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10 the spirits of the great knowledge engineers,
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Preface
P

Socrates said he was the midwife to his listeners, i.e., he made them 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 conceprs that are so subtle in application, we would be
astonished at the treasures contained in our knowledge.
Dvovanver 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 knowledge
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 performing tasks
that used to require human intelligence: information retrieval, stock- marker trading,
resource allocation, circuit design, virtual reality; speech recognition, and machine
translation. As a result, the Al design techniques have converged with techniques
from other fields, especially database and object-oriented systems. This book is 2
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.

X1
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3. Computation supports the applications that distinguish knowledge repres‘eh—
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.
Knowlcdge 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 analyzmg a problem,
idendfying 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.

Exercises. 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 traditdonal logic notation that students must know in order to read
the literature of Al and computerscience. Conceptual graphs are a two-dimensional
form of logic that is based on the semantic networks of Al and the logical graphs
of C. S. Peirce. Both notations 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 linguages, but no prior knowl-
edge of any of them is expected. The emphasis is on the semantic principles
underlying all languages rather than the syntactic details of partcular 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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OraganizatioN. Chapter 1 introduces logic through a historical survey, rang-
ing from Aristotle’s syllogisms to the modern graphic and algebraic systems. The
derails of the predicate calculus and conceptual graph notations are summarized in
Appendix A. For students who have little or no background in logic, the instructor
can spend extra ime on Chapter 1 and Appendix 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 chaprers.

Chapter 2, which is the most philosophical in the book, introduces onzology
the study of existence. Onrology 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 constucting computable models of
an application domain. It shows how logic and ontology are embodied in a variety
of computational languages. This chaprter 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 predicare calculus or conceprual graph notations. Petsri nerts serve as a
bridge between the procedural programing techniques and the declarative logic-
based approach that is emphasized in the other chaprers.

Chaprter 5 shows how purpose and contexr affect knowledge representation and
the various theories of modal and intentional logic. These theories are applied to
the encapsulated objects of 0-0 systems and to the design of interacting agents. This
chapter has the most derailed 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 facts, 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 of logic, but methods for adapring logic to the
complexities of the real world.

Chaprer 7 discusses the problems of knowledge sharing and the ongoing efforts
related to the ANSI.and ISO projects on ontology and conceprual schemes. It
lustrates critcal 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 sectons, 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 tes 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, norte the references to them in the index of this book.

As Peirce said, every scientist is deeply indebted to a2 “community of inquirers”
whose contributions, criticisms, and collaboration are essential to the development
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 conceprual 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, T'll just list the organizers of the conferences and
the editors of the proceedings: Michel Chein, Walling Cyre, Harry Delugach, Judy
Dick, Peter Eklund, Gerard Ellis, John Esch, Jean Fargues, Mary Keeler, 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 mendoned 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-
quately represented in the above lists: Jaime Carbonell, Norman Foo, Benjamin
Grosof, Mike Genesereth, Nicola Guarino, Ed Hovy, Friz Lehmann, John
McCarthy, Michael McCord, Robert Meersman, Julius Moravesik, 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
patence in waiting for this book to be finished in December for more Decembers

than I would like to admit.

Jobn E Sowa
Croton-on-Hudson, New York



CHAPTER ONE

Logic

P SRYS -

The very first lesson that we have a right to demand that logic shall teach
us 15, how to make our ideas clear; and a most important one it is,
depreciated only by minds who stand in need of &t. To know what we
think, to be masters of our own meaning, will make a solid foundation for
great and weighty though.

CHARLES SANDERS PEIRCE, “How to Make Our Ideas Clear”

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, Virtue, and Justice.
By recreating Socrates’ dialectical process of questioning, his student Plato estab-
lished the subject of episzemology— the study of the narure 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. Platod’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 encyclopedic
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 of logic, 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 cazegory, metaphor, and hyporbesis, are
direct borrowings from Aristotle’s Greek. Others, such as guantity, quality, genus,

I



2 ¥ CHAPTER ONE LOGIC

species, noun, verb, subject, and predicate, are borrowings of Latin words that were
coined for the purpose of translating the Greek. The English word guality, for
example, comes from Cicero’s word gualitas. Cicero explained that he coined the
word as a translation of the Greek poiofes (what-kind-ness), which “among the
Greeks is not a word of the common people, but of the philosophers” (Academicae
Quaestiones 1, 6, 24). Today Aristotle’s words have been so thoroughly absorbed
into English that cazegory is a common term on TV quiz shows and gualizy is more
often used by salesmen than by philosophers.

Syrrogisms. 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 plants” 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 Analytics (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 no B, and B of every C, it
is necessary that A will apply to no C.

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

Scuorastic Logic. The medieval Scholastics named and classified Aris-

totle’s syllogisms to make them easier to remember. They assigned the vowels A, I,
E, and O to the four basic types of propositions:
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Universal affirmative. All ais b.
Particular affirmative. Some ais b.
Universal negative. No ais b.

om = r

Particular negative. Some 4 is not b.

The letters A and I come from the first two vowels of the Latin word affirmo (I
affirm), and the letters E and O come from the word 7¢go (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 As 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, O:

E: No Corvette is a truck.
I: Some Chevrolet is a Corverte.

O: Therefore, some Chevroler is not a truck.

