not 
hold for modal logic. As an example, the following formula is true in FOL: 

(V' xeOUnicorn)cow(x). 

This formula says that every element of the set of unicorns is a oow. That is only 
true because in the present world, no unicorns exist, and the set of all unicorns is 
empty. The following formula in modal logic is false: 

D(Vx:Unicorn)cow(x). 

This formula says it is necessarily true that every unicorn is a cow. It is false because 
someone might genetically engineer a unicorn that is not a cow. For further dis­
cussion of the distinction berween sets and types, see Section 2. 6. 

A.2 Conceptual Graphs 

Conceptual graphs (CGs) are an extension of C. S. Peirce's existential graphs with 
features adopted from linguistics and Al Besides Peirce's primitives, conceptual 
graphs provide means of representing case relations, generalized quantifiers, indexi­
cals, and other aspects of natural languages. To illustrate the basics, Figure A.1 shows 
a conceptual graph for the sentence A cat is on a mat. 

j! In a oonceptual graph, the boxes are called concepts, and the circles are Cilled 
i concep_tual relations. There is a formula operawr rp, which translates conceptual 
~\graphs to formulas in predicate calculus. It maps circles to predicates with each arc 
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FIGURE A.I Conceprual graph for "A cat is on a mat 

as one argument, and it maps concept nodes to typed variables, where the type lahel 
inside each concept box designates the type. If no other quantifier is specified inside 
a concept box, the default quantifier for the variable is the existential 3. For Figure 
A.I, <p generates the following formula: · 

(3x:Cat) (3y:Mat)on(x,y). 

This formula says that there exist an x of type Cat and a y of type Mat, and xis on 
y. To save space on the printed page, there is also a linear notation with square 
brackets instead of boxes and parentheses instead of circles: 

[Cat]~(On)~[Mat]. 

The graph notation is usually more readable, and the linear notation takes less 
space. But both forms represent the same abstract graph, and they can be automat­
ically translated to other versions of logic. 

Informally, a conceptual graph is a structure of concepts and conceptual 
relations where every arc links some conceptual relation r to some concept c. 
Formally, the structure of the graphs i5 defined in a mathematical style that spells 
out the details with greater precision. The formal structure of conceptual graphs is 
defined by the following ten definitions, which are numberedA.2.1 to A.2.10. 

DEFINITION A.2.1: CoNCEPTUAL GRAPH. A conceptual graph g is a bipartite 
graph that ~as two kinds of nodes called, concepts and conceptual relations. 

• Every arc a of g must link a conceptual relation ring to a concept c in g. The 
arc a is said to belong to the relation r; it is said to be attached to the concept 
c, but it does not belong to c. 

• The conceptual graph gmay have concepts that are not linked to any concep­
tual relation; but every arc that belongs to any conceptual relation in g must be 
attached to exactly one. concept in g. 

• Three kinds of conceptual graphs are given distinguished names: 

1. The blank is an empty conceptual graph with no concepts, conceptual 
relations, or arcs. 

2. A singleton is a conceptual graph that consists of a single concept, but no 
conceptual relations or arcs. 

3. A star is a conceptual graph that consists of a single conceptual relation and 
the concepts that are attached to its arcs. 
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To illustrate this definition, consider the following conceptual graph, which 
represents the sentence John is going to Boston: 

[Person: John]~(Agnt)~[Go]~(Dest)~[City: Boston]. 

This graph contains three concepts: [Person: John], [Go], and [City: Boston]. It 
contains two conceptual relations: (Agnt) relates [Go] to the agent John, and (Dest) 
relates [Go] to the destination Boston. The term bipartite means that every arc of 
a conceptual graph links one concept and one conceptual relation; there are no arcs 
that link concepts to concepts or relations to relations. Two of the four arcs in the 
graph belong to (Agnt), and the other two belong to (Dest). 

A conceptual graph gwith n conceptual relations can be constructed from n 
star graphs, one for each conceptual relation in g. Since the sample CG above has 
two conceptual relations, it could be constructed from the following two star 

graphs: 

[Person: John]f-(Agnt)f-[Go] [Go]-7(Dest)-7[City: Boston]. 

If left as is, these two star graphs constitute a disconnected conceptual graph. To 
form a connected CG, they could be joined by overlaying the two identical 
concepts of type [Go] to form the graph above. 

DEFINITION A.2.2: CONCEPT. Every concept has a "type t and a referent r. 
In this abstract definition, the representations of the type and referent are not 

specified. In computer storage, they may be represented by a pair of pointers, one 
pointing to a specification of the type and the other pointing to a specification of the 
referent. On paper or a computer display, the type is usually written on the left side of 
a concept, the referent is written on the right, and the two fields are separated by a 
colon. In the concept [Bus], "Bus" is the type, and the referent is a blank, which 
represents an existential quantifier. In the concept [Person: John], "Person" is the 
type, and the r~ferent "john" is the name of so!Jle person. 

DEFINITION A.2.3: CONCEPTUAL RELATION. Every conceptual relation -r has 
a relation 'type t and a nonnegative integer n called its valence. 

• The number of arcs that belong to ris equal to its valence n. A conceptual relation 
of valence n is said to be n-adic, and its arcs are numbered l, 2, ... , n. 

• For every n-adic conceptual relation r, there is a sequence of n concept tj>pes 
<ti_, .. , tn>, called the signature of r. A 0-adic conceptual relation has no arcs, 
and its signature is empty. 

• All conceptual relations of the same relation type t have the same valence n and 
the same signatures. 
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• The term monadic is synonymous with 1-adic, dyadic with 2-adic, and triadic 
with 3-adic. 

Certain concePtual relations, called actors, may have side effects that are not repre­
sented in the abstract syntax:; formally, however, actors are treated like other concep­
tual relations. 

In the examples, Agnt, Dest, and On are dyadic relation types. Examples of 
monadic rdation types include Psbl for possibility and Past for the past tense. Figure 
A2 shows the between relation (Betw) as an example of a triadic relation (valence 
3), whose first two arcs are linked to two things that are on either side of a third. 
That graph may be read A person is between a rock and a hard place. 

The signature of a relation represents a constraint on the types of concepts that 
may be linked to its arcs. For Agnt, the signature is <Act,Animate>, which indicates 
that the type of the concept linked_ to its first arc must be Act or some subtype, such 
as Go, and the type of the concept linked to its second arc must beAnimate or some 
subtype, such as Person. For Betw, the signature is <Entity,Entity,Entity>, which 
shows that all three concepts must be of the general type Entity, which imposes no 
constraints whatever. 

For a conceptual relation with n arcs, the first n-1 arcs have arrows that 
point toward the circle, and the n-th or last arc points away. In the linear notation, 
Figure A2 may be represented in the following form: 

[Person]~(Betw)-

~1- [Rock] 

~2.- [Place]~ (At tr)~ [Hard]. 

The hyphen after the relation indicates that its other arcs are continued on sub­
sequent lines. The two arcs that point toward the relation are numbered 1 and 2. 
The arc that points away is the last or third arc; the number 3 may be omitted, 
since it is implied by the outward pointing arrow. For monadic relations, both the 
number 1 and the arrow pointing toward. the circle are optional. For dyadic 
relations, either the arcs are numbered 1 and 2 or the first arc points toward the 
circle and the second arc points away. 

I Perso~ 

FIGURE A.2 A conceptual relation of valence 3 
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DEFINITION A.2.4: LAMBDA ExPRESSION. For any integer n, an n-adic 
lambda expression e is a conceptual graph, called the body of e, in which n concepts 
have been designated as formal parameters of e. 

• The formal parameters of e are numbered 1, .. , n. 

• There is a sequence <t1, •• , tn> called the signature of e, where each tris the 
concept type of the i-th formal parameter of e. Since a 0-adic lambda expression 
has no formal parameters, its signature is the empty sequence<>. 

This abstract definition does not specify how the formal parameters are desig­
nated. The traditional notation, which was introduced by the logician Alonzo 
Church, is to mark parameters with the Greek letter A.. If n is greater than 1, the 
parameters may be marked ill, il.2, ... , il.n. As an example, the conceptual graph 
for the sentence John is going to Boston could be converted to the following dyadic 
lambda expression by replacing the name John with the symbol A.1 and the name 
Boston with il.2: 

[Person: A.l]~(Agnt·)~[Go]~(Des~)-HCity: A.2]. 

Since this is a dyadic lambda expression, its signature is a list of the two types 
<Person,City>, which come from the type fields of the formal parameters. This 
lambda expression may be used.to define a conceptual relation that relates a person 
to a city. 

DEFINITION A.2.5: CoNCEPT TYPE. A "type hierarchy is a partially ordered set 
T whose elements are called type labels. Each type label in T is specified as primitive 
or defined. 

• For any concept c, the type of c is either a type label in T or a monadic lambda 
expression. 

• The type hierarchy T contains two primitive type labels T, called the universal 
type, and J... called the absurd type. 

• For every defined type label, there is a monadic lambda expression, called Its 
definition. 

• A defined type label and its definition are interchangeable: in any position 
where one may occur, it may be replaced by the other. 

• The partial ordering over T is determined by the subrype relat!on, with the 
symbols :S for !!tbtype, < for pro per subtype, 2: for supertype, and > for pro per 
supertype. If tis any type label, T:::: t and t 2: .L; in particular, T > .L. 

• The partial orc_lering of type labels must be consistent with the rules of inference 
defined over lambda expressions. 
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The type hierarchy starts with some set of primitive type labels, which includes 
at least T and .L The definitional mechanisms introduce new type labels, whose 
place in the hierarchy is determined by their definitions. As an example, the 
following equation defines the type label MaineFarmer by a lambda expression for 
a farmer located (Loe) in Maine: 

MaineFanner = [Fanner: A]~(Loc)~[State: Maine]. 

The symbol A. indicates that the concept [Farmer] is the formal parameter, and the· 
sequence <Farmer> is the signature of the lambda expression. The type label of 
the formal parameter is always a supertype of the newly defined type: Farmer=::: 
MaineFarmer. As an alternate notation, type labels can be defined with the keyword 
type and a variable: 

type MaineFa:rmer ( *x) is [Farmer: ?x] ~(Loe)~ [State: Maine] . 

Either the type label MaineFarmer or its defining lambda expression could be 
placed in the type field of a concept. The following two conceptual graphs are 
equivalent ways of saying Every Maine farmer is laconic: 

[MaineFarmer: VJ~(Attr)~[Laconic]. 

[ [Farmer: lJ~(Loc)~[State: Maine]: VJ~(Attr)~[Laconic]. 

The second graph may be read Every farmer who is located in the state of Maine is 
laconic. Either graph could be converted to the other by interchanging the type label 
and its defining lambda expression. 

DEFINITION A.2.6: REl.An:oN TYPE. A relation hierarchy is a partially or­
dered set R whose elements are called relation labels. Each relation label is specified 
as primitive or defined. 

.. For every relation label in R, there is a nonnegative integer n, called its 
valence. 

• For every n-adic conceptual relation r, the type of r is either a relation label in 
R of valence n or an n-adic lambda expression. 

• For every defined relation label of valence n, there is an ?'l""adic lambda expres­
sion, called its definition. 

• A defined relation label and its definition are interchangeable: in any position 
where one may occur, it may be replaced by the other. 

• The partial ordering over R is determined by the subtype relation, with the 
symbols ::: for subtype, < for proper subtype, 2::: for supertype, and > for proper 
supertype. 
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• The panial ordering of relation labels must be consistent with the rules of 
inference defined over lambda expressions. 

• If r is an n-adic relation label, s is an m-adic relation label, and n is not equal 
to m, then none of the following is true: r < s, r > s, r =s. 

As an example, the relation type Going To could be defined by an equation that 
makes Going To a synonym for a dyadic lambda expression: 

GoingTo = [Person: ll]f-(Agnt)f-[Go]-HDest)-HCity: .1.2]. 

This definition says that the relation Going To relates a person (marked by A.I), who 
is the agent (Agnt) of the concept [Go], to a city (marked by A.2), which is the 
destination (Dest) of [Go]. With this relation, the graph for the sentence John is 
going to Boston could be represented by the following CG: 

[Person: John]~(GoingTo)~[City: Boston]. 

This graph can be exparided to a more detailed graph by replacing the relation type 
label Going To with its definition: 

[Person: Jobn]-+( [Person: Al]-+(Agnt)-+[Go]-+(Dest)-+[City: A2J )-+[City: Boston]. . . 

The next step is to remove the lambda expression from inside the circle or paren­
theses, to join the first parameter [Person: A.I] with the concept connected to the first 
arc, and to join the second parameter [City: A.2] with the concept connected to the 
second arc: 

[Person: John]f-(Agnt)~[Go]~(Dest)~[City: Boston]. 

This graph says that the person John is the agent of going and that the city Boston 
is the destination of going. Each step of this derivation could be reversed to derive 
the original graph from the expanded graph. 

Since the letter A. is not present on most keyboards, it may be represented by 
the symbol @lambda. An alternative notation is to use the keyword relation, as in 
the following definition of Going To: . 

relation GoingTo ( *x, *y) is 
[Person: ?x]f-(Agnt)~[Go]~(Dest)~[City: ?y]. 

A definition with the keyword type or relation cannot be written in the type field 
of a concept or relation; whenever it is used, however, labels like ?x and ?y can be 
rewritten as A.I and A.2. 

As in existential graphs, equality is not a primitive, since it can be defined in 
terms of coref erence links. Following are definitions of the equal (Eq) and different 
(Dffi:) relations: 

relation Eq(*x, *y) is [T: ?xJ- - - [T: ?y]. 

relationDffr(*x,*y) is [T: ?x] -,[ [?x=?y] J [T: ?y]. 
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The definition of Eq makes it a conceptual relation that is synonymous with a 
coreference link. It is defined for completeness, although there is no real need for 
it in conceptual graphs. The Dffr relation, however, is useful both to improve 
readability and to reduce the number of nested contexts. 

DEFlNITION A.2.7: REFERENT. The referent of a concept is specified by a 
quantifier and a designator. 

• The quantifier is one of the following two kinds: 

1. Existential An existential quantifier is represented either by the symbol 3 
or by the absence of any other quantifier symbol or expression. 

2. Defined. A defi:ned quantifier is a symbol or expression in the extended 
syntax that may be translated to conceptual graphs that contain only 
existential quantifiers. 

A referent whose quantifier q is existential is called an existential referent. 
• The designator is one of the following three kinds: 

1. Literal. A literal is a syntactic representation of the form of the referent. The 
three kinds of literals are numbers, character strings, and encoded literals, 
which are specified by a pill consisting of an identifier and a string. 

2. Locator. A locator is a symbol that determines how the referent may be 
found. The three kinds of locators differ in the way the referent is deter­
mined: an individual marker specifies a unique concept in the catalog of 
individuals of a knowledge base; ati. indexical is ~_symb~l that determines 
the referent by an implementation':a~, and a nam~ is a symbol 
that determines the referent by some conventions that are independent of 
the current knowledge base. 

3. Descriptor. A descriptor is a conceptual graph that is said to describe the 
referent. A blank designator represents a blank conceptual graph as descrip­
tor. 

The referent of a concept determines the entity or set of entities the concept 
refers to. A designator specifies the referent by showing its form (literal), by 
pointing to it (locator), or by describing it (descriptor). An existential quantifier 
declares that at least one instance of the type exists; a defined quantifier may specify 
other quantities or amounts. Following are some examples: 

• A literal shows the form of a referent, as in the concept [String: 'abcdefg']. For 
a multimedia system, a literal may encode a bit pattern that represents sound, 
graphics, or full-motion video. 

• A locator is either a name like Boston or an implementation-dependent repre­
sentation that begins with the symbol#. In the concept [Cake: #23846], the 
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locator #23846 is the serial number of some cake in a catalog of entities. Other 
examples include [Person: #you] and [Book: #ISBN-0-201-14472-7]. 

• A descriptor is represented by a conceptual graph nested in the ref ererit field of 
a concept, as. in the following example: 

[Proposition: [Cat]~ (Agnt) ~[Chase] -HThme) -HMouse] l. 

This graph may be read There exists a propositiqrz, which s-tates that a cat is chasing 
a mouse. A concept with a cm;npletely blank referent, such as [Cat], has an 
implicit existential quantifier and a blank conceptual graph as descriptor. Since . 
a blank graph does not say anything about the referent, the concept [Cat] by 
itself simply means There exists a cat. 

In each of the above concepts, there is an implicit existe~tial; the concept [String: 
'abcdefgj, for example, may be read There exists a string. whose fonn is represented 
by the literal'abcdefg'. 

The defined quantifiers include the universal\;/, the quantity @l, and collec­
tions, such as {l, 2, 3} or {Tom, Dick, Harry}. To illustrate descriptors and literals 
in the referent field, Figure A3 shows a concept [Situation] with a n_ested con­
ceptual graph that may be read A plumber is carrying a pipe. In the nested graph, 
the agent relation (Agnt) indicates that the plumber is the one who is doing the 
action, and the clieme relation (Thme) indicates that the pipe is the theme of the 
action. The situation box is linked via the image relation (lmag) to a concept of 
type Picture, whose referent field contains a literal that illustrates the situation. 
It is also linked via another Imag relation to a concept of type Sound, whose 
referent field contains another literal that encodes the associated sound. Internally, 
the encoded literals are represented by an identifier for the type of encoding such 
as WAY for sound or JPEG for a picture followed by a string that contains the 
encoded data. 

Sound: 

~ 

CLANKETY 
scrape 

Situation: 

FIGURE A.3 A conceptual graph with a descriptor and two literal referents 
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DEFINITION A.2.8: CONTEXT. A context'{{, is a concept whose designator is a 
nonblank conceptual graph g. 

• The graph g is said to be immediately nested in '{{,, and any concept c of g is also 
said to be immediately nested in '{{,. 

• A concept c is said to be nested in'{{, if either c is immediately nested in '{{, or c 
is immediately nested in some context 9J that is nested in'{{,_ 

• Two concepts c and dare said to be co-nested if either c=d or there is some 
context '{{, in which c and dare immediately nested. 

• If a concept c is co-nested with a context'{{,, then any concept d nested in'{{, is 
said to be more deeply nested than c. 

• A concept dis said to be within the scope of a concept c if either dis co-nested 
with c or dis more deeply nested than c. 

A context is a concept with a nested conceptual graph that describes the 
referent. In Figure A.3, the concept of type Situation is an example of a context; 
the nested graph describes the situation as one in which a plumber is carrying a 
pipe. Figure A.4 shows a CG with two contexts; it expresses the sentence Tom 
believes that Mary wan"ts to marry a sailor. 

In Figure A.4, Tom is the experiencer (Expr) of the concept [Believe], which is 
linked by the theme relation (Thme) to a proposition that Tom believes. The 
proposition box contains another conceptual graph, which says that Mary is the 
experiencer of [Want], which has as theme a situation that Mary hopes will come 
to pass. That situation is described by another- nested graph, which says that Mary 
(represented by the concept [T]) marries a sailor. The dotted line, called a corefer-

I PersorcTom ~ 

Proposition: 

Person: Mary Want 

I 
I 

I 
Situatiorc I 

Sailor 

FIGURE A.4 A conceptual graph containiilg a nest of two contexts 
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ence link, shows that the concept [T] in the simation box refers to the same 
individual as the concept [Person: Mary] in the proposition box. Following is the 
linear form of Figure A.4: 

[Person: Tom]~ (Expr) ~[Believe]~ (Thme) -

[Proposition: [Person: Mary *x]~(Expr)~[Want]~(Thme)-

(Situation: (?x]~(Agnt)~[Marry]~(Thme)~(Sailor] ]] . 

Both the display form and the linear form follow the same rules for the scope of 
quantifiers. The outermost context contains three concepts: [Person: Tom], [Be­
lieve], and the proposition that Tom believes. Any graph in the outermost context 
has the effect of asserting that the corresponding proposition is true in the real 
world. Inside the proposition box are three more concepts: [Person: Mary], [Want], 
and the situation that Mary wants. Since those three are only asserted within the 
context of Tom's belief, the graph does not imply that they must exist in the real 
world. Since Mary is a named individual, one might. give her the benefit of the 
doubt and assume that she also exists; but her desire and the situation she suppos­
edly desires exist in the context of Tom's belie£ If his belief is false, the referents of 
those. concepts might not exist in the real world. Inside the context of the desired 
situation are the concepts [Marry] and [Sailor], whose referents exist within the 
scope of Mary's desire, which itself exists only within the scope of Tom's belie£ 

DEFINITION A.2.9: CoREFERENCE SET. A coreference set C in a concepmal 
graph g is a set of concepts selected from g or from graphs nested in contexts of g. 

• For any co~eference set C there must be one or more concepts in C called the 
dominant nodes of C which include all concepts in Cwithin their scope. All 
dominant nodes of C must be co-nested. 

• If a concept c is a dominant node of a coreference set C it may not be a member 
of any other coreference set. 

• A concept c may be member of more than one coreference set {C1,Ci,. .. } 
provided that c is not a dominant node of any C;-

• A coreference set C may consist of a single concept c, which is then the 
dominant node of C. 

In the graphic notation, the members of a coreference set Cmay be shown by 
connecting them with dotted lines, called coreference links. In FigureA.4, the dotted 
line connecting [Person: Mary] to [T] is an example of a coreference link. The 
concept [T] is within the scope of [Person: Mary], which is the dominant node. Since 
the two concepts represent the same individual, any information in the dominant 
node may be copied to the other node. The type label Person or the referent Mary; for 
example, could be copied from the dominant node to the concept [T]. 

In the linear notation, two concepts may be connected by a dotted line only 
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when they are written next to each other on the same line. Otherwise, the corefer­
ence set must be marked by coreference labels, which follow the same conventions 
as the coreference labels used in existential graphs. One of the dominant nodes is 
marked with a defining labe4 prefixed with an asterisk; all the other nodes are 
marked with bound labels, prefixed with a question mark. In any coreference set, 
only one dominant node can be marked with the defining label; during a proof or 
computation, however, it is permissible to move the defining label from one 
dominant node to another. 