Barbara, Celarent, Darii, and Ferio are the four basic patterns, which make up the
forst figure. Another fifteen patterns are derived from them by rules of conversion,
which change the order of the terms or the types of stateménts. The patterns
Barbara and Darii are the basis for the modern rule of inheritance: by Barbara, the
property of being deciduous is inherited from the supertype BroadLeafedPlant to
the subtype Vine; by Darii, the property of being an EighteenWheeler is inherited
from the type TrailerTruck to some instance of a Peterbilt. In the patterns Celarent
and Ferio, a negative universal propositon implies that two categories are mutually
exclusive, such as Corverte 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 bé a subtype of Truck, 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 rales
and mnemonics, was the Summulae Logicales by Peter of Spain, who later became
Pope John XXI. But the Scholastics did much more than summarize and codify
Aristotle’s logic. They introduced many innovations in the application of logic 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’
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 particular 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, burt are genera
of what comes after them.

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

AuTOMATED REASONING. In the thirteenth century, the Spanish poet, phi-
losopher, and missionary Ramon Lull invented the first mechanical devices for
auromated reasoning. At that time, logic and theology were flourishing, and Lull
sought to combine both of them in a system he called the Ars 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 of the tree supports a version
of the tree of Porphyry, extended with Ens (Being) as the supertype of Substance.
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Supreme genus: SUBSTANCE\
Differentiae: material imrmaterial

\
Subordinate genera: BODY SPIRIT
Differentiae: animate inanimate

\
Subordinate genera: LIVING\ MINERAL
Differentiae: sensitive insensitive

\
Proximate genera: /ANIMAL\ PLANT
Differentiae: rational irrational

- \

Species: HUMAN BEAST
Individuals: Socrates Plato  Ardstode  etc.

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

The ten leaves on the right are labeled 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 labeled with letters of
the alphaber, 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 labeled with
the letters B through K; the next circle is labeled with nine attributes of God —
Goodness, Magnitude, Duradon, Power, Wisdom, Will, Strength, Truth, and
Glory; and the inner circle is labeled 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 (Bonizas) is good (Bonum),
magnitude is great, duration is lasting, -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 elements (fire, air, water, and
earth).

To supplement the disks, Lull added tables, trees, and other diagrams based on
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FIGURE 1.2 One of Ramon Lull’s disks with rotating circles

Aristotle’s categories and syllogisms. To link the circlesand 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 basic and inefficient Al algorithm:
Generate and Test. With only two or three circles, the number of combinations is
manageable. But Lull'slargest 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: 164 is over 72 quadrillion.

Matuemaricar Loagic. In the seventeenth cenrury, Gordried Wilhelm
Leibniz served as a diplomat for the elector 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 notation follows Leibniz rather than Newton.
In technology, Leibniz designed and built the first mechanical calculator that could
do multiplication and division. In logic, he used mathematics to formalize the
patterns of syllogistic reasoning. He was also inspired by the binary patterns in the
Chinese J Ching (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 sdll 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
Characteristic, Leibniz assigned prime numbers to the primitive concepts and
multplied them to derive the numbers for each composite concept. As an example,
let 2, the first prime number, be assigned to the supreme genus Substance. Then
assign the following primes to each of the differentiae in Figure 1.1:

material = 3 immaterial = 5
animate = 7 inanimate = 11
sensitive = 13 insensitive = 17
rational = 19 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
2X3X11, or 66, and the number for Human would be 2X3X7X13X19, or
10,374. Besides representing the categories, Leibniz also defined operations for
reasoning abourt them. To 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 10,374 for Human is not divisible by 66 for
Mineral, no human is 2 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 represent 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 aAND 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 modern Al systems, Ron Brachman and his colleagues (1983)
madea distinction between the terminological reasoner (T-box) for defining termsand
the assertional reasoner (A-box) for making assertions about those terms. As a T-box,
Leibniz’s products of primes formed a kind of hierarchy called a lastice. 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 numbers even supports multiple inheritance,
which allows a term t inherit properties from more than one supertype. Today,
latrices with multiple inheritance are widely used in AT and object-oriented systems.

Leibniz’s goal was to reduce reasoning to mathemartical 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, was 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 help 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 Thoughtby George Boole (1854). Like Leibniz,
Boole used arithmetic as 2 model for logical operations. But unlike Leibniz, Boole
used numbers to represent #ruth 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, O for false and 1 for true. Besides multiplication for repre-
senting the conjunction @74, Boole used addition for the disjunction or and minus
for the negation 7oz As an example, let p represent the proposition The sun is
shiming and let 4 represent It is raining. Then the logical combinations of those
propositions would be represented by arithmetic:

o pXgrepresents The sun is shining, and it is raining.
o ptgrepresents The sun is shining, or it is raining.

o —prepresents The sun is not shining.

The operator X behaves like multiplication restricted to the two values 0 and 1: if
both conjuncts are true, 1X1 is also 1; if either or both are false, 0X0, 1X0, and
0X1 are all false or 0. For the definition of + and —, Boole had to modify the usual
arithmetic definitions in order to avoid results less than O or greater than 1.
Therefore, he defined —1=0 and —0=1. For disjuncton, he chose the exclusive
or, for which 1+1=0. The logical sum p+4 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
number of extensions and modifications to Boolean algebra. He organized the
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And Or Not If-then
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FIGURE 1.3 Peirce’s truth tables for Boolean algebra

operators in zruth tables, such as Figure 1.3, which shows the results for logical and,
or, not, and ifzhen. The four tables in Figure 1.3 may be read in the same way as the
addition and multplication 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 7oz is a monadic
operator, it takes one operand; all the others are dyadic operators, which take two.