DEFINITION A.2.10: KNOWLEDGE BASE. A knowledge base is a context of 
type KnowledgeBase whose designator is a conceprual graph consisting of four 
concepts: 

I. Type hierarchy. A context of type TypeHierarchy whose designator is a CG T 
that specifies a partial ordering of type labels and the monadic lambda expres­
sions for each defined type label. 

I. Relation hierarchy. A context of type RelationHierarchy whose designator is a 
CG R that specifies a partial ordering of relation labels, the valences of the 
relation labels, and the lambda expressions for each defined relation label. 

2. Catalog of individuals. A context of type CatalogOflndividuals whose designa­
tor is a CG Cthat contains exactly one concept for each individual marker that 
appears in any concept in the knowledge base. The designator may also contain 
other concepts and relations that describe the individuals. 

3. Outermost context. A context of type Assertion whose designator is a conceptual 
graph 0. 

The contents of the knowledge base must satisfy the following constraints: 

• The type labets in any conceptual graph or lambda expression in :-T, R:,- C: and 
0 must be specified in T. 

• The relation labels in any conceprual graph or lambda expression in : T, R, C, 
and 0 must be specified in R . 

• The individual markers in any conceprual graph or lambda expression in : T, 
R, C, and 0 must be specified in C 

The type labels KnowledgeBase, TypeHierarchy, RelationHierarchy, CatalogOf­
Individuals, and Assertion are metalevel. labels that need not be specified in T. 
However, if a knowledge base contains information about a knowledge base, 
including knowledge bases that may be nested inside i!self, then its type hierarchy 
must specify the metalevel labels. 

This definition defines a knowledge base as a single concept, which may itself 
be nested inside another knowle9ge base. An entire knowledge base or any com-
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ponent of it, such as its type hierarchy, can be encoded in a concept that is 
uansmitted across a network to another knowledge base. The outermost context 
of a knowledge base corresponds to what Peirce called the sheet of assertion. Every 
CG immediately nested in the outermost context states a proposition that is 
assumed to be uue. The catalog of individuals lists all the named entities in the 
current universe of discourse. 

Commercial databases and knowledge bases can be represented as special cases 
of a CG knowledge base: 

• Rel.ational datahase. The names of the SQL tables map to relation labels in the 
relational hierarchy R, and the names of the columns in the relations map to 
type labels in the type hierarchy T. The rows of the tables map to star graphs -
stored in the outermost context 0. An SQL table with n rows and m columns 
is uanslated to n star graphs, each of which contains an m-adic conceptual 
relation whose label is the same as the label of the table; _each of the n arcs of 
the relation is attached to a concept whose type label is the same as the name 
of the corresponding column and whose referent contains the data in the table 
e).ement of the corresponding row and col~. Integrity consuaints on the 
database are uanslated to more general CGs that are also stored in the outer­
most context 0. 

• Object-oriented database. Since 0-0 databases may have more structure than 
relational databases, their representation in a CG knowledge base may have 
more complex graphs. The 0-0 class hierarchy determines the partial ordering 
of the type hierarchy T, and the 0-0 class definitions map to lambda expres­
sions associated with the type labels in T. The data in an 0-0 DB map to CGs 
that may be larger than the star graphs that result from a relational database. 

• Expert system knowledge base. Since there are many different kinds of expert 
system tools, the mapping to a CG knowledge base must be defined separately 
for each kind of tool. Frames, rules, and logic-based notations usually map 
directly to CGs in the outermost context. Procedures would be represented by 
logical assertions that define the preconditions and postconditions. The type 
hierarchy and relational hierarchy would be represented in the same way as the 
hierarchies of 0-0 databases. 

Since CGs are a pure logic-based system, they represent logical suuctures directly. 
Procedural aspects can be defined in CGs by the same techniques used to specify 
procedures in other versions of logic. 

TRANSFORMATION RUI.Es. In analyzing the donkey sentences, the Scholas­
tics defined transformations or conversion rules from one logical form to another. 
As an example, a sentence with the word every can be converted to an equivalent 
sentence with an implication. The sentence Every farmer who owns a donkey beats it 
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is eqcivalent to the one repres"ented in Figures 5.7, 5.9, and 5.10. In CGs, the word 
every maps to a universal quantifier in the referent of some concept: 

[ [Farmer: .il]~(Expr)~[Own]~(Thme)~[Donkey]: VJ­
(Agnt)~[Beat]~[Entity: #it]. 

In this graph, the quantifier\;/ does not range over the type Farmer, but over the sub­
type defined by the nested lambda expression: just those farmers who own a donkey. 
The symbol\;/ represents a dejin£dquantifier, which can be expanded to the primitive 
CG form by a macro definitirm, which corresponds to a metalevel lambda definition: 

&translate. V precedence medium 

in [Typeµml : 

[Typeµm2 : V ?CorefLabelµm3 J CGµm4 ] 

&to. 

[&ml : 

...., [ [ &m2 : *CorefLabelµmS ] 

...., [ [ T : ? &m3 ? &ms J &m4 J J J • 

This definition introduces the quantifier symbol\;/ with medium precedence. The 
in-clause states a pattern, which introduces metavariables marked by the symbolµ. 
The is-clause states the expanded form, whose metavariables are replaced with values 
obtained by pattern matching. When the \;/ symbol is found in the donkey CG, it 
triggers a pattern match, which expands the macro to produce the following CG: 

...., [ [Farmer: .ii.]~ (Expr) ~[Own]~ (Thme) ~[Donkey] : *x] 

--,[ [T: ?x]~(Agnt)~[Beat]~[Entity: #it] ]. 

The graphs in Figure 5.10 can be derived from this graph by expanding the lambda 
expression in the type field and resolving the indexical #it to a coref erence label. This 
example shows how two sentences that have different surface structures are mapped 
to different conceprual graphs, which can be related by graph tranSformations. 

A3 Knowledge Interchange Format 

Conceptual graphs are designed to have a direct mapping to and from natural 
languages; their graphic notation is designed for human readability. The Knowledge 
Interchange Format (KIF) has somewhat different design goals: it has been designed 
as a version of predicate calculus with a character set and syntax that simplify the 
mapping to and from computer systems. Human readability, although desl.rable, 
was a secondary consideration. Following are the predicate calculus and the KIF 
statement for the sentence A cat is on a mat: 

(:lx)\:ly)(cat(x) A mat(y) A on(x,y)). 

(exists (?x ?y) (and (cat ?x) (mat -?y) (on ?x ?y))) 
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Instead of special symbols and fonts, KIF uses a limited character set and a 
LISP-like syntax. The function or operator symbol comes at the beginniilg of a 
parenthesized list, followed by a string of operands. Instead of an italic font, 
variables are marked with a question mark, as ?x and ?y. Symbols like 3, V, and A, 

which are not available in most character sets, are represented by alphanumeric 
strings like "exists", "forall", and "and". Although the basic form of KIF is an 
untyped version of logic, KIF also supports a typed form with the predicates that 
specify types written after the corresponding variables in the q{iantifier list. In typed 
form, the predicate calculus and the KIF statement become 

(:lx:cat){:ly:mat)on(x,y). 

(exists ( (?x cat) (?y mat)) (on ?x ?y)) 

The typed form is slightly shorter than the untyped form, and it maps more directly 
to and from conceptual graphs and other versions of typed or sorted logic. As 
examples, following are five conceptual graphs and their translations to the predi­
cate calculus and KIF: 

1. Every cat is on a mat. 

[Cat: 'v'J~(On)-HMat]. 

(V x:cat){:ly:mat)on(x,y). 

(forall (?x cat) (exists (?y mat) (on ?x ?y))) 

2. It is false that every dog is on a mat. 

-,[[Dog: 'v'J~(On)~[Mat]]. 

-(\/ x:dog)(:ly:mat)on(x,y). 

(not (forall (?x dog) (exists (?y mat) (on ?x ?y)))) 

3. Some dog is not on a mat. 

[Dog: *x] -,[ [?x]~(On)~[Mat]]. 

(3x:dog)-(3y:mat)on(x,y). 

(exists (?x-dog) (not (exists (?y mat) (on ?x ?y)))) 

4. Either the cat Yojo is on a mat, or the dog Macula is running. 

[(Cat: Yojo]-7(0n}-7(Mat]J-(Or}-((Dog: Macula)~(Agnt)~[Run)J. 

((3x:mat)(cat(Yojo) A on(Yojo,x)) v 
((3y:run)(dog(Macula) /\ agnt(y,Macula))). 

(or (exists (?x mat) (and (cat Yojo) (on Yojo ?x))) 

(exists (?y run) (and (dog Ma.cula) (agnt ?y Macula)))) 
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5. If a cat is on a mat; then it is happy. 

If: [Cat: *x]~(On)~[Mat] 

Then: [?x]~(Attr)~[Happy]. 

('ti x:cat) (Vy:mat) (on(x,y) :::J (3z:happy)attr(x,z)). 

(forall ( (?x cat) (?y mat)) 

(=> (on ?x ?y) 

(exists (?z happy) (attr ?x ?z)))) 
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As these examples illustrate, KIF maps directly to the predicate calculus, but the 
mapping to and from conceptual graphs is more indirect. All three notations, 
however, have exactly the same semantics, and any statement in one can be 
translated to an equivalent statement in the others. 
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Sample Ontology 
~~ 

The art of ranking things in genera and species is of no small importance 
and very much assists our judgment as well as our memory. You know how 
much ii matters in botany, not to mention animals and other substances, 

or again moral and notional entities as some call them. Order largely 
depends on it, and many good authors write in such a way that their 

whole account could be divided and subdivided according to a procedure 
related to genera and species. This helps one noi merely to retain thing.r, 

but also to find them. And those who have laid out all sorts of notions 
under certain headings or categories have done something very usefal 

GOITFRIED WILHELM LEIBNIZ, New Essays on Human Understanding 

The task of classifying all the words of language, or what's the same thing, 
all the ideas that seek expression, is the most stupendous of logical tasks. 

Anybody but the most accomplished logician must break down in it 
utterly; and even for the strongest man, it is the severest possible tax 

on the logical equipment and faculty.· · 
CHARLES SANDERS PEIRCE, letter to edittH B. E. Smith 

of the Century Dictionary 

B.1 Principles of Ontology 

The subject of ontology is the study of the categories of things that exist or may exist 
in some domain. The product of such a study, called a_n ontology, is a catalog of the 
types of things that are assumed to exist in a domain of interest 2ll from the 
perspective of a person who uses a language 5£ for the purpose of talking about 2ll. 
The types in the ontology represent the predicates, word senses, or concept and. 
relation 'types of the language ~ when used to discuss topics in the domain 2ll. An 
uninterpreted logic, such as predicate calculus, conceptual graphs, or KIF, is onto­
logically neutral It imposes no constraints on the subject matter or the way the 
subject may be characterized. By itself, logic says nothing about anything, but the 
combination of logic with an ontology provides a language that can express rela:­
tionships about the entities in the domain of interest. 

4-92 
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An informal ontology may be specified by a catalog of types that are either 
undefined or defined only by statements in a natural language. A formal ontology 
is specified by a collection of names for concept and relation types organized in a 
partial ordering by the type-subtype relation. Formal ontologies are further distin­
guished by the way the subtypes are distinguished from their supertypes: an axioma­
tized ontology distinguishes subtypes by axioms and definitions stated in a formal 
language, such as logic or some computer-oriented notation that can be translated 
to logic; a prototype-based ontology distinguishes subtypes by a comparison with a 
typical member or prototype for each subtype. Large ontologies often use a Inixrure 
of definitional methods: formal axioms and definitions are used for the terms in 
mathematics, physics, and engineering; and prototypes are used for plants, animals, 
and common household items. 

GLOSSARY. The following terms, which have been used in discussions of 
knowledge sharing, describe techniques for defining and merging ontologies: 

alignment. A mapping of concepts and relations between two ontologies A and B 
that preserves the partial ordering by subtypes in both A and B. If an alignment 
maps a concept or relation x in ontology A to a concept or relation yin ontology 
B, then xand y are said to be equivalent. The mapping may be partial: there could 
be many concepts in A or B that have no equivalents in the other ontology. 
Before two ontologies A and B can be aligned, it may be necessary to introduce 
new subtypes or supertypes of concepts or relations in either A or B in order to 
provide suitable targets for alignment. No other changes to the axioms, defini­
tions, proofs, or computations in either A or B are made during the process of 
alignment. Alignment does not depend on the choice of names in either ontol­
ogy. For example, an alignment of a Japanese ontology to an English ontology 
might map the Japanese concept Go to the English concept Five. Meanwhile, 
the English concept for the verb go would not have any association with the 
Japanese concept Go. 

axiomatized ontology:. A terminological ontology whose categories are distin­
guished by axioms and definitions statedin logic or in some compm:er-oriented 
language that could be automatically translated to logic. There is no restriaioa 
on the complexity of the logic that may be used to state the axioms and 
definitions. The distinction between terminological and axiomatized ontologies 
is one of degree rather than kind . .Axiomatized ontologies tend to be smaller than 
terminological ontologies, but their axioms and definitions can support more 
complex inferences and computations. Examples of axiomatized ontologies in­
clude formal theories in science and mathematics, the collections of rules .and 
frames in an expert system, and specifications of conceptual schemas in languages 
like SQL 
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differentiae. The properties or features that distinguish a type from other types 
that have a common supertype. The term comes from Aristotle's method of 
defining nev\r types by stating the genus or supertype and stating the differentiae 
that distinguish the new type from its supertype. Aristotle's method of definition 
has become the de facto standard for natural language dictionaries, and it is also 
widely used for AI knowledge bases and object-oriented programming languages. 

hierarchy. A partial ordering of entities according to some relation. A type hierarchy 
is a partial ordering of concept types by the type-subtype relation. In lexicography; 
the type-subtype relation is sometimes called the hypemym-hyponym relation. A 
meronomy is a partial ordering of concept types by the part-whole relation. Classi­
fication systems sometimes use a broader-narrower hierarchy, which mixes the type 
and part hierarchies: a type A is considered narrower than B if A is subtype of B or 
any instance of A is a part of some instance ofB. For example, Cat and Tail are both 
narrower than Animal, since Cat is a subtype of Animal and a tail is a part of an 
animal. A broader-narrower hierarchy may be useful for information retrieval, but 
the two kinds of relations should be distinguished in a knowledge base because 
they have different implications. 

identity conditions. The conditions that determine whether two different appear­
ances of an object represent the same individual. Formally, if c is a subtype of 
Continuant, the identity conditions for c can be represented by a dyadic predi­
cate ldr:- Two instances x and y of type c, which may appear at different times and 
places, are considered to be the same individual if the predicate ldcCx,y) is true. 
As an example, a predicate ldp,=, which determines the identity conditionsfor 
the type HumanBeing, might be defined by facial appearance, fingerprints, 
DNA, or some combination of all those features. At the atomic leveL the laws of 
quanrum mechanics make it difficult or impossible to define. precise identity 
conditions for entities like electrons and photons. If a reliable identity predicate 
Id, cannot be defined for some type t, then t would be considered a subtype of 
Occurrent rather than Continuant. 

integration. The process of finding commonalities between two different ontolo­
gies A and B and deriving a new ontology C that facilitates interoperability 
between computer systems that are based on the A and B ontologies. The new 
ontology C may replace A or B, or it may be used only as an intermediary 
between a system oased on A and a system based on B. Depending on the 
amount of change necessary to derive C from A and B, different levels of 
integration can be distinguished: alignment, partial compatibility; and unifica­
tion. Alignment is the weakest form of integration: it requires minimal change, 
but it can only support limited kinds of interoperability. It is useful for classifi­
cation and information retrieval, but it does not support deep inferences and 
computations. Partial compatibility requires more changes in order to support 
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more extensive interoperability, even though there may be some concepts or 
rdations in one system or the other that could create obstacles to full interoper­
ability. Unification or total compatibility may require extensive changes or major 
reorganizations of A and B, but it can result in the most complete interoperabil­
ity: everything that can be done with one can be done in an exactly equivalent 
way with the other. 

knowledge base. An informal term for a collection of information that includes 
an ontology as· one component. Besides an ontology, a knowledge base may 
contain information specified in a declarative language such as logic or expert­
system rules, but it may also include unstructured or unformalized information 
expressed in natural language or procedural code. 

lexicon. A knowledge base about some subset of words in the vocabulary of a 
natural language. One component of a lexicon is a terminological ontology 
whose concept types represent the word senses in the lexicon. The lexicon may 
also contain additional information about the syntax, spelling, pronunciation, 
and usage of the words. Besides conventional dictionaries; lexicons include large 
collections of words and word senses, such as WordNet from Princeton Univer­
sity and EDR from the Japan Electronic Dictionary Research Institute, Ltd 
Other examples include classification schemes, such as the Library of Congress 
subject headings or the Medical Subject Headers (MeSH). 

mixed ontology. An ontology in which some subtypes are distinguished by axioms 
and definitions, but other subtypes are distinguished by prototypes. The top 
levels of a mixed ontology would normally be distinguished by formal defini­
tions, but some of the lower branches might be distinguished by prototypes. 

partial compatibility. An alignment of two ontologies A and B that supports 
equivalent inferences and computations on all equivalent concepts and relations. 
If A and B are partially compatible, then any inference or computation that can 
be expressed in one ontology using ·only the aligned concepts and relations can 
be translated to an equivalent inference or computation in the other ontology. 

primitive. A category of an ontology that cannot be defined in terms of other 
categories in the same ontology. An example of a primitive is the concept type 
Point in Euclid's geometry. The meaning of a primitive is not determined by a 
closed-form definition, but by axioms that specify how it is related to other 
primitives. 

prototype-based ontology. A terminological ontology whose categories are distin­
guished by typical instances or prototypes rather than by axioms and definitions 
in logic. For every category c in a prototype-based ontology, th~e must be a 
prototype p and a measure of semantic distance d(x,y,c), which computes the 
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dissimilarity between two entities x and y when they are considered instances of 
c. Then an entity x can classified by the following recursive procedure: 

• Suppose that x has already been classified as an instance of some category c, 
which has subcategories s1,. • • ,sn. 

• For each subcategory s; with prototype p;, measure the semantic distance 
d(x,p,,c) . . 

• If d(x,p;.c) has a unique minimum value for some subcategory s;. then classify 
x as an instance of si> and call the procedure recursively to determine whether 
x can be further classified by some subcategory of s;. 

• If c has no subcategories or if d(x,pPc) has no unique minimum for any s;, 
then the classification procedure stops with x as an instance of c, since no 
finer classification is possible with-the given selection of prototypes. 

As an example, a black cat and an orange cat would be considered very similar 
as instances of the category Animal, since their common catlike properties would 
be the 11.1ost significant for distinguishing them from other kinds of animals. But 
in the eategory Cat, they would share their catlike properties with all the other 
kinds of cats, and the difference. in color would be more significant. In the 
category BlackEntity, color would be the most relevant property, and the black 
cat would be closer to a crow or a lump of coal than to the orange cat. Since 
prototype-based ontologies depend on examples, it is often convenient to derive 
the semantic distance measure by a method that learns from examples, such as 
statistics, cluster analysis, or neural networks. 

Quine's criterion. A test for determining the implicit ontology that underlies any 
language, natural or artificial. The philosopher Willard van Orman Quine pro­
posed a criterion that has become famous: 'To be is to be the value of a 
quantified variable." That criterion makes no assumptions about what acrually 
exists in the world. Its purpose is to determine the _implicit assumptions made by 
the people who use some language to talk about the world. As stated, Quine's 
criterion applies directly to languages like predicate. calculus that have explicit 
variables and quantifiers. But Quine extended the criterion to languages of any 
form, including natural languages, in which the quantifiers and variables are not 
stated as explicitly as they are in predicate calculus. For English, Quine's criterion 
means that the implicit ontological categories are the concept types expressed by 
the basic content words in the language: nouns, verbs, adjectives, and adverbs. 

refinement. An alignment of every category of an ontology A to some category of 
another ontology B, which is called a refinement of A. Every category in A must 
correspand to an equivalent category in B, but some primitives of A might be 
equivalent to nonprimitives in B. Refinement defines a partial ordering of 
ontologies: if B is a refinement of A, and C is a refinement of B, then C is a 
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refinement of A; if two ontologies are refinements of each other, then they must 
be isomorphic. 

semantic factoring. The process of analyzing some or all of the categories of an 
ontology into a collection of primitives. Conjunctions of those primitives generate 
a hierarchy, called a lattice, which includes the original categories plus additional 
ones that make it more symmetric. For the upper levels of an ontology, factoring 
can ensure that all possible combinations have been considered. For the more 
specialized concepts at lower levels, the resulting lattice may have many nodes that 
do not correspond to any naturally occurring concepts. 

terminological ontology. An ontology whose categories need not be fully specified 
by axioms and definitions. An example of a terminological ontology is Word.Net, 
whose categories are partially specified by relations such as subtype-supenype or 
part-whole, which determine the relative positions of the concepts with respect 
to one another but do not completely define them. Most fields of science, 
engineering, business, and law have evolved systems of terminology or nomen­
clature for naming, classifying, and sta.p.dardizing their concepts. Axiomatizing 
all the concepts in any such field is a Herculean task, but subsets of the termi­
nology can be used as starting points for fornµlization. Unfortunately, the 
axioms developed from different starting points are often incompatible with one 
another. Chapter 6 on Knowledge Soup discusses these issues. 

unification. A one-to-one alignment of all concepts and relations in two ontolo­
gies that allows any inference or computation expressed in one to be mapped to 
an equivalent inference or computation in the other. The usual way of unifying 
two ontologies is to refine each of them to more detailed ontologies whose 
categories are one-to-one equivalent. 

B.2 Top-Level Categories 

The ontological categories discussed in this book are derived from ongoing re­
search in philosophy, linguistics, and artificial intelligence. They provide a frame­
work for organizing the more specialized concept types used in a knowledge base 
or natural language processor. This appendix summarizes those types as a starting 
set that may be used for representing word meanings in natural language or the 
basic types in a knowledge repres_entation language. For further discussion of these 
typ~, see Chapter 2. 

The following list summarizes the top-level types shown in Figure B.l plus the 
types Entity and Absurdity, which are synonyms for T and J.. Nine categories in this 
list have associated axioms: T, J., Independent, Relative, Mediating, Physical, Ab­
stract, Continuant, and Occurrent. Each of the other types is defined as the infimum 
(greatest common subtype, represented by the symbol n) of two superrypes, whose 
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T 

J. 
FIGURE B.I Lattice generated by the top three distinctions 

axioms it inherits. For example, the type Form is defined as Independent n Abstract; 
it therefore inherits the axioms oflndependent and Abstract, and it is abbreviated IA 
to indicate its two supertypes. 

T ( ). The universal type, which has no differentiae. Formally, T is a prii:nitive that 
satisfies the following axioms: 

• There exists something: [:3x) T (x). 

• Everything is an"instance of T: (\i"x)T(x). 

• Every type is a subtype of T: (\>" t: Type) t:5 T. 

l.. (IRMPACO). The absurd type, which inherits all differentiae. Formally, l.. is a 
primitive that satisfies the following axioms: 

• Nothing is an instance of .l: -[:3x)l.(x). 

• Every type is a supertype of .1: (\>" t:Type)l.::S t. 

Abstract (A). A pu,re information structure. Formally, Abstract is a primitive that 
satisfies the following axioms: 

• No abstraction has a location in space: -(3x:Ahstract)[:3y:Place)loc(x,y). 

• No abstraction occurs at a point in time: -[:3.x-.Abstract)[:3t:Time)pTim(x,t). 
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Absurdity (IRMPACO) = J.. A pronounceable synonym for J.. It cannot be the 
type of anything that exists. 

Actuality (IP) = Independent n Physical. A physical entity (P) whose existence 
is independent (I) of any other entity. 

Continuant (C). An entity whose identity is preserved over some time interval. 
Formally, Continuant is a primitive that satisfies the following.axioms: 

• A continuant x has only spatial parts and no temporal parts. At any tirli.e t 

when x exists, all of x exists at the same ti.me t. 

• The identity conditions for a continuant are independent of ti.me. If c is a 
subtype of Continuant, then the predicate Idfi.,y) for identifying two in­
stances x and y of type c does not depend on ti.me. 

Description (RAC) = Proposition n Continuant. A proposition (RA) about a 
continuant (C). A description expresses some aspect or configuration of the con­
tinuant by showing how it corresponds to the structure of some schema (IAC). 

Entity 0 = T. A pronounceable synonym for T. It can be used as a default type 
label for anything of any type. 

Form (IA) = Abstract n Independent. Abstract information (A) independent (I) 
of any embodiment. 

History (RAO) = Proposition n Occurrent. A proposition (RA) about an occur­
rent (O).Ahistoryis a proposition (RA) that rdates some script (IAO) to the stages 
of some occurrent (0). A computer program, for example, is a script (IAO); a 

. computer executing the program is a process (IPO); and the abstract information 
(A) encoded in a trace of the instructions executed is a history (RAO). Like any 
proposition, a history need not be true, and it need not be predicated of the past a 
myth is a history of an imaginary past; a prediction is a history of an expected 
future; and asce~ario is a history of some hypothetical occurrent. 

Independent (I). An entity distinguished by Firstness, independent of any other 
entity. Formally, Independent is a primitive to.which the hartest of Section 2.4 
need not apply: 

• (V x:Independent)-0(3y)(has(x,y) v has(y,x)). 

If xis an independent entity, it is not necessary that there exists an entity y such 
that x has y or y has x. 

Intention (MA) = Abstract n Mediating. Abstraction (A) considered as mediat­
ing (M) other entities. 

Juncture (RPC) = Prehension n Continuant. A prehension (RP} considered as 
a continuant (C) during some time interval. The prehending entity is an object 
(IPC) in a stable relationship to some prehended entity during that interval. 
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Mediating (M). An entity that bri.Ilgs other entities into a relationship. Formally, 
Mediating is a primitive that satisfies the following axiom: 

• ('ii m:Mediating)('i/ x,y:Entity)((has(m,x) /\ has(m,y)) 
:=:> O(has(x,y) v has(y,x)). 

' 
For any mediating entity m and any other entities x and y, if m has x and m has 
y, then it is necessary that x has y or y has x. An independent entity need not have 
any relationship to anything else, a relative entity must have some relationship 
to something else, and a mediating entity causes other entities to be related. 

Nexw (MP) = Physical n Mediating. A physical entity (P) mediating (M) two 
or more other entities. Examples include an action that relates an agent and a 
patient or a framework that relates the parts of a building. The entities mediated 
by a nexus may themselves be components of the nexus: the action consists of 
what the agent is doing to the patient, and the framework is composed of the 
parts of the building. 

Object (IPC) = Actuality n Continuant. Actuality (IP) considered as a continu­
ant (C), which retains its identity over some interval of time. Although no 
physical entity is ever permanent, an object can be recognized by identity 
conditions that remain stable during its lifetime. The type Object includes 
ordinary physical objects as well as the instantiations of classes in object-oriented 
programming languages. 

Occurrent (0). An entity that does not have a stable identity during any interval 
of time. Formally, Occurrent is a primitive that satisfies the following axioms: 

• The parts of an occurrent, which are called stages, may exist at different 
times. 

• There are no criteria that can be used to identify two occurrents that are 
observed in nonoverlapping space-time regions. 

Participation (RPO) = Prehension n Occurrent. A prehension (RP) considered 
as an occurrent (0) during the interval of interest. The prehending entity must 
be a process (IPO). 

Physical (P). An entity that has a location in s_pace-time. Formally, Physical is a 
primitive that 5:!-tisfies the following axiom: 

• Anything physical is located in some place: ('i/x:Physical)(3y:Place)loc(x,y). 

• Anything physical occurs at some point in time: ('i/x:Physical)(3t:Time) 
pTun(x,t). 

More detailed axioms that relate physical entities to space, time, matter, and 
energy would involve a great deal physical theory, much of which is still incom­
plete. 
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Process (IPO) = Actuality n Occurrent. Actuality (IP) considered as an occur­
rent (0) during the interval of interest. Depending on the time scale and level 
of detail, the same actual entity may be viewed as a stable object or a dynamic 
process. Even a diamond could be considered a process when viewed over a long 
time period or at the atomic level of vibrating particles. 

Prehension (RP). A physical entity (P) relative (R) to some entity or entities. 

Proposition (RA). An abstraction (A) relative (R) to some entity or entities. In 
logic, the assertion of a proposition is a claim that the abstraction corresponds 
to some aspect or configuration of the entity or entities involved. 

Purpose (MAO) = Intention n Occurrent. Intention (MA) that has the form of 
an occurrent (0). As an example, the words and notes of the song "Happy 
Birthday" constitute a script (!AO); a description of how people at a party sang 
the song is history (RAO); and the intention (MA) that explains the situation 
(MPO) is a purpose (MAO). 

Reason (MAC) = Intention n Continuant. Intention (MA) that has the form of 
a continuant (C). Unlike a simple description (Secondness), a reason explains an 
entity in terms of an intention (Thirdness). For a birthday party, a description 
might list the presents, but a reason would explain why the presents are relevant 
to the party. · 

Relative (R). An entity in a relationship to some other entity. F~rmally, Relative is 
a primitive for which the has-test of Section 2.4 must apply: 

• (Vx:Relative)D(3y)(has(x,y) v has(y,x)). 

For any relative x, there must exist some y such that x has y or y has x. 

Schema (!AC).= Form n .Continuant. A form (IA) that has the structure of a 
continuant (C). A schema is an abstract form (IA) whose structure does not 
specify time or timelike relationships. Examples include geometric forms,. the 
syntactic structures of sentences in some language, or the encodings of pictures 
in a multimedia system. 

Script (IAO) = Form n Occurrent. A form (IA) that has the structure of an oc­
current (0). A script is an abstract form (IA) that represents time sequences. 
Examples include computer programs, a recipe for baking a cake, a sheet of music 
to be played on a piano, or a differential equation· that governs the evolution of a 
physical process. A movie can be described by several different kinds of scripts: the 
first is a specification of the actions and dialog to be acted out by humans; but the 
sequence of frames in a reel of film is also a script that determines a process carried 
out by a projector that generates flickering images on a screen. 

Situation (MPO) = Nexus n Occurrent. A nexus (MP) considered as an occur­
rent (0). 
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Structure (MPC) = Nexus n Continuant. A nexus (MP) considered as a con­
tinuant (C). 

The categories T and ..L are the only ones that are fully axiomatized A 
prerequisite for formalizing the other seven primitives of Figure B.1 .is a unified 
theory of physics and semiotics- a central part of Peirce's "smpendous logical 
task." 

B.3 Role and Relation Types 

Figure B.2 shows the type Acmality divided into three subtypes, Phenomenon, 
Role, and Sign. A phenomenal entity is an acmal entity considered by itself; a role 
is considered in relation to something else; and a sign is considered as representing 
something to some agent. The trichotomy of Phenomenon, Role, and Sign in 
Figure B.2 and the trichotomy of Independent, Relative, and Mediating in Figure 
B. l are both based on Peirce's distinction of Firstness, Secondness, and Thirdness, 
but they are applied to different aspects: the trichotomy in Figure B.1 is applied to 
the nature of the entities in themselves, but the trichotomy in Figure B.2 is applied 
to the way entities are viewed by some observer. For funher discussion of these 
distinctions, see Sections 2.4 and 6.6. 

As Figure B.2 shows, every role ·is involved in a prehension. In predicate 
calculus, roles are usually represented by dyadic predicates that relate a prehending 

. entity to a prehended entity. In frames, they are usually represented by slots that 
are filled with an identifier of the prehended entity. In concepmal graphs, a lambda 

Actuality 

/\~ 
Phenomenon Role Sign 

/~ 
PrehendingEntity PrehendedEntity 

/ ~-~7 ~ 
Composite Correlative Component 

/~ /~ 
Whole Substrate . Participant Property 

/\ /~ 
Place Stage Attribute Manner 

FIGURE B.2 Classification of entities according to the roles they play 
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expression can be used to define a dyadic relation type r in terms of a concept type 
R, which corresponds to the slot name of a frame: 

r = [ t: A.1 ] ~(Has) -HR: A.2 ] • 

This definition uses the primitive relation type Has to relate the first parameter, 
which represents a prehending entity of type t, to the second parameter, which 
represents a prehended entity of the role type R. 

In the following list, every role type is specified as a subtype of some type 
that is independent of an observer and of a role type shown in Figure B.2. 
Accompaniment, for example, is a subtype of Object in the role of Participant. 
The corresponding dyadic relation type is Accm, whose signature (Object,Object) 
indicates that it relates an object to an object. Most of the sample sentences can 
be paraphrased with the verb has and a syntactic construction that uses the name 
of the role. 

Accompaniment < Object n Participant; Accm(Object,Object). An object that 
participates with another object in some process. 

Example: Ronnie left with Nancy. 

(Past)--+[Situation: [Leave]-+ (Agnt)--+[Person: Ronnie]-+ (Accm)--+[Person: Nancy] J. 

Paraphrase: When leaving, Ronnie had Nanry as accompaniment. 

Amount< Quantity n Measure;Amt(Characteristic,Quantity). A quantity used 
as a measure of some characteristic. The first argument of the Amt relation is a 
characteristic, which is usually expressed by a noun, such as length, height, weight, 
age, speed, or temperature. 

Example: The ski has a length of 167 cm. 

[Ski: #J-7(Chrc)-7[Length)-7(Amt)-7[Measure: <167 ,cm>]. 

By measure contraction, which is discussed in Section 1.4, this graph may be 
simplfied to 

[Ski: #]~(Chrc)~[Length: @167cm]. 

Paraphrase: The ski has a characteristic length whose amount is 167 cm. 

Argument < Data n Role; Arg(Function,Data). Data in the role of input to a 
function. If the function takes more than one input, the arguments may be 
distinguished as Argl, Arg2, and so on. This relation is used primarily for 
representing mathematical expressions. 

Example: Sqrt{16}=4. 

[Number: 16]~(Arg)~[Sqrt]~(Rslt)~[liumber: 4]. 

Paraphrase: The square rooi fonction has 16 as argument and 4 as result. 
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Attribute < Entity n Property; Attr(Object,Entity). An entity that is a property 
of some object. In English, attributes are usually expressed by adjectives, such as 
circular, red, long, and heavy. 

Example: The rose is red. 

[Rose: #]~(Attr)~[Red]. 

Paraphrase: The rose has red as attribute. 

Base< Type;. Base(Attribute,Type). A type of role that determines how an attrib­
ute is related to its object. 

Example: Sam is a good musician. 

[Person: Sam]-HAttr)-HGood]-HBase)-HType: Musician]. 

Paraphrase: Sam has the attribute good as musician. 

Because< Situation n Correlative; Bcas(Situation,Situation). A situation in the 
role of causing another situation. A cause is correlative to an effect. 

Example: You are wet because it is raining. 

[Situation: [Person: ltyou]t-(Att.r)t-[Wet] ]~(BcasJ-HSituation: [Rain]]. 

Paraphrase: Your being wet has rain as cause. 

Child< HumanBeing n Correlative; Chld(HumanBeing,HumanBeing). A hu­
man being that is a child of some human being. A child is correlative to a parent. 

Example: Lillian is Katie's mqther. 

[Mother: Lillian]~(Chld)~[Child: Katie]. 

Paraphrase: Lillian has Katie as child. 

Comparand < Object n Correlative; Comp(Attribute,Object). An object that 
serves as a standar~ of comparison for some attribute. An object being compared 
is correlative to another object. 

Example: Bob is taller than Mary. 

[Person: Bob]-) (Attr)-) [Tall]-) (Comp)-) [Comparand: Mary] . 

Paraphrase: Bob is tall in comparison to Mary. 

Characteristic< Type n Property; Chrc(Entity,Entity). A type whose instances 
are properties of entites. In English, characteristics are usually expressed by 
nouns, such as shape, color, length, and weight. 

Example: The roses color is red. 

[Rose: #]~(Chrc)~[Color: Red]. 

Paraphrase: The rose has a color red as characteristic. 
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Role; Has(Entity,Entity). Has is a gneneral relation type used to define all roles. 
It represents the has-test of Section 2.4, which is used to determine the prehend­
ing entity and the prehended entity of a prehension. All relation types listed in 
Sections B.3 and B.4 are subtypes of Has. 

Manner< Entity n Property; Manr(Process,Entity). An entity that is a prop­
erty of som~ process. In English, manners are usually expressed by adverbs, such 
as quickly, boldly, and tentatively. 

Example: The ambulance arrived quicko/. 

[Ambulance:#]~ (Tbine) ~[Arrive]~ (Manr) ~[Quick] • 

Paraphrase: The arrival"of the ambulance had a quick manner. 

Measure < Quantity n Measure; Meas(Attribute,Quantity). A quantity used as 
a measure of some attribute. The first argument of the Meas relation is an 
attribute, which is usually expressed by an adjective, such as long. high, heavy, old, 
fast, or hot. The Meas relation links an attribute to a measure, and the Amt 
relation links the corresponding characteristic to the same measure. 

Example: The ski is 167 cm long. 

[Ski: #]-7(Attr)--HLong]-7(Meas)-HMeasure: <167,cm.>]. 

Paraphrase: The ski has an attribute long. whose measure is 167 cm . .. 

Part < Object n Component; Part(Object,Object). An object that is a compo­
nent of some object. Unlike an attribute, a part is capable of existing inde­
pendently. 

Example: A finger is a part of a hand. 

[Hand]~(Part)~[Finger]. 

Paraphrase: A hand has a finger as part. 

Possession< Entity n Correlative; Poss(Animate,Entity). An entity owned by 
some animate being. A possession is correlative to a possessor. 

Example: Niurkds watch stopped. 

[Person: Niurka] ~(Poss)~ [Watch]~ (Thme) ~[Stop] • 

Paraphrase: Niurka had as possession a witch that stopped. 

Successor< Occurrent n Correlative; Succ(Occurrent,Occurrent). An occurrent 
that occurs after some other occurrent. A successor is correlative to a predecessor. 

Example: After Billy ate the pretzel he drank some beer. 

[Situation: [Person: Billy *x]t--(Agnt)t--[Eat]-+(Ptnt)-+[Pretzel: #] ]­

(Succ)-+[Situation: [?x)t--(Agnt)t--[DrinkJ-+(PtntJ-4[BeerJJ. 
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Paraphrase: The situation of Billy's eating the pre-:zel had as successor the situation 
of his drinking some beer. 

B.4 Thematic Roles 

The thematic roles are represented by conceptual relations that link the concept of 
a verb to the concepts of the participants in the occurrent expressed by the verb. 
Although they are all specializations of the roles and relations listed in Section B.3, 
they are listed separately because of their importapce in representing natural lan­
guage semantics. 

Figure B.3 shows the subtypes of Participant in Figure B.2 further classified by 
two pairs of distinctions: determinant or immanent and source or product: 

• A determinant participant controls the direction of the activity, either from the 
beginning as the initiator or from the end as the goal 

• An immanent participant is present throughout an event, but does not activdy 
control what happens. 

• A source must be present at the beginning of the event, but need not participate 
throughout the ~ent. 

• A product must be present at the end of the event but need not participate 
throughout the event. 

As an example, consider the sentence Sue sent the gift to Bob by Federal Express. The 
gift and Federal Express are immanent participants, since the· gift (essence) and 
Federal Express (resource) are present from beginning to end. Sue and Bob, how­
ever, are determinant participants, since they control the course of the process from 
the initiator (Sue) to the goal (Bob). Unlike the immanent participants, the deter­
minant participants are involved primarily at the endpoints. If Sue happened to 
write the wrong address, the intended recipient, Bob, might not get involved at all. 

After analyzing and summarizing various systems of case relations or thematic 
roles, Harold Somers (1987) organized them in a matrix with four kinds of 

Participant 

Det~ ~Immanent Source Product 

/,;-"" /Prod.ct~ 
Determinant Initiator Goal 

Immanent ·Resource Essence 

Initiator Resource Goal Essence 

FIGURE B.3 Graph and matrix representation of the four partlcipants. 
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participants at the top and six categories of verbs along the side. In the nyenty-four 
boxes of the matrix, Somers had some boxes with duplicate role names and some 
boxes with two roles that were distinguished by other properties: ±animate, 
±physical, ±dynamic, or ±volitional. In using Somers's classification, Judith Dick 
(1991) applied the roles to conceptual graphs as a knowledge representation for 
legal arguments. 

Sowa (1996) was stimulated by theworkofJulius Moravcsik (1973) and James 
Pustejovsky (1995) to relate the four columns of the Somers-Dick matrix to 
Aristotle's four causes or aitiai, as described in the Metaphysics. 

• Initiator corresponds to Aristotle's efficient cause, "whereby a change or a state 
is initiated" (1013b23). 

• Resource corresponds to the material cause, which is "the matter or the substrate 
(hypokeimenon)" (983a30). 

• Goal corresponds to the final cause, which is "the purpose or the benefit; for 
this is the goal (telos) of any generation or motion" (983a32). 

• Essence corresponds to the formal cause, which is "the essence (ousia) or what 
it is (to ti en einaz)" (983a27). 

The four terms intiator, resource, goal, and ·essence better describe the participants of 
an action than the traditional translations for Aristotle's four causes. ~ 

In case of ambiguity, the hierarchy permits the more specialized types to be 
generalized to any supertype. In the sentence Tom baked the pie, the pie might be a 
result that is being created or a patient that is being warmed. 

[Person: Tom]~ (Agnt) ~[Bake]~ (Rslt)~[Pie: #]-. 
[Person: Tom]~(Agnt)~[Bake]~(P tnt)~[Pie: #]. 

But according to the matrix in Figure B.4, Result < Goal < Product, and Patient 
< Essence < Product. Since Product is a common supertype, the initial interpre­
tation could have the label Prod: 

[Person: Tom]~(Agnt)~[Bake]~(Prod)~[Pie: #]. 

In the sentence The dog broke the wind(JUJ, the dog could be the agent or the 
instrument: 

[Dog: #]~(Agnt)~[Break]~(Ptnt)~[Window: #]. 
[Dog: #]~(Inst)~[Break]~(Ptnt)~[Window: #]. 

But Agent < Initiator < S.ource, and Instrument < Resource < Source. Therefore, 
the initial interpretation could have the label Srce for Source. When further 
information becomes available, the general type can be restricted to the more 
specialized subtype. 
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Source Product 

Initiator Resource Goal ~ence 

Action 
Agent, 

lnsuument 
Result, Patient, 

Effector Recipient Theme 

Process 
Agent, 

Matter 
Result, Patient, 

Origin Recipient Theme 

Transfer 
Agent, Instrument, Experiencer, 

Theme 
Origin Medium Recipient 

Spatial Origin Path Destination Location 

Temporal Start Duration Completion Point in TlDle 

Ambient Origin 
lnsuument, 

Result Theme 
Matter 

FIGURE B.4 Thematic roles as subtypes the four kinds of participants 

The following list summarizes the thematic roles that appear in the boxes of 
Figure B.4. 

Agent < Initiator; Agnt(Act,Animate). An active animate entity that voluntarily 
initiates an action. 

Example: Eve bit an apple. 

[Person: Eve]f-(Agnt)f-[Bite]~(Ptnt)-HApple]. 

Ben.eficiary < Recipient; Benf(Act,Animate). A recipient that derives a benefit 
from the successful completion of the event. 

Example: Diamonds were given to Ruby. 

[Diamond: {*})f-(Thme)f-[Give]-7(Benf)-HPerson: Ruby]. 

Completion< Goal; Cmpl(TemporalProcess,Physical). A goal of a temporal 
process. 

Destination< Goal; Dest(SpatialProcess,Physical). A goal of a spatial process. 

Example: Bob went to Danbury. 

[Person: Bob]f-(Agnt)f-[Go]~(Dest)~[City: Danbury]. 

Duration< Resource; Dur(State,Interval). A resource of a temporal process. 
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Example: The truck was serviced for 5 hours. 

[Truck: #]+-(Thme)+-[Service]°"'(Dur)°"'[Interval: @Shrs]. 

Effector< Initiator; Efct(Entity,Entity). An active determinant source, either ani­
mate or inanimate, that initiates an action, but without voluntary intention. 

Example: The tree produced new leaves. 

[Tree: #J~(Efct)+-[Producel-HRslt)-HLeaf: {*}]~(Attr)~[New]. 