Peirce’s multiplication table for 2nd is the same as Boole’s: for any two propo-
sitions p and ¢, pX ¢ can only be true when both p and g are true; in all the other
combinations, pX g is false. The addition table, however, differs in the lower right
corner. Instead of Boole’s exclusive or, Peirce chose the inclusive or, which is true if
either p or ¢ or both are wrue: 1+1=1. The not operartor in the third table is the
same as Booles: —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 g, then the consequent 4 is true whenever the antecedent
2 is true, bur ¢ might also be true for other reasons independent of p. Therefore,
the truth value of » must always be less than or equal to the truth value of 4. Figure
1.3 shows that the truth table for the if-then operator, also called mazerial implica
tion, is the same as the table for the = operator: 0=0, 0=1, and 1=1 are all true;
but 1=0 is false. As the symbol-for implication, Peirce preferred to write —< instead
of =. His main reason was that the symbol = 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 of language often almost unavoidably arise concerning the relations
berween concepts.” With his Begriffischrift (concept writing), Frege developed the
fitst system of predicate calculus ot predicate logic. Figure 1.4 shows the four primi-
tves in Frege’s notation: assertion, negation (not), implication (if-then), and uni-
versal quantification (for every).

=y T2 T K —* Pk
assert p notp Ifptheng forevery x P(x)
FIGURE 1.4 Four primitives in Frege’s Begriffschrift
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Although Frege used his Begriffschrift to make pioneering contributions to the
foundations of mathematics and logic, no one else ever adopted it. One of its 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 Figure 1.4:

1. Every ball is red.
For every x, if x is a ball, then x is red.
2. Some ball is red.
It is false that for every x, if x 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 for all y, if'y is @ 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 unreadable. Frege chose implicarion 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.

ArceBralc NotatioN. Modern systems of predicate calculus are based on
the algebraic notation developed by C. S. Peirce in 1883. Unlike Frege, who used
only the cup symbol as a quantifier, Peirce started with two distinct symbols: 2 for
repeated or (logical sum); and IT for repeated and (logical product). Peirce called
these two symbols quantifiers. He observed that the logical sum Z.P, is 1 if #here exists
at least one true P, and that the logical product ILP, is 1 only if every P, is true.
Therefore, Peirce called T the existential quantifier and I1 the universal quantifier. 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:
T (ball,—<<red,).

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

X, (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:
I1,(car,—~<II (mat,on,)).

I__\;&_‘: f-;‘:lll(x} WE: rszll(ag x on(x%y)
[€9) () Eg:tit(x))f)

Every ball is red. Some ball is red. Every cat is on a mat.
FIGURE 15 Representing three sentences in Begriffschrift
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Frege’s compatriot Ernst Schréder was aware of the Begriffschrift, but he didn’t like
the notation. Instead, he adopted Peirce’s notation for his three-volume Vorlesungen
dber die Algebra der Logik. Later the [talian mathematician Giuseppe Peano adopted
the notation from Schrdder, 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:

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

o Implication. The letter C for consequence turned backward becomes > for
if-then.

o Disjunction. The letter v from the Latin vel/ becomes v for or.

o Conjunction. The v turned upside down becomes A for and

»  Negation. The tilde ~ or curly minus sign is used for noz.

o Egquivalence. The equal sign = with an extra line becomes = for if and only if

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

1. Forevery x, if x is a ball, then x is red:
(x)(ball(x) > red(x)).

2. There extsts an x, where x is a ball and x is red:

(Fx) (ball(x) A red(x)).
3. For every x, if x is a cat, then there exists a y which is a mat and x ison y:
() (cat(x) © (Fy)(mar(y) A on(x3))).

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 O for omnis, but the German logicians later took the A for a//e and turned it
upside down to form the universal quantifier V.

Appendix A1 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 of logic are
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capable of representing any factual information that can be stated precisely 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 compurer.

ProrosiTIONAL 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 modern variation o_f Boolean algebra. In propositional logic, the sentence about
trailer trucks can be represented by a single letter:

-

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.

SusjecT aND PrEDICATE. To show the internal structure of a proposition,
the sentence must be broken down into smaller parts that can be represented
separately. For his syllogisms, Aristotle divided the sentence into two parts: the
subjectand 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 wheelers.
I: Some Peterbilt is a trailer truck.
I Therefore, some Peterbilt is an eighteen wheeler.

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 zrailer 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 syntactic form must be rearranged. One of the peculiarities
of predicate logic is that the linking verb #s or 4re must be represented differently
in statements of type A and statements of type I. The universal quantifier V is used
with the implicadion =, but the existential quantifier 3 is used with the conjunc-
tion A:

A: For every x, if x is a trailer truck, then x is an eighteen wheeler.
(V) (trailerTruck(x) > eighteenWheeler(x)).

I: There exists an x which is a Peterbilt and a trailer truck.
(3x)(Peterbilt(x) A mailerTruck(x)).

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

() (Peterbilt(x) A eighteenWheeler(x)).

The syntactic difference between predicate logic and natural language has long been
a point of contention among 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, however,
believe that language has its own inherent logic. Hans Kamp, for example, has
developed discourse represent ation 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 Al systems implement inmberitance as a special rule of
inference that can derive the conclusion of a syllogism in just one step.