Experiencer <Goal; Expr(State,t\nimate). An active animate goal of an experi­
ence. 

Example: Yojo sees the fish. 

[Cat: Yojo]~(ExprH--[See]~(Thme)~[Fish: #]. 

Instrument< Resource; Inst(Act,Entity). A resource that is not changed by an 
event. 

Example: The key opened the door. 

[Key: #J~(Inst)~[Open]~(Thme)~[Door: #]. 

Location < Essence; Loc(Physical,Physical). An essential participant of a spatial 
nexus. 

Example: Vehicles arrive at a station. 

[Vehicle: {*}]~(Thme)~[Arrive]~(Loc)~[Station]. 

Matter< Resource; Matr(Act,Substance). Aresourcethatischangedbytheevent. 

Example: The gun was carved out of soap. 

[Gun]~ (Rslt) ~[Carve]~ (Ma tr)~ [Soap]. 

Medium< Resource; Med(Process,Physical). A resource for transmitting infor­
mation, such as the sound of speech or the dectromagnetic signals that transmit 
data. 

Origin< Initiator; Orgn(Process,Physical). A passive determinant source of a 
spatial or ambient nexus. 

Example: The chapter begins on page 20. 

[Chapter: #]~ (Thme) ~[Begin]~ (Orgn) ~[Page: 20]. 

Path < Resource; Path(Process,Place). A resource of a spatial nexus. 

Example: The pizza was shipped via Albany and Buffalo. 

[Pizza: #]~(Thme)~[ShipAct]~(Path)~[City: {Albany, Buffal9}]. 
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Patient< Essence; Ptnt(Process,Physical). An essential participant that under­
goes some structural change as a result of the event. 

Example: The cat swallowed the canary. 

[Cat: #] ~ (Agnt) ~[Swallow]-? (Ptnt)-? [Canary: #]. 

PointlnTllD.e < Essence; PTrm(Physical,Trme). An essential participant ofa tem­
poral nexus. 

Example: At 5:25 PM, Erin left. 
[Time: 5:25pm]~(PTimH-[Situation: [Person: Erin]~(Agnt}~[Leave]]. 

Recipient < Goal; Rcpt(Act,Animate). An animate goal of an act. 

Result< Goal; Rslt(Process,Entity). An inanimate goal of an act. 

Example: Eric built a house. 

[Person: Eric]~ (Agnt) ~[Build]-? (Rslt)-? [House]. 

Start< Initiator; Strt(Entity;Trme). A determinant source of a temporal nexus. 

Theme < Essence; Thme(Situati.on,Entity). An essential panicipant that may be 
moved, said, or experienced, but is not.structurally changed. 

Example: Billy likes the Beer. 

[Person: Billy]~(Expr)~[Like]-?(Thme)-?(Beer: #]. 

B.5 Placement of the Thematic Roles 

As subtypes of Participant, the thematic roles occupy an intermediate level in the 
ontology. Figure B.5 shows a path through the hierarchy from T to Participant and 
the graph of Figure B.3. Each of the thematic roles in Figure B.4 could then be 
arranged under the four categories of panicipants: Initiator, Resource, Goal, and 
Essence. At the bottom of Figure B.5 are sample branches of the ontology under 
Agent and Theme. Doer, for example, has a subtype Driver, which has more specific 
subtypes like BusDriver, TruckDriver, and TaxiDriver. In principle, any of the 
thematic roles could be subdivided funher to show distinctions that might be 
significant in some culture or domain of interest. Other thematic roles listed in 
Section B.4 could also be subdivided further to represent the participants of specific 
concept types: Sayer< Agent; Senser < Agent; Addressee < Recipient; Experi­
enced < Theme; Moved < Theme; Said < Theme. The incomplete lines in Figure 
B.5 suggest other branches of the ontology that have been omitted in order to keep 
the diagram from being cluttered. 

Although the thematic roles represent a linguistically important class of onto-
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T 

/""" p/~ 7~t 

/'3~ 
Role 

/ """ PrehendedEntity 

/ """ Co70~ 

Part 

/ ""' Participant 

Determinan0 ~ Immanent 

[;-" /~\ 
Initiator Resource Goal Essence 

/1" /I"- /I"- /1" 
Agent Theme 

/ """ - . / ""' Senser Doer Moved Said 

/ """ Watcher Sayer Driver Experienced 

/ """ Listener BusDriver TaxiDriver 

TruckDriver 

FIGURE B.5 Placement of the thematic roles in the ontology 

logical categories, their common supertype Participant is several levels beneath the 
more general category Role. Therefore, Role would include many types that are not 
directly associated with verbs. As an example, the role Driver irr Figure B.5 repre­
sents only a person who is activdy driving a vehicle; that role would be incompat­
ible with the role Pedestrian. The category LicensedDriver, however, includes 
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people who are legally authorized to drive, whether or not they are, at the moment, 
driving. In New York City, licensed drivers probably spend more time as pedestrians 
than as actual drivers. As another example, a person might have a continuous period 
of employment as a chauffeur, but would not be an active driver continuously. 
Therefore, the type Chauffeur would be a subtype of Employee and Licensed­
Driver, but not a subtype of Driver. 
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Extended Examples 
~~ 

Example is the school of mankind, and they will learn at no other. 
EDMUND BUIU<E, "Letters on a &gicUk Peacen 

C.1 Hotel Reservation System 

The following example, which describes a prototype reservation system for the 
National Park Service, is taken from a sample specification developed in the NCITS 
T2 Committee on Information Interchange and Interpretation. It illustrates the 
kind of informal specifications that a systems analyst or knowledge engineer must 
translate to a computable form. 

The proposed system is being designed for the Old Faithful Inn Hotel in the 
Yellowstone National Park, the El Tovar Hotel in the Grand Canyon National Park, 
and the Ahwahnee Hotel in Yosemite National Park. The hotels can be uniquely 
identified by their naines. The hotels have a normal address (line l, line 2, city, 
state, zip code) and each one has a telephone number and a fax number. Each hotel 
has a rating from Mobil Travel Service of a certain number of diamonds (from one 
to five). Hotels may be open for: only a certain period of a year. They may also have 
seasonal rates that reflect the change in demand for their rooms. Room rates are 
constant for different types of rooms during a season. Reservations are accepted up 
to thirteen months in advance (e.g., in January 1999 reservations can be made 
through January 2001). Reservations cannot be made in a hotel before it is open 
for business or after it is scheduled for permanent closure. 

Rooms are of different types and are designated either smoking or nonsmoking. 
When making a reservation, the individual will select a room type and a smoking 
category. If a room is changed to a different type or smoking category, the change 
is effective on a certain date. 
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Reservations can be made by an individual or a travel agent. Reservations are 
confirmed for a specific time period, room type(s), smoking category(ies), and 
rate(s). An individual will give his or her name, address (see example above), phone, 
and possibly a fax number. A travd agent also gives this information, plus the 
agent's name and the travd agency identification number. This number will iden­
tify the specific travel agency making the reservation, its address, its telephone, and 
its fax number. Each reservation is made by a reservation clerk and is.identified by 
a sequential number. When a reservation is complete, a timestamp is made for audit 
purposes. 

If a reservation cannot be confirmed, the reservation clerk will ask if the guest 
would like to be waitlisted. The waitlist is for either a specific hotel or a category of 
hotels (number of diamonds) at a national park. The waitlist is for a certain period of 
days from the reservation date. If a room(s) matching the request on the reservation 
becomes available within the waitlist time period, a confirmation is automatically 
sent. On the day before the waitlist is to expire, the guest is contacted and asked if his 
or her place on the waitlist should be extended or if the room type(s) and smoking 
category(ies) could be changed to allow a reservation to be confirmed. 

When a reservation is made, it must be either for a 16.00 hour arrival or 
guaranteed. A 16.00 hour arrival time allows a reservation to be made and at 16.00 
hours on the date of arrival the reservation is automatically canceled without a 
penalty being assessed to the guest. To hold a reservation after 16.00 hours, the 
guest must guarantee the room. The guarruitee is implemented through ~ credit 
card. A guest tells which type of credit card is to be used to guarantee the room and 
he or she must provide the credit card number and an expiration date. 

If a guest with a guaranteed reservation does not show up and does not notify 
the hotel that he or she will not arrive,. then the first night's rent for each reserved 
room will be charged against the credit card. Guests are encouraged to cancel their 
reservations if their travel plans change so that others on the waitlist can be 
accommodated. Guaranteed rooms can be canceled until 16.00 hours on the date 
of arrival and individuals then receive a cancellation number that insures that they 
will not be charged for the room. If a guaranteed reservation is canceled after 16.00 
hours on the date of arrival then the hotel attempts to rent the room(s). If the 
room(s) are rented (this is decided based on the time of the cancellation and does 
not take into account the type or smoking category of the room), then a message 
is sent to the guest stating that he or she has not been charged for the room. If the 
room(s) are not rented, then the hotel management decides whether the guest will 
be charged and will be sent a notice that he or she has been charged or not charged. 

A confirmation is sent to the guest when the reservation is confirmed. Each 
confirmation is time stamped for audit purposes. The confirmation includes all 
information pertinent to the reservation. 

The cancellation notice is sent to the guest if a cancellation number is issued. 
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The notice identifies the reservation and the clerk who canceled the reservation. A 
time stamp validates that the reservation was canceled in time to avoid a penalty. 

Check-in occurs upon the arrival of the guest at the hotel. The time of check-in 
is noted and the departure date is confirmed. Room nwnber(s) are assigned and 
keys are given to the guests. If a credit card is to be used for payment, then the 
information previously noted is collected. A guest may use a different credit card 
for the stay than the one used to guarantee the reservation. The Park Service also 
has a policy that hotel bills above a certain limit must be cleared before the guest is 
allowed to remain in the hotel. The check-in process notifies the guest of the limit 
he or she must abide by. Because of the flexible reservation policy, walk-in guests 
without reservations are encouraged- especially right after 16.00 hours. 

At the time of check-in a guest may designate one room as the primary room 
and specify the other room(s) that will have their charges appear directly on the 
primary room's invoice. This allows a family to have only one bill even though it is 
occupying several rooms. Invoices show which room made each charge so that 
guests can better audit their own bills. Guests who have regula,rly paid their bills 
when they reach their account balance limits normally check out on their departure 
date. All guests in rooms that charge a primary roo~ must check out when the 
guests in the primary room check out. Check-out is required to occur by 12.00 
hours, but can be extended to 14.00 hours on request. Guests will be charged for 
the room if they are not checked out by the cited check-out time. The actual 
check-out time is used to prevent any further charges from being invoiced to a 
room. At check-out, each guest is given a copy of the invoice showing all charges 
and how the balance was cleared. If a guest does not make a payment when his or 
her account balance reaches the predetermined limit, the guest is automatically 
checked out. Extensions to stays are routinely made if rooms are available. 

C.2 Library Database 

Norbert Fuchs and his students have designed a specification language called 
Attempto Controlled English (ACE), which looks like English, but has a formal 
syntax that can be translated automatically to logic and ilien to executable pro­
grams. The following ACE rules specify the operations for updating a library 
database named LibDB. 

If a borrower asks for a copy of a book 

and the copy is available 

and LibDB calculates the book amount of the borrower 

and the book amount is smaller than the book limit 

and a staff member checks out the copy to the borrower 

then the copy is checked out to the borrower. 
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If a copy of a book is checked out to a borrower 

and a staff member retui:ns the copy 

then the copy is available. 

If a staff member adds a copy of a book to the library 

and no catalog entry of the book exists 

then the staff member creates a catalog entry 

that ·contains the author name of the book 

and the title of the book 

and the subject area of the book 

and the staff member enters the id of the copy 

and the copy is available. 

If a staff member adds a copy of a book to the library 

and a catalog entry of the book exists 

then the staff member enters the id of the copy 

and the copy is available. 

If a copy is available 

and the staff member removes the copy from the library 

then LibDB deletes the id of the copy 

and the copy is not available. 

If a user enters an author name 

and the user is a staff member or a borrower 

then for every catalog entry that contains the author name 

LibDB lists the author name and the title. 

If a user enters a subject area 

and the user is a staff member or a borrower 

then for every catalog entry that contains the subject area 

LibDB lists the author name and the title. 

If a user enters a name of a borrower 

and the user is a staff member 

then for every copy that is checked out to the borrower 

LibDB lists the author name and the title. 

If a user enters a name of a borrower 

and the user is a staff member 

then for every cdpy that is checked out to the borrower 

LibDB lists the author name and the title. 

If a user enters a name of a borrower 

and the user is the borrower 

then for every copy that is checked out to the borrower 

LibDB lists the author name and the title. 
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If a staff member enters an id of a copy 

and the copy is checked out to a borrower 
then LibDB displays the name of the borrower. 

The data structures and constraints can also be specified by ACE statements 
that translate to logic. The following statement specifies a database constraint: 

Every book has a title 
and an author name 
and a subject area. 

This statement is true for all books, even those that are not in the library. For 
those in the library, a catalog entry represents the information in a computable 
form: 

Every book in the library has a catalog entry 

that contains the title of the book, which is a character string, 

.and the author name of the book, which is a character string, 

and the subject area of the book, which is a character string. 

Following are some additional constraints: 

Every copy of a book has an id. 
Every borrower has a name and a book amount. 
Every user is a borrower or a staff member. 
There is a book limit, which is a positive integer. 

Constraints stated in ACE ha v.e a direct mapping to logic, and they can be compiled 
to frames, SQL definitions, or Java declarations. UML or E-R diagrams can also be 
derived from the scope of quantifiers in the logical form. 

The ACE rules are triggered by assertions that cause database updates and by 
questions that may ask for information in LibDB or metalevd information about 
LibDB. Following are some assertions repr~ented in ACE: 

There is a book that has an author name, which is John, 

and a title, which is Co~ceptual Structures, 

and a subject area, which is artificial intelligence. 

Bill is a staff member who adds a copy of the book to the library. 

Mary is a borrower. She asks for a copy of the book. 

The Attempto system uses Kamp's rules of discourse representation to resolve the 
referents of pronouns and definite noun phrases, such as the book. To indicate how 
the references have been resolved, Attempto echoes its interpretation with the 
expanded referent enclosed in square brackets: 

[Mary] asks for a copy of [the book that has an author name John] . 



APPENDIX C EXTENDED EXAMPLES 

C.3 ACE Vocabulary 

Although ACE has a highly restricted grammar, the greatest obstacle to processing 
English is not grammar, but the enormous vocabulary. To reduce the complexity, 
the ACE vocabulary is divided in two broad classes: a small predefined set of 
function words and an open-ended set of content words that are never defined 
explicitly. The content words include most nouns, verbs, adjectives, and adverbs. 
The function words include prepositions, conjunctions, articles, pronouns, quan­
tifiers, and the two special verbs &and has. For a particular application, a knowledge 
engineer who writes an ACE specification implicitly defines the content words used 
in that application by writing rules and constraints that use those words. In the 
LibDB example, the Attempto system knows that borrower is a noun, enters is a 
verb, and available is an adjective. For the purpose of the application, the meanings 
of those words are determined contexrually by the rules and constraints in which 
they appear. 

The primary difference between ACE and English is not in its syntax or choice 
of words, but in the presuppositions or conversational implicatures that are implicit 
in the normal use of natural languages. As an example, consider the next two 
sentences: 

1. Bob picked up the cup and drank the coffee. 

2. Bob drank the coffee and picked up the cup. 

In English, the conjunction andbetween two actions often implies a time sequence; 
therefore, the two sentences would not be synonymous. In ACE, however, such 
imp~cations are ignored, and both would be mapped to equivalent internal repre­
sentations. 

C.4 Translating ACE to Logic 

The Attempto system translates ACE statements to an int.ermediate logical form 
based on discourse representation theory and then to an executable program in 
Prolog. A full description of the ACE syntax and semantics is given in a 258-page 
dissertation by Schwitter (1998), but for the purpose of this example, the .transla­
tion rules can be summarized briefly. Following is the translation of first ACE rule 
in Section C.1 to a discourse representation structure (DRS): 

[F] 

named(F, 'LibDB') 
IF [A,B,C,D,E,G,H,I,J,K,L] 

borrower(A) copy(B) book(C) bookAmoiint{G) 
bookLimit(I) staffMember(K) of(B,C) of(G,A) 
event(D, askFor(A,B)) 
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state(E, available(B)) 
event(H, calculate(F,G)) 
state(J, smallerThan(G,I) 
event(L, checkOutTo(K,B,A)) 
THEN [M]. 

state(M, checkedOutTo(B,A)) 

Kamp's original DRS notation, which is shown in .Figure 5.7 on page xxx, uses a 
graphic representation for contexts. For the.linear notation, the Attempo DRS uses 
the keywords IF and THEN instead of the DRS boxes and arrc>ws. Brackets, such 
as [A,B,C], represent an existential quantifier, such as (3a,b,c). Within a context, 
the conjunction A is the default operator that connects the predicates. 

K~p's DRS notation is isomorphic to Peirce's existential graphs, and concep­
tual graphs are a typed version of EGs. Therefore, the corresponding CG is 
essentially a typed version of the DRS: 

[Entity: *f]~(Named)~[String: "LibDB"]. 

[If: [Copy: *b] ~(Of)~ [Book] 
[BookAmount: *g]~(Of)~[Borrower: *a] 
[BookLimit: *i] [StaffMember: *k] 
[Event: (AskFor ?a ?b)] 
[State: (Available ?b)] 
[Event: (Calculate ?f ?g)] 
[State: (SmallerThan ?g ?i)] 
[Event: ·( CheckOutTo ?k ?b ?a) ] 
[Then: [State: (CheckedOutTo ?b ?a)]]]. 

DRS variables like A and B are mapped to CG coreference labels *a and *b at the 
point where the quantification occurs; they represent the noun phrases a borrower 
and a book, which are marked with an indefinite article. Subsequent references, 
which correspond to the definite noun phrases the borrower and the book, have an 
initial question mark, as in ?a and ?b. The DRS variables C, D, E, H, J, L, and M 
may be omitted in the CG since there is no subsequent reference to them. The CGs 
nested inside the concepts of type Event and State are represented in an abbreviated 
linear notation, which allows bound coreference labels co be represented inside che 
parentheses of a conceptual relati~n. The following representations are equivalent: 

(AskFor ?a ?b) - [?a]~(AskFor)~[?b]. 

(CheckOutTo ?k ?b ?a) = (CheckOutTo)­
-1->[?k] 
-2->[?b] 
<-3- [?a]. 
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As these examples illustrate, the abbreviated notation is especially convenient for 
conceptual rdations with more than two ar~. 

To emphasize the similarity between the DRS and the CG, the same ontology 
is used for both. The monadic predicates derived from nouns become type labels, 
but the predicate available(B), which was derived from an adjective, becomes a 
monadic conceptual relation. In the more common ontology used with CGs, the 
adjective available would be represented by the type label of a concept linked by 
the attribute relation (Attr): 

[?b]~(Attr)~[Available]. 

The two different ontologies could be related by defining the DRS predicates in 
terms of the more detailed ontology given in Appendix B. 

When the DRS or CG is translated to predicate calculus, the existential 
quantifiers in the if-context must be moved to the front of the formula, where they 
become universal quantifiers. Following is the typed predicate calculus for the first 
ACE rule: 

(3f)named(f,'LibDB'). 
(ti a:Borrower)\.t/ b-.Copy)\.t/ c:Book)(V' g:BookAmount)\.t/ i:BookLimit) 

(\;/ k:StaffMember)\.t/ d,h,f.Event)\.t/ e,jState) 
((of(b,c) /\ dscr(d, askFor(a,b)) /\ dscr(e, available(b)) 

/\ of(g,a) /\ dscr(h, calculate(f,g)) 
/\ dscr(j, smallerThan(g,z")) /\ dscr(4 checkOutTo(k,b,a))) 

::::::> (3m:State)dscr(m, checkedOutTo(b,a))). 

As in Chapter 5, the concepts with nested CGs are represented by the description 
predicate dscr(x,p), which relates a state or event xto a proposition p that describes 
x. The character strings tliat identify the other predicates and types are constructed 
from the words that occur in the ACE statements. Following are the basic conven­
tions: 

• Proper n,ames are represented by an existentially quantified variable linked to a 
character string, as in named(f,'LibDB'). 

• Common nouns and noun phrases map to type labels like Borrower or 
BookAmount. 

• Adjectives and past participles map to predicates that represent states, such as 
availabl~(b) or checkedOutTo(b,a). 

• Verbs map to predicates that represent states or events: calculate(a, b) is an 
event, but contain(a,b) is a state. · 

• Indefinite noun phrases (marked with the article a or an) introduce new 
quantified variables, and definite noun phrases (marked with the) are assumed 
to be occurrences of a previously introduced variable of the corresponding type. 
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• Prepositions in noun phrases, such as of, map to dyadic predicates; but prepo­
sitions in verb or adjective phrases are combined with the verb or adjective to 
form predicates such as askFor(a,b) or checkedOutTo(a,b). 

• The word than is combined with the comparative form of an adjective to form 
a dyadic predicate, such as smallerThan(g;i). 

This brief summary is not sufficient to represent the full semantics of English, but 
it is sufficient to represent the semantics of ACE, an artificial language that looks 
like English. Despite its limitations, ACE is rich enough to specify programs and 
data structures that can simulate a Turing machine. 



Answers to Selected Exercises 

Formulae have always frightened me. They frightened me, I remember, when 
I was sixteen and had bought my books for the next year. I was particularly 
alarmed by my new book on trigonometry. fall of sines, cosines, and Greek 

fetters, and asked my mother- a gifted mathematician - whether 

trigonometry was difficult. I gratefally acknowledge her wise answer: 

Oh, no. Know your formulae, and always remember that you 
are on the wrong track when you need more than five lines. 

In retrospect, I think that no other advice has had such a profound 
influence on my way of working. 

And even now, my first reaction to formulae, written by someone else, is 
one of repulsion - in particular.when an unfamiliar notational 

convention is used - and when reading an article, my natural reaction is 
to skip the formulae. · 

Chapter 1 

At the same time, I have a warm appreci.ationfor well-designed 
formalisms that enable me to do thing; that I couldn't possibly 

dowithout them. 
EDSGER W. DIJKSTRA, "My Hopes for Ct7mputing S dence» 

1.4 The answer to the last question is highly domain dependent. For the repre­
sentation by products of primes, the average amount of storage space depends 
on the average number of d.ifferentiae needed to define each concept type. If 
there is a large number of primitive differentiae, but· each concept uses very few 
of them, then the representation as products of primc::s might be more compact. 

1.7 English: There is no trailer truck that is cam posed of tractor#77 and trailer#238. 

-(3x:TrailerTruck)(tractor(#77) A trailer(#238) A part(x,#77) A 

part(x,#238)). 
-(3x)(trailerTruck(x) A tractor(#??) A trailer(#238) A part(x,#77) A 

part(x,#238). 

522 
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English: It is false that theres a trailer truck with tractor #42 and not trailer #908. 

-(3x:TrailerTruck)(tractor(#42) A part(x,#42) ·/\. -(trailer(#908) /\. 
pan(x,#908) ). 

-(3x)(trailerTruck(x) /\. tractor(#42) A part(x,#42) A -(trailer(#908) A 

pan(x,#908)). 

1.8 To save space, all conceptual graphs presented as answers to exercises are written 
in the linear notation. As a further exercise, students should practice rewriting 
the linear forms as graphs. · 

English: There is no trailer truck that is composed of tractor #77 and trailer #238. 

--,[ [TrailerTruckJ-
(PART)--?[Tractor: #77] 
(PART)--?[Trailer: #238] J. 

English: It is false that there's a trailer truck with tractor #42 and not trailer #908. 

--,[ [TrailerTruck: *x]--?(PART)--?[Tractor: #42] 
--,[ [?x]--?(PART)--?[Trailer: #908] ] ] . 

1.13 Proof that pp is a theorem of System T: 

1. Axiom: 

Op::::ip. 

2. Since this is an mom schema, which is true for any formula p, it is 
permissible to replace both occurrences of p with any other formula. Re­
place p with -p: 

0-p::::i-p. 

3. Since p::::iq is equivalent to -pvq, 

-0-pv-p. 

4. Replace -0-p with the equivalent Op: 

Opv-p. 

5. Since vis synunetric, 

-pv Op. 

6. Replace -pvqwith p::::iq: 

p::::iOp. 

QED 

1.19 English: Sometimes, tractor #77 and trailer #238 tlre part of the same trailer truck. 

{:3t:Time)(3x:TrailerTruck)(tractor(#77) A trailer(#238) 
A part(x,#77,-tJ A part(x,#238,t)). 
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English: Whenever tractor #42 is part of a trailer truck, the trailer is #908. 

('<ft:Time)('<fx:TrailerTruck)((tractor(#42) /\ part(x,#42,t)) 
::J (trailer(#908) /\ part(x,#908,~)). 

English: No tractor is part of two different trailer trucks at the same time. 

-(3 x: Tractor) (3 y. Trailer Truck) (3z: TrailerT ruck) (3 t: Tune) 
(pan(y,x,t) A pan(z,x,t) A -(y=z)). 

Sentence (d) can be paraphrased as No tractor is ever part of two different trailer 
trucks, which is equivalent to saying It is false that sometimes there exists a tractor 
that is part of two different,trailer trucks. Sentence (e) could be paraphrased as 
There exists a tractor, which is sometimes part of one trailer truck and sometimes part 
of a different trailer truck, and it iS false that sometimes it is part of both trailer trucks. 

Sentences that represent arbitrary relationships between times can be ex­
pressed in FOL by adding new predicates, but they cannot be expressed in a 
temporal logic with just D and 0. Following is such a sentence: Two hours after 
some tractor was part of one trailer truck, it was part of a different trailer truck. To 
express this sentence in FOL with explicit reference to time, use a predicate such 
as sum(ti,i,t:J, which says that the sum of time ti plus an interval iis the time t;.. 

1.20 English: Sometimes, tractor #77 and trailer #238 are part of the same trailer 
truck. 

[TrailerTruck]­
-l~(PART)­

f-2-[Tractor: i77] 
~[Time: *t] , 

-l~(PART)­

f-2-[Trailer: i238] 
~[?t]. 

English: W~enever tractor #42 is part of a trailer truck, the trailer is #908. 

[IF: [TrailerTruck: *x]-l~(PART)-

f-2-[Tractor: i42] 
~[Time: *t], 

[THEN: [?x]-l~(PART)­

f-2-[Trailer: i908] 
~[?t] ]]. 

English: No tractor is part of two different trailer trucks at the same time. 

-. [ [TrailerTruck] -
-l~(PART)-

f-2-[Tractor: *w] 
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-7 [Time: *t] , 

-(*l-[TrailerTruck]-1-?(PART)-

~2- [ ?w] 

-7[?t] ] . 

1.22 See Appendix A.1 for more discussion and a partial answer to this exercise. 

1.29 Examples of characteristics: height, weight, hair color, attitude. The term 
third-order rype, which represents the type ThirdOrderType, is fourth order 
because it has Rank, Characteristic, and SecondOrderType as instances. In 
general, the term nth-order type is n+ 1st order. 

1.31 

[Box]~ (Chrc) ~[Length] -

(Chrc) ~[Amount: <5, inch>]- - -[Amount: <12. 7, centimeter>]. 

1.32 

[Person: Bill]~ (Agnt) ~[Earn]~ (Thme) ~[Salary] -

(Chrc) ~[Amount]~ (Twice)~ [Amount] -

(Chrc)~[Salary]~{Thme)~[Earn]~(Agnt)~[Person: Tom]. 

1.33 a. Sue drank half a cup of coffee. 

(Past)-7[ [Person: Sue]~(Agnt)~[Drink]­

(Ptnt)-7[Coffee: @ 1/2 cup]]. 

b. Sue drank half as much coffee as there was in the cup. 

(Past)-7[ [Person: Sue]~(Agnt)~[Drink]-

(Ptnt)-7 [Coffee]-7 (Chrc)-7 [Amount]-7 (Half)-7 [Amount] -

(Chrc)~[Coffee]-7(In)~[Cup: #]]. 

Literally, this graph says that Sue drank some coffee of an amount that was half 
the amount of coffee in the cup. 

c. Sue drank half of the coffee in the cup. 

(Past)~[ [Person: Sue]~(Agnt)~[Drink]~(Ptnt)~[Coffee]­

(Part)~[Coffee: *x]~{In)~[Cup: #]] 

{Chrc)~ [Amount]~(Half)~ [Amount]~{Chrc)~[?x]. 

This graph says that Sue drank some coffee that was part of the coffee x in the 
cup and whose amount was half the amount of x. Since the full graphic 
notation allows a cycle, the extra concept [?x] is not necessary; it shows more 
clearly that the only difference between graphs (b) and (c) is one additional Part 
relation. · 
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1.3.4 Definition of the hasName predicate: 

hasName = (A.x,n)(chrc(x,n) A name(n)). 

1.35 Representation of The temperature of ninety is rising. 

[Temperature: # @ 90°](-(Tbme)(-[Rise]. 

Expansion of@ macro: 

[Amount: <90, degree>]+-(@)+-[Temperature: #J+-(Thme)+-[Rise]. 

This graph may be read The temperature, which has an amount of 90 degrees, is 
rising. The concept [Rise] is directly linked only to the concept of the tempera­
ture, not to its current amount. After the temperature rises, its amount is 
different, but the original amount of 90 degrees remains unchanged. Note: the 
symbol # represents the definite article the; it. is an example of an in.dexical, 
which is discussed further in Chapter 5. 

The logiCian Richard Montague (1974) represented Partee's sentence in a 
more complex way that depended on a subtle distinction between intensions 
and extensions. The CG_representatio?- depends only on _semantic features that 
are expressed in common English words. 

1.36 Translation of the English sentence to typed predicate calculUs: 

C<:fm,n:IndividualMarker)0;f x,yEntity) 
((denote(m,x) A denote(n,y) /\ m=Fn) ::::> x=Fy). 

1.37 Without the assumption about distinct surrogates or individual markers, a 
database with N distinct entities would require N(N- I)/2 inequalities of the 
form :x;nexi to state that every possible pair represents two distinct entities. If 
N= 1000, the single metal3:11guage statement would be equi:valent to 499,500 
inequalities of this form. In most computer languages, including SQL, there is 
no way to talk to any entities outside the computer system. In SQL, the entities 
stored in tables are numbers and character strings; any association between 
them and entities in the outside world is represented only in the comments (or 
in the programmer's head), but not in SQL itsel£ To ensure uniqueness, the 
programmc,_r can use a statement of the following form: 

create unique index X·on Employee (SerialNo); 

This is a metalevel statement that ensures that no two rows in the Employee 
table may have the same entry in the column called SerialNo. The programmer 
may assume that the values in the SerialNo column denote unique individuals 
in the outside world, but that assumption cannot be expressed in the SQL 
language. 
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Chapter 2 

2.1 Lattice of the four elements: 

Matter 

//\~ 
cold dry moist hot 

Earth Fire Water Air 

~\// 
J. 

2.2 Elephant IPC. Number IAC. Storm IPO. RR crossing: RPC as a place, or RPO 
as an event. Photograph: IPC as an piece of paper, IAC as information, or RAC 
as information about something. Water IPC. Road map: IPC as a piece of 
paper, or RAC as a description. Computation: MPO as the process, or IAC as 
the computed result. Business: MPC as an organization, or MPO as an activity. 
Expectation: MAC for an object, or MAO for an occurrent. Pregnancy MPO. 
Motherhood MPO. Data structure IAC. Receipt RAO. Tetrahedron IAC. Task 
MPO. Imprisonment MPO. Traffic MPO. Schedule RAO. Weather report 
RAO. Dancing: IPO as an event, RPO when considered as participation by 
dancers, or MPO as a situation. Knot RPC. Hunger RPO. Plan MAO. 

2.5 The replacement of a triadic Giving relation by the concept [Give] does not 
refute Peirce's claim because the Thirdness remains encapsulated in the unde­
fined concept type Give. The three dyadic rdations do not define the act of 
giving; they merely show the roles of the three participants in that act. To see 
the similarities, compare the following graph with the triadic rdation Giving 
instead of the concept Give shown in Exercise 2.3: 

(Giving)-

l~[Animate] 

2~[Entity] 

3~ [Animate] . 

Both graphs have exactly the same triadic structure, with the relation Giving 
or the concept Give at the center. The replacement of the labels Agnt, Thme, 
and Rcpt ~th the labels l, 2, and 3 is a notational, not a structural change. 
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Peirce discussed the example of giving in one of his Letters to Lady Welby. 

Analyze for instance the rdation involved in "A gives B to C." Now what 
is giving? It does not consist in !\.s putting B away from him and C's 
subsequently taking B up. It is not necessary that any material transfer 
should take place. It consists in Ks making C the possessor according to 
Law. (p. 8) 

Intention (A3) is the essential mediation that distinguishes the concept types 
Give, Lend, Sell, Rent, and Lose. If A and C were passengers on a train, and A 
happened to rest a package B on the seat between them, C would not be 
entitled to take B unless A gave some verbal or nonverbal sign that B was 
intended as a gift. The sign of N.s intention is necessary for a legal transfer of 
possession. 

2.6 No definition of buildToPlan(x,y,z) could capture the causality between the 
studying and the method of construction or the causality between the construc­
tion and the correspondence. It is possible that x studied y, but completdy 
forgot ywhile constructing z. In, that case, any correspondence of y and zwould 
be the result not of the plan, but of some random coincidence. 

To express causality,.add two more dyadic predicates, guide(s1,.r:z) and cause 
(.r:z,-13), which would relate the situations of studying s1, construction .r:z, and 
correspondence -%= 

buildToPlan(x,y,z) = 
(3s1,s2,s3:Situation) 

(studies(s1,x,y) /\ constructs(.r:z,x,z) /\ corresponds(s3>y,z) 
. /\ guide(s1,.r:z) /\ cause(.ri.,J3) ) . 

But note that this definition introduces triadic predicates studies, constructs, and 
corresponds. It also introduces the guide and cau.se predicates, whose arguments 
are situations, which themsdves involve Thirdness, as shown in the lattice of 
Figure 2.7. 

As another attempt to reduce the definition to dyads, introduce predicates 
for the thematic relations agent, theme, result, source, and goal: 

buildToPlan(x,y,z) = 
(3s1 :Study) (3.ri.:Construct) (3s3:Correspond) 

(agnt(s1,x) /\ thme(s1,y) 
/\ agnt(.r:z,x) /\ rslt(.ri,z) 
/\ srce(s3'y) /\ goal(J3,z) 
/\ guide(s1,S;z) /\ cause(.r:z,-13) ). 

This formula reifies the triadic predicates by variables s; of cype Study, Con­
struct, and Correspond. In effect, the dyadicagnt, rslt, srce, and goal predicates 
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relate x, y, and z to the Thirdness bundled into the variables 5i· Then the guide 
and cause predicates relate the Sj variables to one another. This construction has 
not eliminated the Thirdness; it has simply hidden it behind the si variables. 
See the answer to Exercise 2.3 for another discussion of the effect of the 
thematic relations. 

2.7 The mediating entity is the plan, which appears in the antecedent of the 
implication, but not in the conclusion: 

buildToPlan = (A.x:Builder)(A.y:Drawing)(A.z:Building) 
((3:w:Plan)"Bcilder x interprets y as a plan w for a building z"' 

:::> "x constructs z to resemble j'). 

The quoted phra.Se in the antecedent represents a relation r, which relates the 
mediating entity w to x, y, and z. The quoted phrase in the consequent 
represents a relation s, which does not involve the plan w. In the usual syntax, 
the quoted phrases could be written interpretsDrawingAsPlanFor(x,y,w,z) and 
constructs To Resemble(x,z,y). The implication operator:::> represents the causal 
influence of the plan, which does not appear explicitly in the result. 

2.8 a. A common property of all the items in the list is mass, which is the basis 
for sorting them in order of increasing mass. From an earth-centric view­
point, weight could be considered an inherent property of an object, but 
technically, weight depends on Secondness, since it is the reaction of an 
object's mass with the gravitational attraction of another object. 

b. Items found in a bathroom: toothbrush, bar of soap, razor, roll of toilet 
paper, rubber ducky, towel. Items found in a book bag: eraser, pencil, pocket 
calculator, apple, sandwich, book, three-ring binder. 

c. Explanation: Items in the bathroom are used in water-based activities for 
personal hygiene. Items in the book bag are used during a student's day at 
school. 

2.9 Pure mathematics is the study of form or Firstness. This theorem is a joke 
because the concept Interesting introduces a kind ofThirdness that is foreign 
to the practice of mathematics: some entity x is interesting to some person y 
for some reason z. The theorem as stated therefore depends implicitly on some 
unstated person y and reason z. 

It is possible to give a formal definition of the predicate interesting(n) by 
formalizing the metalanguage used to define reasons and defining a formal 
mapping between the integer n and the reason z. But unless the language for 
formalizing the reasons and the mappings allows infinitely long sentences, only 
a countable nwnber of entities can be considered interesting. Since the real 
numbers are uncountable, only a countable subset of them can be interesting. 
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When formaliied, proofs like this are closdy rdated to proofs of comput­
ability and undecidability, which are serious subjects in logic and computer 
science. But words like serious and useful also involve Thirdness: some proof x 
is considered serious or useful by some person y for some reason z. Like the 
word interesting, the words serious and useful could be formalized, but then 
someone dse might doubt (Thirdness) whether that formalization was serious, 
interesting, or useful. 

Words like interesting or useful which involve Thirdness, must relate three 
entities. A definition of such words by monadic predicates like interesting(x) 
must either ignore the person y and the rea,son z or treat y and z as fixed 
constants. But that approach is an oversimpli£.cation that could be challenged 
by any other person who happened to have different criteria for what is 
interesting or useful. · 

2.10 The word funeral describes a situation (Mediating Physical Occurrent) that 
relates all the participants mentioned in the rest of the story. The words priest, 
pallbearer, and mourner describe people by their roles (Secondness), not by any 
inherent characteristics. The word coffin describes an object by its function 
(Secondness), not by its structure or composition. The words procession and 
follow describe simpler occurrents (parts of the funeral) that determine how the 
people relate to one another as participants in the funeral. 

2.13 Following is a direct translation of the second premise For every person x, it is 
better for x to have a ham sandwich than for x to have nothing. 

(~x:Person)betterThan( 

(3y:HamSandwich)have(x,y), 
have (x, {} ) ) . 

The {} symbol can be eliminated by expanding the last line: 

(~x:Person)betterThan( 

(3y: HamSandwich) have (x, y) , 
- (3y) have (x, y) , 

A direct translation of this version to stylized English would be For every person 
x, it is better for x to have a ham sandwich y than for there not to exist any y such 
that x has y. A more colloquial version is You re better off having a ham sandwich 
than not having anything. 

2.17 Each ofTarski's five definitions involve twO arbitrary spheres, x and y. Show 
that ifTarski's definitions were not equivalent to Euclid's, it would be possible 
to find two spheres that violated the constraints. For the definition of externally 
tangent and ffi:ternally tanget, show that if a and b were not touching, it would 
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be possible to find x and y that both contained a, but x contained only a part 
of y. For the definition of internally and externally diametrical, show that if a 
and b were not diametrically opposite, two very large spheres x and· y would 
intersect on one side or the other. For concentric, show that if a and b did not 
have the same center, x and y would not have to be internally diametrical to b. 

Chapter 3 

3.5 Words like absence and fai4 which have implicit negations, cannot be defined 
in pure EC logic. Represent;ing the absence of something by failing to mention 
it requires the assumption of negation as failure. That assumption can only be 
stated_ in higher-order logic: 

• If a proposition p cannot be proved from the current knowledge base, then 
assume its negation -p. 

This statement uses implication, negation, and metalanguage to talk about 
propositions. When added to EC logic, it not only provides a way of defining 
all the operators of first-order logic, it even supports versions of nonmonotonic 
logic. 

3.6 Predicates for the ontology: 

lake WarmerThanAir(x) 
eastOf(x,y) 
west Wind(x) 
air(x,y) 

A lake at xis warmer than the air at x. 
Locatio.n x is east of y. 
The wind at xis blowing from the west. 

The air at xis y. 

The second argument of the air predicate may be one of the following attri­
butes: saturated, rising, cooler, precipitating, aboveFreezing, belowFreezing, 
raining, snowing. Following are the translations of the English sentences to 
predicate calculus: 

(V x:Locarion)(lakeWarmerThanAir(x) :::::> air(x,saturated)). 

(V x:Location)(air(x,saturated) :::::> air(x,rising)). 

(Vx:Location)(air(x,rising) :::J air(x,cooler)). 

(Vx:Location)((air(x,precipitating) A air(x,aboveFreezing)) 
:::::> air(x,raining)). 

(V x:Location) ( ( air(x, precipitating) A air(x,below Freezing)) 
:::J air(x,snowing)). 

(V x:Location)((air(x,saturated) A air(x,cooler)) 
:::::> air(x,precipitating)). ·-·-·. 
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N x,y:Location)(V' z-.Anribute)((westWmd(x) A 

eastOf(x,y) A air(x,z)) :::> air(y,z)). 

3.7 Four English sentences translated to predicate calculus: 

eastOf (Buffhlo,LakeErie). lake WarmerThanAir(LakeErie). 
air(LakeErie,belowFreezing). w~tWmd(LakeErie). 

How to explain why it is snowing in Buffalo: Let -p1,-p2, •• , -pn be the chain 
of inferences where p1 is the formula for the sentence It is snowing in Buffalo 
and Pn is the formula that was contradicted by the backward chain of infer­
ences; the chain of formulas :f p sub i :e£ should include the original facts and 
rules, as well as the conclusions derived from them. Then let the English 
paragraph be the sequence of sentences 'E'(pn), .. , 'E'(p1), where 'E'(p) 
represents the English reading of Pi· 

3.15 The following if-then operation could be added to the action part of the 
updateEffectsOfPutOn: 

(if (contains ? ?x) 
then (assert (deleteContainer ?x)) ) 

This retraction would have to be placed ahead of the assertion of the fact that ?y 
supports ?x; otherwise, it would also delete any facts about the new containing 
relationships. For case (a) in which ?x does not support anything else, the 
deleteContainer rule would retract all facts that asserted anything containing ?x: 

(defrule updateEffectsOfPutOn 
?dcontainer <- (deleteContainer ?x) 

=> 
(retract ?dcontainer) 

(while ?dcon <- (contains ?y ?x) 
do (retract ?dcon) )) 

For case (b) in which ?x might support other objects, the while loop would have 
to contain a nested while loop. 

(while ?dcon <- (contains ?y ?x) 
do (retract ?dean) 

(while (indSupports ?x ?z) 

(if ?dindcon <- (contains ?y ?z) 
do (retract ?dindcon) ))) 

This rule would also require the definition of another rule to define indSup­
ports as the transitive closure of the supports relation. 
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Chapter4 

4.4 The data associated with a token may be an arpitrarily complex strucrure, one 
field of which could be used to save memory-bo~nd data. Since each token in 
a Petri net has the effect of a separate task or thread, the memory of a task may 
be contained in the token for that task. To represent memory that is bound to 
a specific transition, add another place next to that transition with a single 
token in it. That place should have one arc as input to and another as output 
from the transition. The token in that place, which would go to the transition 
every time it fired, could contain any memory-bound data that may be needed 
by the transition. With these techniques, the transitions can be implemented 
in a purely functional language. 

4.12 The unified Petri net represents all processes in one big simulation. It is 
convenient for showing a global view of all interactions simultaneously. Each 
finite-state machine focuses on just a single process while ignoring the details 
of other processes. It would be convenient for a programmer who wants to 
concentrate on one process at a time without worrying about the details of the 
oth~rs. See Section 5.7 for an application that decomposes a Petri net into 
separate finite-state machines that represent interacting agents. 

4.13 On the producer loops: 

• The Pl transition invokes InP with the pattern (Empty ?ptr). 

• V2 invokes Out with the data tuple (Full PtrToBuffer}.. 

On the consumer loop:. 

• P2 invokes InP with the pattern (Full ?ptr). 