CHoicke oF Prepicates. The division of a sentence into subject and predi-
cate is an important step, but more detail is needed to show how the wheels are
related to the muck and how the number 18 is related to the wheels. An important
advantage of predicate logic over Aristotle’s syllogisms is the ability to support the
analysis and representation of a proposition at any level of detail. Any fearure of 2
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 eighteenWheeler(x) with a dyadic or two-place predicate that relates
a vehicle x 1o a number #:.

numberOfWheels(x,7)  The number of wheels of xis 7
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With this replacement, the first premise of the syllogism becomes
(V%) (trailerTruck(x) © numberOfWheels(x,18)).

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

In the predicate numberOfWheels(x,7), the variable x refers to a truck, 7 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) xis a ruck.

trailer(x) xis a trailer.

wheel(x) xis a wheel.

part(x,) x has yas part.

set(s) s is a set.

count(s,7) The count of elements in sis 7
member(x,s) xis a member of the set s

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

(V2 ((ruck(x) A (3y)(trailer(y) A part(x,y)))
> (3s)(set(s) A count(s,18)
A (Vw)(member(w,s) © (wheel(w) A part(xw))) ).

This formula may be read For every x, if x is a truck and there exisis a y where y is a
trailer and x has y as part, then there exists an s where s is a set and 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 w as part.

Logrc 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 railer truck has
18 wheels. 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 I8 wheels, the variables s and w associate the
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quantifiers (35) and (V) with the predicates set(s), count(s,18), member(w,s),
wheel(w), and part(x w).

3. Logic itselfis 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 onzology 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 predicares
such as part(xy), set(s), count(s7), and member(x,s), which may be used in
many different applications.

These issues are relevant to every knowledge representation language. The distine-
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(xs) or @ for count(s,»).

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 mathermarical 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 subset of logic with a built-in ontology tailored to a pardcular
domain of interest.

As an example, Figure 1.6 shows a sample melody, called “Frére Jacques” in

.French or “Brother John” in English. At the beginning of the first-line, the ey
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
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FIGURE 1.6 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 zone, designated by a letter from A
through G (the letter may be qualified by a sharp or flat sign or by a number that
indicates the octave). The shape of the note indicates duration: one time unit or
beat for 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, 9 Note x has tone %
dur(x,4) Note x has duraton 4
next(xy)  The next note after x is ¥.

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:

Fx)Ex)Cxy). . .(Fxp)
(tone(x;,G) A dur(x;,1) A next(x,x) A
tone(’,A) A dur(x,1) A next(x,x) A
tone(x,B) A dur(x,1) A next(ag,xg)
A ... A tone(x;,G) A dur(x,,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 onzologically 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 in Figure 1.6. Loudness, for example, is
usually represented by abbreviations like mf for mezzoforte (medium loud). That
feature could be represented by a predicate mf(%,2), which indicates that a mezzo-
forte passage extends from time 4 to . But loudness is a continuously varying
feature that is only roughly approximated by an abbreviation mf or predicate
mf(#,2). Subtle gradadons in volume, timing, and phrasing make all the difference
between a performance by Jascha Heiferz 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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Ex1sTENTIAL-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 A. As a musical
score becomes more detailed and complex, new kinds of predicates like mf(z,2)
may be needed, but the universal quandfier ¥ and the other Boolean operators aref
never used. The subset of logic with only 3 and A is called exészential-conjunctive or,
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 used 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 generalizatons, negations, implicadons, or
alternatives. For that, the operators V, ~, D, and Vv 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 #ritone, is considered so dissonant that it was called the dizbolus 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 o F#.
The next formula rules out the transition from B to F:

(Vx)(V))((tone(x,B) A next(x)) D ~tone(y,F)).

This formula says that for every xand y, if the tone of x is B and the next note after
% is y, then the tone of yis not E 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 #itone )

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

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

(Vo (V) (Vz)(Vw)
((next(x) A tone(x,2) A tone(y,w))
D ~tritone(z w)).

This formula says that for every x, 3, 5 and w, if the next note after x is y, the tone
of x is z and the tone of y is w, then zand w do not form a tritone. Rules like this
cannot be stated in traditional musical notation because they use the operators V,
>, and ~.

DermviTions. The song “Frére Jacques” is intended to be sung as a round, in
which a second voice begins the melody when the first voice reaches 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) = 3x) @) . . . Gx5p)
(tone(xG) A dur(x,1) A next(x,%) A
tone(x,,A) A dur(x;,1) A next(x,x) A
tone(x3,B) A dur(,1) A next(x,xy)
A« .. A tone(x,G) A dur(xg,,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 definidon,
is called the formal parameter. The other 31 varables correspond to local variables
in a subroutine. With this predicate, the three-voice round can be represented by
the following formula:

(3% 3y 32) (start(x,0) A Frere(x) A
start(y,8) A Frere(y) A start(z12) A Frere(2)).

This formula uses 2 new predicate start(x,7), which would be defined to mean that
note xstarts at time  The formula may be read There exist anx, ay, and az, where
x starts at time O and Frere(x), y starts at time 8 and Frere(y), andz 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 local variables must be renamed to avoid duplications. The variables in the
expansion of Frere(y) could be renamed j,,. . .,34,, and those in Frere(z) could be
renamed z, . . . , z;. 1he methods of renaming variables when a definition is
expanded are analogous to the programming techniques used for expanding in-/ine
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 thar is true or false under the same circumstances. Yer not all
systems of logic are equivalent. At large Al 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 £ and —< with Peano’s symbols 3 and D or with character
strings like “exists” and “implies.” Others change the entire structure, such as
Frege’s Begriffschrift in 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 expressive power, the
syntactic differences are irrelevant: Frege’s Begriffischrift, Peirce-Peano algebra,
and many versions of semantic networks in Al can express the same proposi-
tions in logically equivalent ways.