• Vl invokes Out with the data (Empty PtrToBuffer). 

In Exercise 4.10, the decomposition of Figure 4.11 into seven finite-state 
machines treats the four buffers as equal in importance to the two producers 
and one consumer. In many applications, however, the buffers are passive 
objects, while the producers and the consumer may do a significant amount of 
computation. The decomposition into three machines would be"simpler and 
more efficient for applications in which the buffers are passive. The decom­
position into seven machines might be more convenient and modular for 
applications in which the buff er cycle does a significant amount qf complex 
computation. 

4.14 As Figure 4.8 shows, the number of processes in the.Petri.net of Figure 4.7 
may increase without limit. Therefore, it cannot be decomposed into a fixed 
number of finite-state machines by the method of Exercise 4.10 or 4.11. 

To decompose Figure 4.7, draw a finite-state machine for the loop 
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consisting of place a, transition b, place c, and transition f In transition b, 
make two calls to the Linda Eval operator to invoke two finite-state machines 
that start at places d and e, respectively. When the machine starting at d 
reaches place i, it would terminate with a result that the Eval operator would 
send in a tuple to BB. When the machine starring at e reaches transition k, 
it would use the Linda In operator to receive that message; then it would . 
terminate~ place L The continuing threads shown in Figure 4.8 would be 
represented by an accumulation of tuples in BB for each machine that ended 
in place L 

4.15 Most Petri nets can be represented by firul:e-state machines that interact via 
Linda operators. However, there is one feature of Petri nets that cannot be 
adequately represented by Linda: the ability to delay firing a transition until 
tokens have been received in each of several input places. Since each Linda 
operator receives at most one tuple, some transitions must be represented by 
two or more Linda operators. If two or more transitions are competing for the 
same inputs, the representation in Linda might create a deadlock that would 
not occur in the Petri net. As Section 4.5 shows, all Linda operators can be 
represented by Petri nets, but not all ~etri nets can be represented by combina­
tions of Linda with finite-state machines. 

4.17 To solve the problem in Prolog, first define a predicate choose(X,L,R), which 
selects an element X out of a list L and puts the remaining element:S in R: 

choose(X,L,R) ~ L=[HeadjTail] & 
(X=Head & R=Tail I choose(X,Tail,R2) & R=[HeadlR2]). 

Following is an unoptimized Prolog predicate that solves the problem. For the 
goal solve(*,*,*), the Prolog system would return the answer solve([9,5,6,7], 
[1,0,8,S], [l,0,6,5,2]). 

solve( [S,E,N,D], [M,0,R,E], [M,O,N,E,Y]) ~ 
choose(M, [0,l,2,3,4,5,6,7,8,9],R9) & choose(S,R9,R8) 
& choose(O,R8,R7) & choose(E,R7,R6) & choose(N,R6,R5) 
& choose(R,R5,R4) & choose(D,R4,R3) & choose(Y,R3,R2) 
& M>O & (C4=0 I C4=1) & M=C4 & S>O 
& (C3=0 I C3=1) 
& 0 ·= s + M + C3 - 10 * C4 
& (C2=0 I C2=1) 
& N ·= E + 0 + C2 - 10 * C3 
& (Cl=O I Cl=l) 
& R ·= 10 * C2 + E - N - Cl 
& Y := D + E - 10 * Cl. 
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This version· can be optimized by reordering the generating and testing, as in 
the flowchart of Figure 4.15: 

solve([S,E,N,D], [M,O,R,E], [M,O,N,E,Y]) ~ 

M=l & C4=1 & R9=[0,2,3,4,5,6,7,8,9] 
& choose(S,R9,R8) 

& S>O & (C3=0 I C3=1) 

& 0 := S + M + C3 - 10 * C4 
& choose(O,R8,R7) 

& choose(E,R7,R6) & (C2=0 I C2=1) 

& N : = E + 0 + C 2 - 10 * C3 
& choose(N,R6,R5) 
& (Cl=O I Cl=l) 
& R ·= :J,.O * C2 ·+ E - N - Cl 
& choose(R,R5,R4) 
& choose(D,R4,R3) 

& y ·= D + E - 10 * Cl 

& choose(Y,R3,R2). 

On an IBM 3090 computer, the unoptimized version took 13 seconds of CPU 
time, but the optimized version took only 4 milliseconds - more than 3200 
times faster. 

Non: Various implementations of Prolog use different symbols. This example 
uses the notation of the book by Walker et al. (1990). In some versions of 
Prolog, the left implication is represented by the symbol :- instead of~; the 
conjunction is represented by a comma instead of&; the don't-care symbol is 
represented by an underscore_ instead of an asterisk*; and the assignment:= 
is represented by the keyword is. The vertical bar I represents a disjunction. On 
versions of Prolog without disjunction, it is possible to define a dyadic or 
operator by the following two rules: 

or(P,Q) ~ P. 

or(P,Q) ~ Q. 

4.19 a. STRIPS had to face the same kinds of integrity problems that must be 
addressed in database systems when some relations depend on others. Smee 
the NextTo relation depends on theAt relation, an update to either relation 
may change the values in the other. The solution adopted for STRIPS is to 
allow updates only to the primitive relations such as At and to recompute 
the values of the dependent relations whenever the primitive relations 
change. In relational database systems, it is more common to store only the 
values of the primitive relations and to define the dependent relations aS 
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views, whose values are computed only when requested. The problem of 
preserving integrity if updates are made to dependent relations is unsolvable 
in general For example, if the fu.ct that A is next to B is added or deleted, 
there is no way of knowing whether A or B or both were moved. 

b. The STRIPS world models are equivalent to the data stored in a relational 
database or a collection of ground-level clauses in Prolog. The problem of 
evaluating the truth of an arbitrary first-order statement in terms of such a 
model is routinely performed for SQL queries and Prolog goals. It can be 
solved in polynomial time. 

4.22 A transition with two or more input arcs .represents a conjunction, since it 
cannot fire unless all of its input places have a token. A place with two or more 
output arcs represents a disjunction, since a token in that place can only to go 
one or another of the output transitions. To simulate negation as failure, use a 
transition that can only fire if a particular place fails to have a token. In Figure 
4.15, the Petri net for the InP operator has a transition labeled Null, which fires 
if ·th~re is no suitable token in the BB place. In Figure 4.20, the Misfire 
transition fires when there is no token in the Gun-loaded place; but unlike in 
Figure 4.15, there is no delay transition to prevent it from firing even when a 
token is present. Show how a delay transition could be added to Figure 4.20. 

4.24 With single transitions for each action, the Petri net would require two 
transitions: the first one for the movement of Zayd's hand would enable the 
one for the movement of the key. For a series of partial movements, the Petri 
net would embed those two transitions in a loop where the output token 
from each movement of the key would enable another movement by Zayd's 
hand. The token that would start the loop would come from a transition for 
Zayd deciding to move his hand, and the token would be removed from the 
loop by another transition for Zayd deciding to stop. If the loop were cycled 
as rapidly as the frames of a movie, both movements would appear to be 
continuous. 

4.27 Brief answer: The operational description of the way clocks measure time· 
illustrates Whitehead's view of how time is "abstracted" from actual entities; it 
is also compatible with Peirce's pragmatism. According to Newton's view, space 
and time are independent physical. entities (IP) with space as a continuant 
(IPC) and time as an occurrent (IPO). In modern physics, the structure of 
space and time depends critically on matter and energy, although the nature of 
that dependence is still an active research topic. According to Whitehead's view, 
which is consistent With modern physics, the spatial and temporal aspects of 
actual entities would be classified in categories IP, RP, and MP or their continu­
ant and occurent subtypes. All measurements are abstractions that would be 
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instances of the abstract categories of Figure 2.7. A map is a schema and a 
calendar is a script; their components - geographical coordinates and dates -
would be monads of type Schema or Script. A date su,ch as 28 January 1998 is 
an instance of Script; the proposition that 28January1998 is the beginning of 
a Chinese year is an instance of History; an explanation of why that date is 
considered the beginning of a year would be an 'instance of Reason. The 
processes that determine the temperatµre would be physical, and their meas­
urements would be abstract. Generalizing the measuring_ techniques beyond 
the physical sciences raises many controversial issues. Whatever realicy lies 
behind a stock market index or an IQ score would be physical; the measure­
ments, meaningful or not, would be abstract. 

4.28 Born's three postulates could be stated as constraints on the Petri nets that 
simulate physical processes: 

• Causality postulates that for some combination of tokens in the places of 
a Petri net, the presence of a token in the place A is a prerequisite for the 
appearance of a token in the place B. A is called the cause, and B is called 
the the effect. 

• Antecedence postulates that the appearance of a token in the cause must be 
prior to the appearance of a token in the effect. 

• Contiguity postulates_ that cause and effect must be connected by a di-
rected path of arcs leading from the cause to the effect. 

The regions discussed in Section 2.7 could be could be represented by con­
nected subgraphs of a history of firings of a Petri net. Map any such region e7l. 
to a timing diagram, such as Figure 4.9. If a time line exists for 9.ll,, it would be 
a single thread through the timing diagram that starts before or simultaneous 
with any other thread in e7l. and ends after or simultaneous with any other 
thread in eJl.. If the arrow at the bottom of Figure 4.9 is ignored, there are nine 
candidates for time lines; any of them could be adopted as a time line, but one 

- with a large number of regularly spaced firings of transitions would provide the 
finest granularity for timing other processes. During the firing of any transition 
ton a time line, a snapshot would consist of a slice through all the threads above 
and below t. A continuant could be represented by single token that represents 
some object; its corresponding region would be a single thread that forms a 
time line of all the St:ates and events that object performs or unaergoes. A more 
detailed representation of a continuant could be represented by parallel threads 
that represent the parts of an. object and the separate actions they perform 
during the life of the whole; an airplane, for example, has been described as 
three million parts flying in close formation. Any other region would represent 
an occurrent. A spatial form could be represented by a predicate P(s) that is true 
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of the token or configuration of tokens that flow along the threads of a region 
that represents a continuant. 

Chapter 5 

5.1 Since the go-moku board has 12 black stones and 11 white ones, White has 
the next move. Black is threatening to get 5 stones in a horizontal row on the 
next move; therefore, White's only chance to avoid an immediate loss is to place 
a stone to block that pattern. Following that move, Black will place a stone to 
form a diagonal row of 4 stones that is open at both ends. Since White cannot 
block both ends in a single move, Black will win on the following move. 

Note that this go-moku game ends after 27 stones have been placed on the 
board; the go game did not end until 2'07 moves were made. In general, 
go-moku is a much simpler game than go. A typical go-moku game ends in a 
few minutes, but a go game may take hours or even days .. At the 67th move of 
the go game illustrated in Chapter 4, the player with the black stones studied 
the board for three hours before making the move. 

5.9 The basic superstition is that using ~e true name of something is the equiva- · 
lent of calling it. By a variation of the superstition about fear, if you call a feared 
entity, then it is likely to appear. Since bears are fearsome animals that were 
more common in the northern areas where the Germanic and Slavic languages 
were spoken, the people in those areas would avoid using their true names. 

5.12 Carnap's definition is equivalent to Montague's definition in any system of 
logic whose rules of inferertce are sound and complete. In such a case, all 
sentences that are provably equivalent would be true or false in exactly the same 
possible worlds. Therefore, they would generate the same equivalence classes 
for propositions. The definition in Section 5.3 allows more fine-grained dis­
tinctions that would generate more equivalence classes: provable equivalence is 
just one condition for a meaning-preserving function; the other conditions 
distinguish sentences that may be provably equivalent, but have different 
vocabulary or structure. Montague's definition cannot be computed because-it 
is stated in terms of physical worlds or possibly fictitious worlds. Carnap's 
definition can be computed by a theorem prover, but in many cases the proof 
that two formulas are equivalent is undecidable, or it may take an exponential 
amount of time. The definition in Section 5.3, however, can be tested in at 
most polynomial time. 

For examples, see Section 5.3. As another example, the statement 2+2~4 
and the statement of Fermat's last theorem are both true in every possible 
world in which Peano's axioms hold. Yet the proof of the first is trivial, but 
the best mathematicians in the world took several centuries to prove the 
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second. By the definition of Section 5.3, however, there is no need to prove 
their logical equivalence, since they have a different structure and use different 
vocabulary. 

5 .13 Linguists have never formulated the rules for translating pairs oflanguages with 
enough precision to confirm or reject Quine's thesis. The definition of proposi­
tion in terms of meaning-preserving functions is compatible with Quine' s thesis 
of indeterminacy, and it might be used to state that thesis in a more formal and 
testable way: 

• Suppose that two manuals A and B define functions f.X and f.B' for 
translating language ;f,1 to language Y!,2• 

• It is possible that fA and fr, meet the criteria for meaning-preserving func­
tions stated in Section 5.3, but there exists at least one sentence s in Y!,1 

whose translations in Y:, 2 diverge according to the two manuals: i.e., the 
equivalence class in ;f,2 of JA(s) is not the same as the class of fp,(s). 

• The possible existence of such divergent translation manuals in no way 
invalidates the definition of propositions according to 5.3. It simply means 
that there is no unique way of relating the propositions stated in Y:,1 to 
those stated in Y:,2• 

For Quine's rabbit-gavagai example, one manual might translate the word 
rabbit to gavagai, and another manual might translate undetached rabbit part to 
gavagai. To confirm Quine's thesis, both translations and their inverses would 
have to be extended consistently to the entire languages Y:,1 and· Y:,2 while 
preserving the criteria of Section 5.3 and without violating the usage of the 
native speakers of both Y:,1 and Y:,2• The ability to extend such translations for 
at least one pair of languages would confirm Quine's thesis; the inability to 
extend them consistently would count as evidence against it. Neither case 
would invalidate the definitions of Section 5.3. 

The inability to give a satisfactory translation for the sentence about 
neutrinos from Y:,1 to Y:,2 would mean that the vocabulary of Y:,2 is not rich 
enough to express sentences about that topic. If the topic is important, the 
vocabulary of Y:,2 could be extended by borrowing or coining new words in 
the same way that English has been extended in the past 400 years. Whether 
the new language Y:,2 is considered "the same" or "different" is another ex­
ample of the identity puzzle illustrated in Figure 5.2. See Chapter 6 for more 
examples. 

5.14 a. The second line follows from the first by two applications ofGM:f>: from 
pr and p, the conclusion becomes T Ar; from ps and q, the conclusion 
becomes T ArA.s; then "TA" can be erased. 
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b. The conditions for GMP do not apply, since the context of (mAn) is 
negative (negation depth one). But since the context is negative, the second 
line can be derived from the first by the rule of insertion. 

c. Yes, the conditions for GMP apply. 

d. The conditions for GMP do not apply, since (.p v (tpr)) is equivalent to 
-(-p A -(tpr)). Therefore, the context of m does not lie inside the contexts 
of p and tpr. In case of doubt, draw the negations as ovals. 

5.15 This theorem is easiest to prove when the contexts are shown explicitly, as in 
EGs, CGs, or DRSs. In the algebraic notation, the sequence of steps is exactly 
the same, but the test for nested contexts requires more careful checking. By 
the rule of double negation, start by drawing two negative contexts around the 
blank or T: -(T A-T). As an implication, 

T:::iT. 

By the rule of insertion in a negative context, the first T may be replaced with 
any specialization. In particular, it may be replaced with the entire left side of 
the formula to be proved: 

((.p ::::> r) A (q ::::> s)) ::::> ((.p A q) ::::> T. 

By the rule of double negation, draw two negative contexts around T 1D form 
-(T A-T), which may be written in the form of an implication: 

((.p:::> r) ~ (q:::> s)) ::::> ((.p A q) ::::> (T ::::> T). 

By the rule of insertion in a negative context, the first T may be replaced by (.pAq): 

((.p ::::> r) A (q ::::> s)) ::::> ((.p A q) ::::> T). 

This is the same as the first line in Exercise 5.14a. After two applications of 
GMP, the theorem is proved in a total of 6 steps. In the Principia Mathemllhca, 
which was published 13 years after Peirce discovered his rules, the proof of this 
theorem took 43 steps. 

5.16 Parts (a) and (b) can be derived from the first formula in context 2ll by one 
application of QE followed by deiteration to erase the extra copy of q. To prove 
(c), start with the formula 

(u A r) = ((.p A -w) = (-v As)). 

Any identity of the form p=q can be written as a conjunction (pq)A(tpp). 
Therefore, either implication is a generalization of the identity. By the rule of 
replacing a subformula with a generalization in a positive context, replace the 
first occurrence of = with ::::>: 

(u A r) ::r ((.p A -w) = (-v As)). 
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Since the consequence of an implication is also a positive context, replace the 
remaining occurrence of = with ::::::>, but in the reverse order: 

(u /\ r) ::i ((-v /\ s) ::i (p /\ -w)). 

Applying QE, 

(u A r A -v A s) :::::i p. 

In the context 2ll, u and -v occur outside any negations. Therefore, by two 
applications of deiteration, the copies of u and -v may be erased to obtain 

(r /\ s) ::::::> p. 

This proof takes five steps. Although the proof is shon, heuristics or insight 
may be necessary to find the most promising steps to try. For pans (a), (b), and 
(c), the heuristic to use is easiest to state when the formulas are translated to 
EGs or CGs: if the conclusion of an implication occurs inside any nest of 
negated contexts, the implication can be derived in one step by an application 
of QE. For these proofs, the translation to EGs or CGs can be done in linear 
time, QE is also linear, and deiterations can be used to simplify the results. 

Instead of heuristics, truth tables require brute-force computation that 
increases exponentially with the number of propositional variables. Since the 
context 2ll contains 8 distinct variables, a truth table would have 28 or 256 rows. 
For each row, the three formulas in the context would have to beevaluated to 
0 for false or 1 for true. Then for each row in which all ~ee have the value l, 
each formula to be proved would also have to have the value 1. 

Heuristics can also be used to reduce the computation in truth tables. In this 
example, the formula qAU/\-v determines three values, q=l, u=l, and v=O, 
and allows the table to be reduced to 2s or 32 rows. Implications, which create 
dependencies between the rows, can be accommodated by further heuristics, 
which have the effect of replacing the rows of a truth table with a network of 
dependencies called a truth-maintenance system (TMS). In the worst cases, all of 
these methods - proofs, truth tables, and truth-maintenance systems - take 
exponential amounts of time; but the worst cases for each of them tend to occur 
on different kinds of problems. Unfonunatdy, many kinds of problems are 
computationally intractable (exponential) with all know~ methods. 

5 .17 Peirce observed that the symbols of any statement in any language, natural or 
anificial, must be linked to their domain of discourse by at least one indexlcal. 
Those indexicals could be contained within the statement itself, as they are in 
natural languages, or they could be contained in a metalanguage, as in the 
statements that determine the application of some formula in logic. The 
paradoxes of self-reference such as "This sentence is f?.lse" always involve some 
kind of indexical. The nonparadoxical sentence in Exercise 5.17 uses the 



ANSWERS TO SELECTED EXERCISES 

indexical effect of tenses to distinguish the object language from the meta­
language. 

Words like true and false are metalevel terms that implicitly raise the meta­
language by one level. Nonparadoxica:l statements can be mapped to a stratified 
semantics where each sentence can be assigned a unique level number that is at 
least one level above the level of the sentence to which the words true and falseare 
applied. Paradoxical statements create cycles that cannot be mapped to the 
stratified levels. 

5.18 The nature of the entity xand the laws logos(x) fqr each of Peirce's five kinds 
of modality: 

• Logical possibility. x is { }, and the laws consist of all tautologies. 

• Subjective possibility. x is some knowing agent, and the laws are everything 
xknows. 

• Objective possibility. x is the universe, and the laws are the laws of nature. 

• Interrogative mood. x is a community of enquirers or truth seekers, and the 
laws are the consensus of w:hat is commonly known. 

• Freedom. x is a community of animate heings seeking to live together 
harmoniously, and the laws are the norms of acceptable behavior. 

To reconcile the personal and impersonal metaphysics, St. John the Evangelist 
identified the logos of the universe with God. He was probably influenced by 
the Jewish philosop!ier Philo of Alexandria, who was trying to harmonize the 
Torah with Greek philosophy. 

5 .22 In the Watch place, each hider would invoke a ReadP operator with the pattern 
tuple (see ?.n). If the variable ?n contained the hider's own name, the hider would 
be required to enter the Seen transition; otherwise, the hider would be permitted 
to enter the Run-Home transition. During the Miss transition, the seeker would 
try to block further runs by invoking the In operator wi!h the pattern (see name), 
where name is the name of the hider who just escaped. From the; Seek place, the 
seeker might give up the search by entering the No-Tag transition; in that 
transition, the seeker uses the Out operator to send the message (all free) .1n the 
Watch place, hiders would periodically use the ReadP operatorwith a pattern (all 
free); when they found that pattern, they would enter the Run-Home transition. 

5.25 Missing fa.ct: Ronald Opus was the son of the old couple who lived on the 
ninth floor. 

5.26 A definition that justifies the medical examiner's conclusion: A person x dies 
by suicide if x is guilty of mudering x. In this example, Ronald Opus intended 
to kill his mother. In the attempt, he performed an action that resulted in 
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killing himsel£ By the conditions stated in Exercise 5.22, he is guilty of 
self-murder. 

Another definition: A person x dies by sUicide if x intends to kill x and in 
pursuing that intention, x performs an action that directly or indirectly causes 
the death of x. Although Ronald Opus intended to commit suicide, the action 
that caused his death was perf armed with the intention of killing someone else. 
Therefore, he is guilty of murdering himself, but not guilty of suicide. 

Chapter 6 
6.5 In the original design, the connectors for the upper walkway supported only 

the weight of the upper walkway, and the connectors for the lower walkway 
supported only the lower walkway. As built, however, the connectors for the 
upper walkway had to support the full weight of both upper and lower 
walkways. Therefore, they were the first to fail 

6.9 The possible outcomes can be represented by a truth-table with 16 rows. 
Evaluate each of the five statements in terms of that truth table to determine 
the Giants' opponent for each row. If the probability of any win or loss is 50%, 
the probability of each row is (1/2)4 or 6.25%. Therefore, the probability that 
the Giants will play the Vikings is 37 .5%; the Lions or Redskins, 25%; and the 
Buccaneers, 12.5%. With variables, the probability of each row is the product 
of the probability of each win wand each loss (1.....:. w). 