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 O), 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 subser of FOL. By adding more operators for combining
Aristotle’s statement types, the Scholastics developed a somewhat larger but stll
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 Horn-clause subset of FOL, which does
not permit disjunctions in the conclusion of an implication. That restriction
makes Prolog fast enough to be a practical programming language. Other
restrictions improve the performance of terminological logics or definitional
logies, which are used for defining and classifying concepts in a generalization
bierarchy.

Proof theory. Instead of restricting the permissible combinations of operators,
some versions of logic restrict or extend the permissible proofs. nzuitionistic
logic and relevance logic rule our 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 near 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 ensuring 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 denozation ot truth value of a statement in terms
of some model of the world. Classical FOL is a rwo-valued logic with the tuth
values 1 and O or true and fabse. A three-valued logic includes an intermediate
value unknown for statements whose denotation cannot be determined. One
of the most popular versions of mudtivalued logic is fuzzy 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. Onzology. 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, bur also
total responsibility for defining all the predicates and axioms for representing
everything that exists in the application domain. To provide building blocks for
defining the domain-dependent entites, some versions of logic supplement
FOL with an ontology of built-in predicates and axioms. Mathematicians
usually adopt the ontology of sez 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 mezalanguage. Classical FOL
can be used as a metalanguage for defining, modifying, or extending any
version of logic, including itself. A context-free 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 Horn-clause subset

with a modified proof theory and model theory and with metalanguage for express-
ing certainty factors.

Tyrep 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 #ype label or sorz
labelwould be appended to the variable xin the quantifier (Vx: Trailer Truck), which
may be read for every x of type trailer truck or simply for every trailer truck x.
Following is the syllogism Darii expressed in typed predicate logic:

A: For every trailer truck x, x is an eighteen wheeler.
Vx: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 cightccn wheeler.
(Jx:Peterbilt) eighteen Wheeler(x).

This version is more concise because it avoids the extra implications thar accom-
pany every universal quantifier. Those implications are still present in the equiva-
lence rules for translations berween the typed and untyped versions of logic. Let #
be any type label thart corresponds to a monadic predicate #(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:

o Universal. (Vx:DP(x) = (V) (H{x) D P(x)).
o Existential (Ax:)P(x) = () (%) A P(x)).

Typed logic helps reduce the chance of errors by including the implication in the
universal quantifier (Vx:2). Forgerting that implication is 2 common mistake by
novices, but even people who know better sometimes omit it.

When the formula contains multiplé 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 € can also be included in
the quantifier (Vwes), which may be read for every w in the set s. With these

features, the formula would become
(Vx:Trailer Truck) (3s:Set)(s@18 A (Vwes)(wheel(w) A part(xw))).

This formula may be read For every trailer truck x, there exists a set s, where the
count of s is 18, and for every win 5, wis a wheel and x has w as part.
The option of defining 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) A 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
part y.

Lamspa Carcurus. 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) = DefiningExpression (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 paramerer. 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 lambda caleulus. 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 = (Ax)(truck(x) A (3y:Trailer)part(x;)).

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:

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

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

To support the lambda notation, Church defined rules of lambda conversionfor
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 muldple 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 firsz-
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 writng
monadic predicates. They also support special rules of inference that can simplify
proof procedures. The rule of inberitance, which is a derived rule of inference for
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TrallerTradk: ¥ @ Wheel: (+}@18

FIGURE 1.7 Conceptual graph for “Every trailer truck has as part 18 wheels”

typed logic, allows subtypes to inherit all the properties of their supertypes. By
simplifying the notation, typed logic improves readability for humans; by the rule
of inherirance, 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.

ConcerTuaL Grapus.  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, 5, and w. A graph notadon can eliminate variables by showing
connections directly. The first and simplest graph logic is the system of existenzial
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 Al and computational linguistics.
The conceprual 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 conceprs, and the circles are called
conceptual relations. On the left of each concept box is a zype field, which contains
a type label like TrailerTruck or Wheel. On the right is a reféerenz field, which may
contain a name, a quandfier 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: V] represents the phrase every mailer truck the concept
[Wheel: {#}@18] represents 18 wheels; and therelation (Part) represents has as parz.
Altogether, the graph may be read Every trailer truck has as part 18 wheels.

The type label TrailerTruck 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 differentia or defining graph says how a trailer truck differs from any
other kind of truck. In Figure 1.8, it says that TrailerTruck is a subtype of Truck
that has as part a trailer. A

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
Truck: 2x_p=Parth>{ Traile |

FIGURE 1.8 Definition of the type label TrailerTruck
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by square brackets, and the circles are represented by parentheses. Following is the
linear form of Figure 1.7:

[TrailerTruck: V]— (Part)—[Wheel: {*}@l1l8].

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: Al— (Part)—[Trailer].

The symbol 1 in the referent field of a concept designates that concept as the formal
parameter; 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:

[[Truck: Al]—{Part)—>[Trailer]: V]—(Part)—[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 reladve clauses in English.