NoTE: this exercise ignores ties, which have a low probability; if ties were 
considered, the statement of the problem would be more complicated, but the 
method of solving it would be the same. 

6.11 Named default rules: 

• Junk: (\ix:Retailer)(\im:Message)(from(m,x) ::::::> -important(m)). 

• Delivery: (\ix:Retailer),(\im:Message)((from(m,x) A 

awaitingDelivery (Karen,x)) ::::::> important(m)). 

• Favor: ('v'm:Message)(from(m,fave.com) ::::::> important(m)). 

Assertions of priority: · 

• overrides(Delivery,Junk). overrides(Favor,Junk). 

Background knowledge: 

• retailer(baby.com). rei:ailer(paris.com). retailer(fave.com). 

Messages: 

• from(msg54,baby.com). from(msg8 l,paris.com). from(msgl 17,fave.com). 
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6.12 The classical first-order theory that determines that Molly the mollusc has a 
shell is the deductive closure of the following formulas: 

• ('\/ x) (nautilus(x) :::) cephalopod(x) ). 

• ('\/x)(cephalopod(x):::) mollusc(x)). 

• ('\/ x) (mollusc(x) :::) shellBearer(x) ). 

• mollusc(Molly). 

To derive the other two theories, replace the last two formulas with the 
appropriate formulas for Sophie or Natalie. For Karen's email agent, the FOL 
formulas for message #54 would be: 

• retailer(baby.com). retailer(paris.com). retailer(fave.com). 

• ('\/x:Retailer)('\/m:Message)(from(m,x):::) -important(m)). 

• from(msg54,baby.com). 

To derive the theories for the other two messages, replace the last two formulas. 
The effect of the default rules is to extract a different subset of classical formulas 
for each instance. In principle, the nonmonotonic reasoning is done by the 
metalevel rules, and the answer for e:i.ch instance is derived by classical FOL. 
In practice, the inference steps at the two levels are intermixed, and the effective 
first-order theory is not shown explicitly. 

6.15 There is no fixed order of the two axioms named Rep and Qua in Exercise 
6.14 that can give the correct answers for both Nixon and Bob. One way to 
solve the problem is to change the object-level axioms to include conditions 
about political and religious activity. ·Another solution is replace the fixed 
ordering of defaults by metalevel axioms that determine which object-level rule 
takes priority: 

('\/x)(religious(x):::) overrides(Qua,Rep)). 
('\/ x) (politician(x) :::) overrides(Rep,Qua)). 

Rules of this kind, which could also be used for theory .revision, push the 
default reasoning into the metalevel. The same kinds of problems about default 
reasoning recur at the metalevel, and they might require metametalevel reason­
ing about the metalevel defaults. To stop an infinite regress in metalevels, some 
level should have no defaults or a fixed partial ordering of defaults. To reach a 
conclusion in any particular case, the reasoning at metalevel i!£ 1 must be 
completed before the reasoning at level i can proceed. 

6.16 Fuzzy r.easoning and default reasoning are being used in critical systems such 
as brakes. As computers become ubiquitous, software that might not seem 
critical could cause a failure that would propagate to other systems. To avoid a 
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disaster, the engineers must analyze all the options that could occur and prove 
a metalevel theorem that guarantees safety: the reasoning methods must reach 
a safe conclusion in all cases, they must reach the conclusion within a fixed 
time limit, and no critical system may have dependencies on possibly unsafe 
systems. Even then, it is prudent to include backup systems and manual 
overrkies. 

6.18 Short answer: The three concept types Observation, Simulation, and Deduc­
tion are all examples of Thirdness, since they involve an agent (first) who 
extracts knowledge (second) from some source (third). They differ in the type 

of the source. For Observation, the source is Firstness: feelings or sensory inputs 
of some kind. For Simulation, the source is Secondness: the relation of the 
model to the entity that is being modeled. For Deduction, the source is 
Thirdness: a theory as explanation. 

Chapter 7 
7.2 For a solution in Prolog, see the depth_first predicate, which is described in the 

answer to Exercise 7.5. That predicate could be used without change to solve 
the MC puzzle. The move predicate for the leapfrog game, however, would 
have to be modified for the different formats and constraints. For other 
programming languages, a search program such as depth_first could also be 
written in a problem-independent way. All of the problem dependencies would 
be concentrated in the move program and the program that prints out the 
answers in a humanly readable form. 

7.5 Following is a Prolog solution for the leapfrog game. It is invoked by typing 
the Prolog goal "leapfrog." This program represents one working version, 
which may be modified or used as a pattern for developing other versions as 
suggested in Exercise 7.6. Similar programs for breadth-first search, for heuris­
tlcs to improve performance, and for applications to other problems are pre­
sented in Chapter 2 of the book by Walker et al (1990). The nickel-and-dime 
game in that book is isomorphic to the leapfrog game. 

The depth_first predicate searches the graph of all possible states in games 
such as the MC puzzle or leapfrog. It calls a predicate move(Current,Next) to 
make a move from the current state to a possible next state, and it keeps a 
history of all previous states that have been visited. 

depth_first(Goal, Goal.*, Goal.nil}. 

depth_first(Goal, Current.Past, Current.Future} <- move(Current,Next} 

& -.member(Next,Past} 

& depth_first(Goal, Next.Current.Past, Future}. 
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The member predicate is used to avoid repeated states by checking whether a 
possible next state is a member of the history list. -

member(Head,Head.Tail). 
member(X,Head.Tail) .<- member(X,Tail). 

The move predicate, which is the only one called by depth_fust that is special­
ized to the leapfrog game, makes one move from the ctirrent state to the next 
state. This version of move represents each state as a list of characters with "m" 
for missionaries, "c" for cannibals, and "_" for the empty space. The move 
predicate and the prtans predicate for printing the answer are the only two that 
need to be changed for different representations. 

move(m. "-" .X, "-" .m.X). 
move("_".c.X, c."_".X). 

move (m.X. "-". Y, "_" .X.m. Y). 
move("_" .X.c.Y, c.X. "-" .Y). 
move (H.X, H. Y) <- move (X, Y). 

The leapfrog predicate sets up the starting state, calls the depth_first predicate 
to play the game, and then prints out each state from start to finish. 

leapfrog <-
. prst('Please enter the n\ll!lber of missionaries.') & nl & readat(M) & nl 

& (hint(M) I lt(M,0)) -> (prst('Invalid input.') & nl & stop)) 

& prst('Please enter the number of cannibals.') & nl & readat(C) & nl 

& (hint(C) I lt(C,0)) -> (prst('Invalid input.') & nl & stop)) 

& repeat(m,M,ML) & repeat(c,C,CL) & append(ML,'_".CL,Start) 

& append(CL, •_".ML, Goal) 

& depth_first(Goal, Start.nil, Answer) 

& prst('Steps to the goal:') & nl 

& prtans(Answer). 

The repeat predicate creates a list of length N by repeating an clement X. 

repeat (X, 0,-nil). 

rep~at(X,N,X.L) <- di£f(N,l,Nl) & repeat(X,Nl,L). 

The append predicate appends two lists to form a third. 

append(nil,L,L). 
append(H.Ll, L2, H.L) <- append(Ll,L2,L). 

The prtans predicate prints the steps of _the game as character strings of th( 
form "mmm_ccc." At the end, it prints the line "Finished." 
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prtans(nil) <- nl & prst('Finished.') & nl . 
prtans(State.Tail) <-

nl & writ-e(State) 
& nl & prtans(Tail). 
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7.9 The concept types Rascal, Brother, and Mother are role types, since evidence 
of some relationship to external entities is necessary to classify a human being 
as any of those types. For the types Brother and Mother, the external entity is 
human, but the relationships are different. Following is an axiom associated 
with Brother: 

For every brother x, there is another person y who is a sibling of x. 
('V x:Brother) (3y:Person).sibling0f(y,x). . 

Most, if not all of the ambiguities that arise in natural languages are caused by 
the conversational principl_e that people try to make their comments as brief as 
possible. In this case, the ambiguity arises because John's sibling may be Peter 
or it may be some other person y; similarly; Peter's sibling may be John or 
another person z. By the principles of conversational implicature, the default 
interpretation is the simplest one, which avoids introducing new individuals x 
and y. The ambiguity could be resolved by expanding the sentence: 

john and Peter are brothers of other peo pie. 

The axiom associated with Mother is similar to the one for Brother: 

For every mother x, there is another person y who is a child of x. 
('V x:Mother)(3y.Person)child0f(y,x). 

The crucial difference between this axiom and the one for Brother is that the 
childOf relation, unlike the siblingOf relation, must be asymmetric: Mary and 
Susan cannot be children of one another. Therefore, the semantic ambiguity 
that is possible with brothers does not arise with mothers. 

7.11 When the CG from Figure 7.25 is translated to the same ontology as Figure 
7.24, the result has three copies of the [Support] concept instead of one. It is 
more general because it is logically implied by the version with only one copy. 
To convert the more general CG to the same form as Figure 7.24, use the 
following constraint: "If an object x and an object y both support an object z, 
then the two instances of support are identical." That constraint can be repre­
sented by the following if-then rule: 

[If: [Object: *x]+-(Inst)+-[Support: *wl]~(Thme)~[Object: *z] 

[Object: *y]+- (Inst) +-[Support: *w2] ~ (Thme) ~[Object: ?z] 

[Then: [Support: ?wl]- - -[Support: ?w2] ]]. 
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Two applications of this rule to the more general CG will introduce coreference 
links between the three copies of [Support], enabling them to be joined to form 
a single concept [Support]. As another exercise, translate all the CGs including 
this rule to predicate calculus, and show that the same inferences can be 
performed. 

7.13 It is usually easier to delete unneeded information than to add new inforrna­
tion. The translation of music to a machine-dependent form requires inforrna­
tion about the instrument, the human body, and the performance techniques 
of a highly skilled musician. Such translation could be automated for many 
routine stylized musical passages, but the most challenging musical composi­
tions have passages that are difficult even for professional musicians. The 
amount of human time and effort required to write the programs to automate 
such translations would be greater than the time to do the translations by hand. 
A more proII?-ising approach is to invent a device for recording which fingers a 
professional musician uses during an actual performance. 
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commutative diagram, 310, 312, 313 
commutativity, 472 
comparand relation (Comp), S04 
competence levels, 187, 331, 339, 34S 
complementarity, 267, 268 
completeness, 298 
completion relation (Cmpl), 214-21S, 

447,S08 
component, 74, 86,88, 89, 124 
composite, 87, 88, 124 
computational complexity, 382 

combinatorial explosion, 6, 248 
exponential time, lSS, 290, 292, 5-i37, 

S41 
linear time, 291-292, 382 
NP complete, 261 
polynomial time, lSS, 383, S36, S37 

computer-aided software engineering 
(CASE), 419, 4S9 

conceptual analysis, 4S2 
formal concept analysis, 7S 

conceptual dependency theory, 293 
conceptual graph, 476 

actor, 479 
ANSI standard, 2S, 424 
concept, .476 
conceptual relation, 476 
measure contraction, 3S, SO 
as metalanguage, 38 
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conceptual graph (continued) 
with Peirce's logic, 23, 207 
representing branches, 221 
representing context, 173, 177 
representing flow of control, 221 
representing grammar rule, 430 
representing loops, 221 
representing music, 36, 254 
representing names, 33 
representing nexus, 85 
representing nothing, 128 
representing parse tree, 429 
representing Petri net, 219, 225, 254 
representing plurals, 161 
representing procedures, 221 
representing recursive function, 234 
representing situations, 207 
representing syllogisms, 24 
representing time, 215 
representing triadic relations, 125, 

479 
representing typed logic, 24 
translation to predicate calculus, 208, 

235 
conceptual schema, 189, 418 

modeling facility (CSMF), 452, 
455-459 

conceprualization,69, 88 
conditional relation (Cond), 234 
consciousness, 333 
constraint,27,240,426 

propagation, 241 
containment, 85 
content word, 289, 455, 457, 518 
context, 173, 268, 275, 425, 485 

actual, 294, 299 
classification of, 296 
in conceptual graphs, 276 
co-nested, 485 
conflicting definitions, 274 
delimiter, 275 
dependence, 368 
in discourse representation theory, 

279 

Hendrix's version, 279 
immediately nested, 485 
intentional, 295, 299 
McCarthy's version, 286-299, 310 
modal, 294, 299 
model theory, 320 
negation depth, 302, 305 
opaque,269 
outermost, 487 
Peirce's version, 275-277 
pragmatics, 275 
representing nexus, 270 
semantics, 275 
syntaX, 275 

context-free grammar, 281 
contingent fact, 27, 273, 296, 308 
continuant, 71-74,76,89-90, 118-

120, 124,212,263,494,497,99, 

536-537 
continuation, 214 
continuity, 6, 16, 69, 103, 353, 363, 372 
contraction, 387 
contrast, 65, 68, 69 

abstracted as relation, 68 
controlled natural language, see stylized 

natural language 
co-occurrence pattern, 445, 447, 449 
conversational implicarure, 282, 284, 

320,341,463 
coreference, 85 

label, 222, 280, 283, 340, 487 
link,25, 31,85,213,268,283,326, 

340,483,486 
set, 486 

correlational net, 207 
correlative, 84, 86, 88, 124, 504, 505 
counting, 14-15, 36, 174, 202 

countnoun,98,446,462 
counter, 228-229, 256 
definition of number by, 92, 102 
see also cardinality . 

course of events, 337 
critical path, 227 
cryptarithmetic problem, 241 
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cut-and-paste theorem, 303-304 
Cy~ 54-55, 66, 97,294, 375,412-413, 

444,458-459 

DANTE, 181-186 
Dasein, 66 
database reorganization, 439 . 
data.flow diagram, 233, 235 
Datalog, 383 
De Morgan's laws, 472 
declarative language, 223 
deductive closure, 97, 310, 312, 319, 

388-389, 544 
default, 217, 451, 454-456, 463, 

543-544 
conflicting, 380 
in frames, 375 
inheritance of, 3 81 
prioritized, 381, 392, 405-407 

default logic, 376-377, 379-382 
defeasible reasoning, 373 
defined quantifier, 281, 489 
defining label, 487 
definition, 129 

constructive, 104 
explicit, 92 
extensional, 99 
implicit, 93 
intensional, 99 
methods of, 4, 17, 24, 38, 92, 93 
nonconstructive, 102 
recursive, 93 

definitional logic, 19, 15 5 
Dempster-Shafer theory, 369 
denotation, 98, 99, 100, 384 
deontic logic, 297 
dependence,63, 88 
depiction, 399 
description, 74, 315, 499 
description predicate (dscr), 29, 85, 87, 

173-175,208,219,222,246,269, 
71,285,315-316,318 

descriptor, 483 
design levels, 188 

designator, 483 
desire (orexis), 332 
destination relation (Dest), 284, 478, 

482, 508 
determinant, 506 
dicent sign, 396 
differentia, 4, 7-8, 23, 43, 494, 498, 522. 
differential calculus, 6 
differential equation, 216 
discourse representation 

structure (DRS), 13, 279, 299, 343, 
458,465-466,517-520 

theory (DRT), 278, 284, 517-518 
disjoint, 101, 106, 155 
disjunction, 467 
distant past, 114 
distinction, 55-57, 62, 65, 67-72, 75, 

121, 124, 127, 129,51,353,355, 
357,395,400,404 

compared to gradation, 69 
metalevel, 61, 88, 112, 116, 122 

distributed situation, 250 
distributive plural, 210, 211, 415 
distributivity, 472 
domain, 51 
domain expert, 134 
domain knowledge, 454 
dominantnode,486 
duration relation (Dur), 15-16, 177, 

225,508 
dynamic logic, 20, 42 

Electronic Dictionary Research Institute 
(EDR), 412-413, 459, 495 

effector relation (Efct), 509 
egg-yolk diagram, 374 
elaboration tolerance, 416, 444, 461 
empty set, 98, 100 
EMYCIN, 157 
encapsulation, 137, 169, 171-175, 272, 

320-322 
encoded literal, 483 
enterprise integration, 53 
enterprise model, 188, 189, 191 
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enterprise modeling, 451, 465 
entity, 499 -
entity-rdationship diagram, 423, 431 
entropy, 117, 118, 119 
episodic memory, 454 
epistemic logic, 122, 296 
epistemology, 1 
equivalence, 467 
equivalence rdation, 308 
essence, 88, 507 
evaluation function, 308 
event, 206, 214, 251 
event semantics, 206 
event time, 340 
event variables, 207 _ 
event-driven program, 235 
existential graph, 276, 301, 476 

line ofidentity, 276 
as metalanguage, 276 
oval enclosure, 276 
scroll, 277 
tincture,277,294,296,299 

existential quantifier, 469 
existential referent, 483 
existential-conjunctive logic, 17, 38, 

147, 149, 155, 156, 163,204 
exogenous event, seesurprise 
experiencer rdation (Expr), 280-281, 

443,448-449,485-486,509-510 
expert system, 488 
explanation, 388 
Express language, 40 
extended quantifier, 47 4 
extension, 95, 99, 469 -
extensionality; 106 
extensiv.e abstraction, see mereology, 

Whitehead's version 

failure, 214, 2n 
family resemblance, 361 
Figura Universalis, 6 
finite-state machine, 217, 223, 231, 

249-251,258-259,261 
firewall, 272, 321 

fuse intentions, 27 
fuse-order logic (FOL), 18-20, 28-30, 

40-42,46,50 
fuse-order type, 31-32 
Firstness, 60-69, 88, 122, 125, 126, 

388-389, 95-396, 401, 4·99, 502, 
529,545 

flow chart, 218, 223, 231, 240-241, 431 
fluent,215-217,245-246, 262 

independent, 216 
locally independent, 216 
locally ramified, 216 
ramified,216 
strucrurally ramified, 216 

fork, 231 
form, 68-70, 72-73, 499 
formal parameter, 18, 22, 24, 480-481 
formalization, 133, 455 
formation rule, 470 
formula, 470 
forward chaining, 138-139, 141, 156-

157, 161, 165-166, 168, 171,96, 
198-201 

fr~e, 136, 144, 147 · 
fucet, 136, 443 
mapping to objects, 170 
reasoning with, 154 
representing existential-conjunctive 

logic, 248 
slot, 136, 145, 147, 151, 375, 502 

frame problem, 143, 247-248, 316 
Frame Representation Language (FRL), 

145 
free logic, 384, 385 
free occurrence, 472 
freedom, 297, 315, 542 
function word, 457, 518 
functional 

language, 235, 255 
rdation, 233-235 

fuzzy control system, 369 
fuzzylogic,20,41,364-366,368,373 

criticism of, 3 71 
fuzzy set theory, 366 
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gavagai,343, 539 
General Problem Solver (GPS), 157 
generalization hierarchy, 19, 94 
generalized union, 106 
generate and test, 6, 240" 
generic concept, 152 
Generic Frame Protocol (GFP), 145 
genetic algorithm, 245 
genus, 1, 4, 7, 23, 32, 494 
go-moku, 265, 339, 537 
goal, 157, 158, 507 

tews, 265, 507 
God, 102,250,315,333,343,352, 

378, 542 
goverrunent and binding, 293 
gradation, 69 
grain, 121 
grammar rule, 430 
granularity, 62, 77, 121-122, 130 

actual, 122 
epistemic, 122 
intentional, 122, 356 

ground, 192 

has test, 84, 124, 131, 499, 501-505 
having (echein), 56, 84 
hedging term, 366 
heuristics, 245, 541, 545 
hierarchy, 494, 497 

of theories, see lattice of theories 
oftypes,480,487,494 

higher-order logic (HOL), 27, 41--42 
history, 74, 217, 220, 226-227, 499 
hole, 129-130 
Hom-clause logic, 19-20, 41, 171, 306, 

382 
host language, 162 
hotel reservation example, 48, 130, 205, 

263,407,466,513 
hypernym-hyponym, 494 

icon, 396-400 
idempotency, 472 
identity; 71, 73, 236, 267-270, 316, 539 

identity condition, 120-121, 385, 494, 
499-500 

ignorance, 348 
imagery,331,332,333 

mental, 365, 399 
immanent, 506 
import-export rules, 272, 276, 283, 298, 

299,306,326,329, 541 
modal, 315 
qualified, 307, 316, 317, 343 

independence, 88 
indeterminacy of translation, 342, 343, 

539 
index, 396 
indexical, 207-208, 215, 221, 250-251, 

274,318,325-326,339,343,368, 
396,07,476,483,489, 526, 
541-542 

general, 279 
name as, 287 
not available in predicate calculus, 280 
resolving, 279, 281, 283, 284, 340 

individual concept, 152, 323 
individual marker, 483 
inertia, 250 
inference engine, 135, 237 
infimum, 97, 497 
InfoBus, 236 
informal specifications, 132 
information retrieval, 180, 412 
Information System Architecrure (ISA), 

188, 190, 191, 193,205 
information theory, 68, 117 
inheritance, 3, 4, 8, 13, 22, 23, 52, 146, 

451,473 
in frames and syllogisms, 150 
multiple, 70, 151 

inhibit arc, 261 
initiation, 214 
initiator, 506-510 
inner domain, 385 
instance levd, 423, 434 
instance variable, 170 
instantiarion,64, 136,154,178,430,500 
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insuument relation (Inst), 161, 207-209, 
440-441,463-464,507,509 

integer time, 216 
integrated system, 419 
integrity constraint, 165, 423 
intension, 95, 99, 100, 469 
intention, 69-70, 72-73, 265, 272, 297, 

307,317,321, 337,347,384,499 
intentionality, 62, 79, 213-215 
interoperability, 494-495 
interpretant, 192, 395 
interpretation, 69, 79, 126, 133, 146, 

213,285,342,394,400,517,547 
interrogative mood, 296, 315, 542 
intersection, 100, 107 
intransitive verb, 446 
intuitionistic logic, 19, 102 