Like the English sentence, the conceprual graph does not represent the variables
% w, and s explicitly, but they are implied by the strucrure 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 conceprual 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:

(Vx:TrailerTruck) (35Set) (s@18 A (V wes) (wheel(w) A part(x,w))).

The information in the concept [TrailerTruck: V] is encoded in the quantifier
(Vx:TrailerTruck). The plural form in [Wheel: {*}@18] requires two variables: a
variable s in (3s:Set), which represents the ser of wheels as a whole; and a variable
w in (Vwes), which ranges over each wheel in the set s. The qualifier @18 maps to
s@18. Finally, the relation Part becomes the predicate part(xw). 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: V]- - -[EighteenWheeler].
I: Some Peterbilt is a trailer muck.
[Peterbilt]- - ~I[TrailexrTruck].
I Some Peterbilt is an eighteen wheeler.

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

[Peterbilt]- - -[TrailerTruckl]l- - -[EighteenWheeler].

The dotted lines indicate that all three of these concepts are coreferens: they refer to
exactly the same entity. The corresponding graph may be read Some Peterbilt is a
trazler truck, which is an eghteen 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. I

KIE The Knowledge Interchange Formar (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 natural 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 ¥ or A. Following is the trailer ruck sentence in KIF:

(forall (?x trailer_truck)
(exists (?s set)
(and (count ?s 18)
(forall (?w in ?s) (and (wheel ?w) (part ?x ?w))) )))

This statement may be read For @/l x of type trailer truck, there exists a set s, where the
count of s is 18, and for all w in s, w is a wheel and x has w as part. 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 conceprual 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 parallel so that any informa-
tion represented in one can be automarically translated to the other. The wo
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 2 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.

Mopar 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 70da! auxiliaries. Those verbs are not used to
talk about the way the world 7, but about the way it may, can, nust, should, would,
or could be. Aristotle assumed two basic modes: necessizy, typically expressed by the
verb 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 ¢ for representing possibility in the
algebraic notation. If p is any proposition, then 0p means p is possibly true. For
necessity, a box [p is used to mean p is necessarily true. Either symbol, ¢ or [, can
be taken as a primitive, and the other can be defined in terms of it:

+ A statement is necessarily true if and only if it is not possibly false:
Op = ~0~p.

s A statement is possibly true if and only if it is not necessarily false:
Op =~O~p.

Besides these definitions, many other axioms have been discussed since the dme 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 Op.
o  Anything that is necessarily true is true: Clpop.

e Ifitis necessarily true that p implies g, then if p is necessary, ¢ is also necessary:
O(pog) o 0poUyg.

An important theorem of System T is that anything true is possible: p=0p. 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 sterated modalities, such as 010 p, which
says that p is possibly necessarily possible. Such mind-boggling combinations sel-
dom occur in English, but they may arise in the intermediate stages of a proof To
relate iterated modalities © 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
to System T:

o S4.If p is necessary, then p is necessarily necessary: CpoOCp.
e S5.1f pis possible, then p is necessarily possible: 010 p.

For quantfied modal logic, Ruth Barcanr Marcus proposed the following axiom,
which has become known as the Barcar formula:

o BE If for every x, P(x) is necessarily true, then it is necessary that for every x,

P(x): .br (Vx)OP(x) o O(VX)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, S5, and BF is one of the
strongest versions of modal logic, but it is often too strong. Exercise 1.16 discusses
a version called deomzic 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 reladonal 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 Alice 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 [Jp>p, 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 been
designed to express the nuances 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 [1 symbol as @/ways, and O as sometimes.
Without [ or ¢, a temporal statement p is assumed true at the current time now. The
axiom p>p would mean Ifp is always true, then p is true now. The theorem p=>0p
would mean Ifp is true now, then itis sometimes true. Another version of temporal logic
represents the time # explicitly: @/ways is represented by a universal quantifier
(V2. Time); and sometimesis represented by an existential (#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?

Hierer-OrpER Logic. The medieval Scholastics distinguished two kinds
of logical terms: first intentions include words that refer to concrete things, and
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second intentions refer to linguistic entities like properties and propositions. Peirce
(1885) adopted the Scholastic terminology when he introduced quantfiers in
predicate calculus: firsz-intentional logic restricts the quantfiers to concrete indi-
viduals; second-intentional logic allows the quantifiers to range over relations and
propositions. Later, Ernst Schrder replaced Peirce’s word intention with the Ger-
man Ordnung which Whitehead and Russell translated back into English for the
modern terms first-order and second-orderlogic.

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 entides. 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:

o For every predicate B, if P is true of 0, and for every integer 7, P(n) implies
P(#+1), then P is true for every integer: '

(VP:Predicate) ((P(0) A (Va:Integer)(P(n) > P(n+ 1)) > (Vantegen) P(n)).

This formula is second order because the quantifier VP 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

o Verbs: define, describe, represent, mean, prove, translate

o Adjectves: true, falkse, uncertain, correct, 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 thdt it is also a metastatement. Therefore, the containing
sentence must be metametalanguage. 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 algebraic 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 contexz. 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 x is 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 combinadon of first-order logic at the object level and the meta-
level provides a powerful and elegant solution to a wide range of problems.

1.4 Names, Types, and Measures

When logic is applied to mathematics, the constants are numerals, which serve as
the names 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.
Eléphant is a species.
Therefore, Clyde is a species.