Java, 169, 170-171, 173, 191, 204, 205 
observable, 171 
observer, 171 

join, 231 
juncture, 73, 499 

KIF, 25-26, 28, 33, 424--426, 428-430, 
433-436,453,459,489-492 

ANSI standard, 25, 424 
KL-ONE, 151-153, 155 
knowledge acquisition, 452 
knowledge base, 487-488, 494--495, 497 

of conceptual graphs, 487 
knowledge engineering, 132, 134 
Knowledge Interchange Format, see KIF 
knowledge levels, 186 
Knowledge Representation Language 

(KRL), 145 
knowledge source, 357, 392, 393, 396, 

407 
KRYPTON, 153 

lambda calculus, 22-24, 32, 38 
lambda expression, 148, 154-155, 197, 

207,222,235,480, 503 
lattice, 7-8, 497, 527 

of categories, 72, 74-75, 123 
operations, 96 
of theories, 94, 386 

lawgiver, 311 
learning, 75, 359-360, 363, 365, 

394-400,465,496, 512 
legisign, 396, 398, 400 
legislation, 270, 313-314, 321, 343, 363 
lexicon, 495 
library database (LibDB), 515 
lifting rules, see import-export rules 
Linda language, 237, 239,256-257, 

. 259, 261-262, 265, 335, 337, 345, 
534 

operators, 238, 258 
linear logic, 19-20, 254 
LISP, 235 
literal, 483 
local symbol, 323 
location, 509 
locator, 483 
locomotion, 332 
logic programming, 138 
logos, 55-56, 64, 67, 69, 270, 331, 343, 

345, 542 
LOOM, 155 

machine translation, 412 
manner relation (Manr), 89, 207-212, 

505 
MARGIE, 66 
marker passing, 224 
mass and energy, 76 
mass noun, 98, 101, 103 
mathematical logic, 6 
matter 

physical, 67--68, 77, 90, 118-120, 
129, 130 

relation (Matr), 509 
meanin~68, 100, 125 
meaning triangle, 125, 191, 192 
meaning-preserving translation, 

288-291,293-294, 341-343,539 
means-ends analysis, 248 
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measurement, 29-30, 79, 263, 372-373, 
379, S36-S37 

granularity of, 121-122 
of information, 117 
relation (Meas), 34-36, 49-SO, SOS 
of relevance, 391-392 
represented in frames, 146-1S2 
oftime,206, 227~229, S36 

mediwn relation (Med), S09 
memory leak, 231 
memory organization packet (MOP), 293 
mental process, 19S 
mereology, 98, 103 

axioms for, 104, 108 
continuous, 107 
discrete, 1 07 
Goodman's version, 107-109, 128 
Lefilewski's version, 103, 106 
lumpy, 107 
nothing, lOS, 127-128,S30 
Tarski's version, 106 
rime-dependent, 108, 118 
Whitehead's version, 103, 110 

meronomy, 494 
message, 32S 

passing,236-237,239,2S9,26S,32S 
producer-conswner, 229 

metalangua.,oe, 20, 28-29, 38, 41, 
49-SO, 112-113,420,431 

metalevel, 137, 193, 2S3-2S4, 27S, 298, 
333,429,431,434,487,489, 17, 
S26,S42,S44-S4S 

stratified, 316, 318, 320, 339 
metametalanguage, 29, 113 
metametamodel, 436 
metamodel, 431, 436 
metaphysics, Sl, S6, S07 
metatheorem, 304 
metatheoty, 113 
metavariable, 489 
Microplanner, 1S7-160, 163-164, 

168-169,200-203 
.microworld, S2 
minimalist grammar, 293 

-modal logic, 4, 7, 26, 27, 41, 42, 4S 
System 54, 4S, 308, 312 
System SS, 4S, 308, 312 
SystemT,26-27,4S-46,308,312 

mode, 19S. 
model structure, 308 
model theory, 20, 40, 41, 384 
model-based reasoning, 248 
modeling hypothesis, 364 
monad, 91 

element, 91 
instant, 91, 114-116 
point, 91-94, 113 
tranfiltion, 91,218,22S 

monotonic logic, 373, 378 
morphology, 81, 181, 183-184 
multimedia dialog manager (MDM), 

4S3,4S8 
multiple paradigms, 400, 427 
multivalued logic, 20, 364 
musical notation, lS-17, 36, 38, 4S, 

201, 464, S48 
MYCIN, 1S7 

name,29-31,36,38,483,S42 
alias, 33, 39 
clash, 473 
unique, 33 

natural deduction, 301, 30S, 307 
riarural language processing, 1 S7, 178, 

180-181, 193,414,419,442,4S4 
relationship to knowledge repre­

sentation, 178 
necessity, 287, 296, 299, 308, 341 
negation, 467 . 

aS failure, 164, 261, 377-379, S31 
as metalevel relation, 164, 276 

NETL, 381 
neural network, 41, 365, 398-400; 428 

hidden layer, 400 
nexus,63-64,68-70,72-74, 85-87, 

132,270,500 
non-Euclidean geometry, 116 
nondisrributed middle term, 29 
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nonmonotonic logic, 19, 40, 250, 373, 
376-379,381-382,388,406 

notational engineering, 20 
noema, 62 
noesis, 62 
now, 139, 140,220,250,251 
nth-order type, 525 
nurrition,331,333, 345 

object, 73, 206, 500 
class, 51, 169 
eternal, 64, 65, 72, 90 
identifier, 323, 385 
instance, 323, 326 
lexical type, 7 9 
methods, 324 
nonlexical type, 79 
time-bound, 217 
timeless, 217 

Object Constraint Language (OCL), 436 
object-oriented 

database, 488 
language, 137 
programming system (OOPS), 4, 8, 

17,27,33, 169,419,423 
observation, 393 
occurrem, 71-77, 86, 89, 90, 118-120, 

124,212,226,63,494,497,500, 
505, 527, 530, 536, 537 

ontological commitment, 15, 134-136 
ontologically neutral representation, 492 
ontology 

alignment, 409, 411, 412, 413, 493, 
494,495,496,497 

axiomatized; 493, 502 
definition of, 492 
integration, 494 
mixed,495 
prototype-based, 493, 495-496 
refinement, 496 
sharing, 408 
terminological, 493, 495, 497 

open texture, 361 
open world, 378 

OPS5, 157, 168, 199,200 
optimization, 135, 159, 169, 201-202, 

235,241-244,258,260,417, 
535 

origin relation (Orgn), 509 
outer domain, 385 
overlap, 105, 115 

paradox of the heap, 353, 402, 404 
parse tree, 181 
part relation (Part), 23-24, 181-182, 

428, 505 
partial compatibility, 494, 495 
partial ordering, 97, 98, 100, 106, 107 
participant, 74, 89, 125, 209, 251, 270, 

503, 506-511 
participation, 73, 500 
participation count, 431, 433 
p?Iritioned semantic network, 279 
panonomy, see meronomy 
passion (thymos), 332, 337 
path relation (Path), 509 
patient relation (Ptnt), 49, 207-209, 

448-449,462,510 
Peirce normal form, 289, 292, 343 
Peirce-Peano notation, 11, 19, 43 
perception, 62, 88, 285, 331-334, 364, 

400 
based on contrasts, 68 

persistence, 142, 143, 247, 249, 251. 
perspective, 61, 78, 88, 122, 130, 188, 

354,492 
PERT chart, 226, 428 
Petri net, 20, 178, 217, 218, 220-224, 

324,333, 337,345-346,428,37, 
465, 533, 534,536, 537 

active transition, 225 
acyclic, 226 
for clock, 228 
colored; 224, 226 
computing with, 235 
decomposition into finite-state ma-

chines, 258-259, 261, 335-336, 
533-534 
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enabled transition, 225 
firing a transition, 225 
place, 218, 251 
for producer-consumer, 229, 232, 258 
represented in logic, 218 
theorems, 231 
token,220,224,251,333 
transition, 218 

phenomenal type, 80-81, 87 
phenomenology, 62, 65--66, 400 
physis, 67, 69, 270 
piece, 89, 270 
Planner, 157 
PlayNet, 333 
plurals, 23-24, 47, 58, 101, 103, 108, 

159, 210, 415 
point-in-time relation (PTim), 46-47, 

173-175,207-208,221,268-269, 
510 

possession relation (Poss), 505 
po.ssibility, 365 

logical, 296, 314, 542 
objective, 294, 296, 315, 542 
relation (Psbl), 45, 281, 284, 294 
subjective, 294; 296, 314, 542 

possible world, 307-308, 312 
criticism of, 309, 338 
Dunn's laws and facts, 311-312, 317 
Hintikka's model sets, 310-311 
Kripke's model suucrures, 308, 

310-311, 337-338 
Leibniz's version, 6, 307, 309 
maximally consistent, 310 

postcondition, 135, 177, 218, 221, 251, 
325,346 

power set, 101 
PowerLoom, 155 
Praeclarum Theorema, 292, 301, 343 
pragmatics, 293, 296, 395 
pra,,amatism, 288, 536 
precondition, 135, 177, 218, 221, 

248-249,251,260,325,338,346 
predicate, 468 
predicate logic, 9, 467, 469 

prehension, 63--65, 68-70, 72~73, 83, 
85,87-88,270-271; 501-502 

extrinsic, 87 
intrinsic, 87 
prehending or prehended entity, 83 

primitive, 58, 84-86, 92-94, 100, 103, 
110, 123, 128, 129, 468, 476, 82, 
489,495-496,498-503, 522,535 

Leibniz's, 69 
type label, 480 
undefinable, 76, 91, 93 

principle of sufficient reason, 143, 
247-248,250,329 

principles of knowledge representation, 
134-142 

problem solving, 413, 415 
procedural attachment, 149 
procedural language, 223 
procedure, 91, 94, 217, 220 
process, 73, 220, 501 

branching, 216 
concurrent, 216, 223 
continuous, 213, 216, 261 
discrete, 213, 216, 261 
distinctions, 216 
distributed, 217 
equinormal, 217 
flat, 217 
forgetful, 217 
hierarchical, 217 
linear, 216 
local, 217 
memory bound, 217 
normal, 217 
predictable, 216 
recursively hierarchical, 217 
sequential, 216, 223 
surprising, 216 
synchronization, 229 

product, 506 
production rule, 165 . 
Prolog, 19-20, 40-41, 138, 140-141, 

157-165, 168-169, 199,201,03, 
205,377,380-384,404 
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proof theory, 19, 20, 41 
property, 469 
proposition, 64, 69, 70, 72, 73, 289, 501 

as equivalence class of statements, 289 
expressed by sentence, 289 
Whitehead's definition, 65 

propositional attitude, 295 
propositional logic, 12, 40, 467 
procoindoEuropean, 342 
prototype, 361, 493, 495 
psyche, 192, 331-333, 345 
public symbol, 323 
purpose relation (Purp), 74, 273-274, 501 
pushdown stack, 235 

qualisign, 396, 397, 400 
qualitative reasoning, 123, 253 
quality, 2 
quantifier, 10--11, 13, 425, 483 

Frege's, 10 
Peirce's, 1 0 

query 
echo, 422 
graph, 184, 426, 441 
language, 157 
re=sive, 162 
use of backtracking, 157 

question answering, 184, 413, 421, 441 
Quine's criterion, 51-52, 135, 496 
quote, 175 

randomness, 348, 386 
rational animal (z5on logon echon), 332 
reason, 74, 501 
recipient relation (Rcpt), 86, 125, 510 
re=sive diagram, 23 5 
reference time, 207, 211, 214, 215, 340 
referent, 424, 483 
refinement, 496 
reflexivity, 95 
relation,468-469 
relation hierarchy, 481, 487 
relation label, 481 
relation type, 478, 481, 502 

relational database, 156, 488 
relevance logic, 19, 290 
Renaissance, 4 
represen=en, 192 
representation, l, 76, 81, 178, 186-196 
resolution theorem prover, 246 
resource, 506-510 
resaicted quantifier, 476 
result relation (Rs!t), 86, 449, 462, 510, 

529 
rete network, 168 
rheme, 396 
rhetoric, 395 
robot, 187 
role type, 80-83, 86-89, 124, 127, 267, 

502-512 
action expressed by, 212 
as fluent, 216 

rule of inference, 2, 7, 10, 13, 23, 25, 
33,40,42,45,48,276,471 

adding quantifiers, 473 
addition, 472 
conjunction, 472 
derived, 22, 472 
disjunctive syllogism, 290, 472 
dropping quantifiers, 473 · 
double negation, 44-45, 306-307, 

471-472,540 
existential generalization, 473 
generalized modus ponens, 304-

305 
hypergeneralized modus ponens, 

306 
hyperresolution, 306 
hypothetical syllogism, 472 
modus ponens, 156, 303-305, 343, 

382,472 
modus collens, 156, 472 
Peirce's, 279, 299, 301-307, 329, 

343,540 
primitive, 472 
resolution, 301 
substituting equals for equals, 32, 

473 
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subtraction, 472 
universal instantiation, 473 

rule-based expert system, 154, 156 
Russell's paradox, 102, 103 

salience, 392, 410 
schema, 73, 74-75, 90-91, 130, 136, 

143-144,501 
sche_matic anticipation, 144 
Scholastics, 2, "4, 19, 26-28, 40, 62, 67, 

277 
scientific intelligence, 395-398 
scope, 485, 486, 517 
script,73-75,77,90,91,216,220,293, 

501 
scripting language, 141 
second intentions, 28 
second-order type, 30-32, 49 
Secondness, 6~8, 79, 88, 122-127, 

389,395-396,401,501-502, 
529-530, 545 

self-awareness, 333 
semantic distance, 495 
semantic factoring, 497 
semantic interpreter, 181 
semantic memory, 454 
semantic network, 4, 19, 23, 40 
semantics, 181 
semaphore, 230 
semi-open world, 379 
semiotics, 81, 87, 394, 397, 398 

computational, 402 
Peirce's semeiotic, 394 
Saussure's semiology, 394 

set 
compared with type, 98 
countable, 101 
infinite, 101, 103, 104, 110 
at metalevel, 112 
uncountable, 101 

set theory, 90, 94, 97, 100, 101 
Boole's version, ·100, 103 
Cantor's version, 100 
ontological extravagance of, 101 

paradoxes, 102 
von Neumann-Godel-Bernays 

(VNGB), 101 
Zermelo-Fraenkel (ZF), 101 

seven liberal arts , 15 3 
SGML, 204 
sheet of assertion, 488 
SHRDLU, 157, 160, 165, 168-169, 

171,200-204,401 
signature, 248, 478, 480 
signified, 395 
signifier, 395 
Simula, 67, 137, 171, 190 
simulation, 132, 135, 141, 171, 199, 393 
simulation language, 137 
single-assignment language, 234 
singleton graph, 476 
singleton set, 100 
sinsign, 396, 397, 400 
situatedness (keisthai), 56, 84, 86 
situation, 74, 206-207, 268-269, 

272-275,284-285,287,298,310, 
312,20,332,337,339,342,501 

me-.utlngfitl,287,288,342 
as pullback, 313 

situation calculus, 245, 246, 247, 249, 
250 

concurrent, 251 
finite-state machine, 250 

situation semantics, 285, 297, 310 
snapshot, 119 
SNePS, 293 
softbot, 330 
sort label, see type label 
sorted logic, see typed logic 
soundness, 298 
source, 506 
space, 109 

absolute, 262 
space-time, 71, 76, 85, 103, 109, 110, 

117, 119, 129 
spatial form, 92, 119, 130 
specialization, 95 
species, 2, 4, 29, 31-32 
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speech time, 340 
SQL, 40, SO, 1S6-166, 168, 169, 171, 

191,200-205, 239,249,260, 
78-379,383,384,404 

view, 161, 377, S36 
stage, 71, 77, 86, 89, 119, 269, 500 
star graph, 476 
start relation (Sm), 22S, 510 
state-transition diagram, 217 
statistics, 2S3, 372, 391, 404, 496 

Bayesian, 36S, 369 
stored relation, 469 
stratified reasoning method, 248 
STRIPS,247,248,2Sl,260,S3S 
strucrure, 74, S02 
stylized natural language, 2, 329, 406, 

4S7,461 
Attempto Controlled English (ACE), 

4S7,4S8,46S, Sl5,Sl7, Sl8 
stylized English, 139, 141, 177, 200, 

203,290,346 
subjective form, 64, 6S, 68, 70, 79, 83 
subjective probability, 36S 
subset, 98, 100, 104 
substrate (hypokeimenon), 87, 88, S07 
subsumption, lSS, 188 
subsumption architecrure, 187 
subsymbolic process, 400 
success, 214, 273 
successor relation (Succ), 86, 207, 340, 

sos 
sum, 106 
supplement, 1 OS 
supremum, 97 
surprise, 216, 23S-236, 239 
surrogate, 32-35, SO, 134-BS, 270, 

323-324,38S,S26 
swimlane, 437, 438 
syllogism, 2-4, 6-8, 12-14, 19, 21, 24, 

26,29,41,48, lSO 
Barbara, 3, 7..:.S, 48,. lS0-151 
Celarent, 3, 4, 48, 15S 
Darii, 3, 7, 8, 12, 21, 24, 48, 

lS0-151, 1S4 

Feria, 3, 4, 48, lSS 
middle term, 12, 2S, 29 
premise, 2 

symbol, 396, 400 
symbol grounding, 28S 
symbolic logic, 467 
symmetry, 9S-96, 308 
synset, 412 
system model, 188-, 190 

tablarure, 464 
Tao, S6, 34S 
Tarski's solid geometry, 110, S30 
task, 231 
tautology, 9S 
technology model, 188, 190 
temporal logic, 4, 20, 27, 42, 46, 140, 

21S 
t~nse, 206-211, 214-21S, 2S4, 

339-340,343 
compound, 214 
simple, 214 

term, 470 
terminological logic, 19 . 
terminological reasoner (T-box), 7, 1S3, 

1S4, lSS 
terminology, l, 2, 1S3 
thematic role, 89, 207, 272, S06-S10 
theme relation (Thme), 3S, 161, 182, 

211,280,462-46~,SlO 

theorem proving, 13S, 137, 139, 
141-142 

theory ofreference, 39 
theory revision, 248, 386, 388, 390, 

404,406 
thesis-antithesis-synthesis, S9 
third-order type, 32, S2S 
Thirdness, 60-68, 70,79,88, 122, 

124-127,389,39S,396,401,01, 
S02,S27, S28, S29, S30,54S 

thought (dianoia), 331, 332 
thread, 231 
rime, 6S, 71-73, 76-77,90-91, 109, 

114-115, 206 
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absolute, 262 
arrow 0£ 117-119 
explicit representation 0£ 215 

time dependencies, 417 
time line, 115, 116, 119 
time stamp, 220 
timing diagram, 226 
topology, 90, 130 

mereotopology, 123 
point-set, 123 

Torah, 542 
transformation rule, 281, 488 
transformational grammar, 293 
transitive verb, 446 
transitivity, 95 
translating English to logic, 161 
Tree of Porphyry, 4, 43, 56, 153, 331 
triads, 5S-65, 68, 88, 125 
trichotomy, 67, 69, 88, 285, 395, 407, 

502 
formal, 396 
material, 396 
relational, 396 

trigger, 66, 135, 161, 166-170, 184, 
200,204,236,240,321,325-326, 
81-382, 517 

tritone, 17, 38, 200-201 
truth function, 468 
truth maintenance, 381, 541 
truth table, 8-9, 40--41, 47--48, 468 
truth value, 8-9, 20, 40, 47, 468 
Turing machine, 94, 235, 292, 458, 466 
~o-valued logic, 20, 41, 372, 391 
type, 51, 97, 98,478 
type label, 21, 424, 455, 473, 476, 480 
typed logic, 20-25, 30, 32, 42, 44, 50, 

473 

uncen:ainty, 348, 365, 369, 390-391 
unification, 148, 168,494,497 
Unified Modeling Language (UML ), 

218,235,435,436,438,459,465 

uninterpreted logic, 20 
union, 98, 100, 107 
unique existential quantifier, 475 
Universal Characteristic, 7 
universal language, 419 
universal plan, 338 
universal quantifier, 469 
universal resource locator (URL), 34, 385 
universal set, 98, 100 
universal theory, 387 
universe of discourse, 295-296, 299, 

316,488 
update anomaly, 172 

vagueness, 348, 350, 352-353, 360, 
365,372,402,404 

unwarranted quantification 0£ 371 
valence, 478, 481 
value restriction, 153 
variable, 470 

see also existential graph, line of iden-
tity 

viewpoint, 71, 76, 109 
virtual reality, 364, 365 
virtual relation, 469 
vivid logic, see existential-conjunctive 

logic 
Vorhandene, 65, 401 

wakefulness, 333 
will (boulesis), 332, 337 
word sense, 410, 414, 443, 448, 449, 

492 
WordNet, 412, 413, 459, 495, 497 

Yale shooting problem, 249 

Zeno's paradox, 116, 117 
zooming, 175 
Zuhandene, 65, 401 
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absurd type 1-, 72-73, 100, 480--481, 
498 

conjunction A, 11, 47, 302, 467 
denotation operator 8, 98-100, 

. 384-385, 476 
disjunction v, 11, 47, 100, 261, 302, 

467 . 
equi~ence =, 11, 35-36, 47, 96-97, 

467--468,471 
evaluation function <I>, 308-310, 312, 

337-338 
exactly-one quantifier 3!, 106, 233, 456, 

475 
exclusive or Y.., 8-9, 47, 468 
existential quantifier 3, 1 0-11, 13, 

16-17,51, 147,276-277,289,60, 
469,483--484 

formal parameter marker A., 22, 24, 207, 
272, 480-482 

594 

formula operator <p, 219, 222, 476 
generic plural {*}, 47, 161, 210, 211, 415 
indexical marker#, 49-50, 207-208, 

220-221,274,279-283,325-327, 
39-340,436,483,489 

material implication::::>, 9, 467 
nand ,.., 47, 468 
negation-, 11, 47, 467-468 
nor ._., 47, 461! 
provability 1-, 298, 298, 305, 318, 344, 

388 
relation map p, 435 
semantic entailment I=, 85, 285, 298, 

310-313,.318, 389 
unique existential quantifier 3!!, 475 
universal quantifier V, 10-11, 13, 27, 

163-164,360,469,474,489 
U?iversal type T, 68, 72, 474, 480, 498 
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