In classical terms, thissyllogism 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 database.

Names anp Tyres.  When leaming logic, students usually represent the sen-
tence 7om likes Sueby the formula like(Tom,Sue). Then they generalize that tech-
nique t6 represent the sentence Cats like fish by the formula like(cats,fish). The error
in this generalization is caused by the difference berween proper names, which
denote particular individuals, and common nouns, which denote types. The com-
mon nouns cz¢ and fish must be represented by type labels in typed logic or by
monadic predicates in untyped logic. In typed logic, the sentence Cazslike fishwould

become

(Vx:Cat) (Vy:Fish)like(x7).
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 # a dyadic predicate kind(x,7)
could be used. Then the sentence about cats and fish would become,

(V) (V) ((kind(x,Cat) A kind(y,Fish)) o like(x,)).

This formula says that for every xand y, if x is a kind of catand yisa kind of fish,
then xlikes y. In this example, the kind predicate relates x and y to the zype constants
Cat and Fish. With a zype variable t, the next formula states the further generaliza-
tion that cats like every instance of any subtype of fish:

(Vx:Car)(V y:Entity) (V£ Type)
((#<<Fish A kind(3,9) > like(x,)).

This formula may be read For every car x, every entity 3, and every type t, if t is a
subtype of fish and y is a kind of 1, then x likes y.

HreueER-ORrpER Tyres. The distinction between names and types provides
a way of solving the puzzle about Clyde the elephant. 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 field of a concept. Since Clyde’s type is not specified,
the default type T, which is the top of the type hierarchy, may be used. The result
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is the concept [ Clyde]. The indefinite article in the phrase an elephant indicares
some individual of type Elephant, which would be represented by the concept
[Elephant]. The word 7 corresponds to a coreference link between the two con-
cepts:

[T: Clyde]- - -[Elephant].

The coreference link that connects the two conceprs 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 elephant, 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: ‘_Elepha_nt]— - —[Species].

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

(3x:Species)(type(Elephant) A 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 darabase 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 2 red ball. In the first one, the monadic conceptual relation (Red) is
attached directly to the concept [Ball]. It corresponds to the following formula:

(3xBall)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.

@H@"{ Color: Red

FIGURE .9 Three possible ways of representing “a red ball”
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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 a//maps to the concept [Ball], the adjective
red maps to the concept [Red], and the relationship between them maps to the
ateribute relation (Attr). When translated to typed logic, both concept nodes map to
existential quantifiers and the Attr relation becomes a dyadic predicate:

(@x:Ball)@y:Red)attr(x3).

This formula says that there exist a ball x and an instance of redness y where the
artr predicate relates xto y.

For database design, the third graph is the most convenient. The characteristic
reladon (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:

(3xBall)(color(Red) A chrc(xRed) )A.

This formula says that there exists a ball x Red is a color, and x has Red as a
characteristic. In general, Atrr 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-order 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: Felis], and [Species: FelisCatus].
The types Rank and Characteristic are third-order types, whose instances are
second-order types like Species and Color:

First order: The ball is red. .K;ja is a felis catus.
Second order: Red is a color. Felis catus is a species.
Third order: Color is a characteristic. 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 [ThirdOrder Type: Rank] and
[FourthOrderType: ThirdOrderType]. Chapter 7 shows how lambda expressions
Ican be used to translate between knowledge representations that use types of differ-
ent order. )

SurroGates. 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 #/fases, and multiple entities may have the same name. Following

is a typical paradox:

Sam believes that Dr. Jekyll is a gentleman.
Dr. Jekyll is Mr. Hyde.
Sam does not believe 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. Bur that would lead to
the contradiction that Sam both believes and does not believe that Dr. Jekyll is a
gentleman. .

In database systemns and object-oriented systems, aliases are avoided by using
special idendfiers called surrogates, which uniquely 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 Al systems use it to generate
surrogates for entities that exist outside the compurter 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 surrogate s to a name 7, a dyadic predicate hasName(s,7) may be used:

believe(Sam, (3s5)(hasName(s,“Dr. Jekyll”) A gentleman(s))).
(35) (hasName(s,“Dr. Jekyll”) A hasName(s,“Mr. Hyde™)).
~believe(Sam, (35)(hasName(s“Mr. Hyde”) A 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 darabase to correct his earlier mistake. The temporary mis-
march between the database and the real world may cause some misunderstandings,
but it doesn’t create any logical paradoxes.

UniQuE NamNg ConVENTION.  For theorem provers, a unique naming con-
vention is often adopted to simplify the proof procedures: if two constants zand 4
have a different spelling, then ## & is assumed. KIF has two kinds of constants: for
one kind, uniqueness is assumed; for the other kind, either 2= 5 or 4% b is 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
uniquely 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-
teristic name “Dr. Jekyll™

[Person: #5395]—>(Chrc)—[Name: “Dr. Jekyll”].

By the process of name comtraction, 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]—(Chrc)—[Name: “Dr. Jekyll”] [Gentleman: #5395].
[Person: #16432]—(Chrc)—(Name: “Mr. Hyde”] ~[ [Gentleman: #16432]].

The first graph says that the person cataloged as #5395, whose name is Dr. Jekyll,
is a genteman. 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
dartabase 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 theassertion [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
dartabase. But the task of matching the surrogates to the physical objects cannort 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.

ReEPRESENTING 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 receive different paychecks. The following graph says that Tom and Sue each
eamn a salary whose amount is $30,000:

[Personﬁ Tom] ¢ (Agnt) « [Earn] — (Thme) > [Salary: @ $30,000];
[Person: Suel]« (Agnt)e« [Earn]— (Thme)—[Salary: @ $30,000].

The first line says that the person Tom is the agent of eam, 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 concept
indicates that the following symbol is a measure of the referent, not its name or
surrogate. In predicate calculus, that graph would become

(@xyEarn) Gz w:Salary)
(Person(Tom) A Person(Sue) A
agnt(xTom) A thme(x2) A hasAmount(z$30,000) A
agnt(y,Sue) A thme(y,2) A hasAmount(%,$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# w could be added to the
formula, or a relation (#) 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]« {Agnt)« [Earn]—{Thme)—>[Salary: #78902 @ $30,000];
[Person: Sue]+ (Agnt)«[Earn]— (Thrme)—>[Salary: #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 # #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]—(Amt)—>[Measure: <30000, dollar>].

The expanded graph represents the measure $30,000 as an ordered pair of the
number 30000 and the unit do/lar. 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]— (Thme)} > ([Salary]— (Amt)—[Measure]«
. (Amt)(—[Salary](—(Thme)(—_[Eam]—)(Agnt)—)[Person: 4Sue].
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This graph may be read Zom earns a salary whose amount is the same as the salary
earned by Sue. In predicate caleulus, the unknown measure can be expressed by a
variable s:

(3x, y-Earn) 3z w:Salary) (@s:Measure)
(Person(Tom) A Person(Sue) A
agnt(x,Tom) A thme(x%2) A hasAmount(z9) A
agni(y,Sue) A thme(y,w) A hasAmount(w,s) ).

The predicate hasAmounts, which relates some entity to its measure, corresponds
to the Amt +relation in conceptual graphs.

Macro expansions allow conceprual graphs to express various features of natural
languages in a concise form without changing the semantics of the underlyinglogic.
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: {#*}21l8] =
[Set: *s]—>(Chrc)—[Count: 18]
[ [[Al—=(e)—>[?s): V]~ - -[Wheel)] ].

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

(Js:Set) (count(18) A s@18 A
(Y w:(Ax) xes)wheel(w)).

When the @ symbol is followed by a single number 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 2 unir, such as $30,000 or 43.7 m, it expands 0 2
concept of type Measure with the measure represented by an ordered pair <30000,
dollar> or <43.7, meter>.

RePRESENTING MUsicaL ENTiTIEs. The potendal 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 conceprual graph that represents the third measure of “Frére
Jacques” with two voices singing in harmony. Each of the seven notes in the
measure is represented by a separate concept [Note]. Each note is attached to
conceptual relations that correspond to the tone, next, and dur predicates: the Tone
relation links 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
10 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 1.70 Conceprual graph for two voices singing in barmony

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 bharmony.

Each concept box in Figure 1.10 represents something that exists: 2 note, an
interval, or a type of tone. When the CG is translated to predicate calculus, the
corresponding existendal quantifiers must be shown explicidy:

(Ft1,%,%3,%45%5, 56,3 Note)

Gr1:925705 Interval)

(tone{x;,B) A dur(x,,7) A hasAmount(y,,1bear) A next(x;,%) A

tone(x,C) A dur(xy,5) A hasAmount(j,,1beat) A next(x,,x;) A

tone(x,D) A dur(x,y:) A hasAmount(y,,2beats) A

tone(x,G) A dur(xg,y) A next(xgxs) A

tone(x,A) A dur(x, ) A next(xs,xg) A .

tone(%,B) A dur(xgyg) A basAmount(y;,lbear) A next(xgx) A

tone(x,G) A dur(x,3) A hasAmount(ys,1bear) A

part(y3.39) A part(s,ys) ).
The quandifiers at the beginning of this formula specify x; through x; as notes and
7y, through y; as intervals. What makes the formula difficult to read is not the
quantifiers, but the proliferadon of variables. In the graph, all the information
about an entity is localized — either inside the concept box itself or in the relatons
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attached direcdy 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 ger scattered throughourt the formula.

Since Figure 1.10 is a direct translation from a musical score, it uses only the
existendalconjunctive subset of logic. But logic, in both the graphic and linear
notations, has much more expressive power for stating 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 simultancously. The graph may be read The relation Simul has a
definition (Def), which is a lambda expression that relates a note Ay to a note A, in
which both notes occur during the same interval.

The definition of simuitaneity in Figure 1.11 shows why it is important to
distinguish the interval from its duration. Six of the seven notes in Figure 1.10 have
the same duraton, but only two pairs are sounded exactly simultaneously. In
predicarte calculus, Figure 1.11 corresponds to the following definitdon:

simul = (4x,3Note)(Tz:Interval)
(dur(xz) A dux(y,2)).

The Simul relation can be used to state a rule for the harmonious resolution of
a dissonance. If two notes sounded together happen to form a dissonant witone,
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 witone of B and F would be followed by C and E. To
avoid having © state a separate rule for every key, those rules can all be summarized
by using the relative names for the types of tones: Do, Re, Mi, Fa, So, La, 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 rone Do and the next
note after y has tone Mi.

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

1&
T b Noweh (oo Tipe Do
-

FIGURE L.1x Definidon of the Simul relaton between two notes
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¥IGURE r.12 Rule for the harmonious resolution of a dissonance

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:

(Vx5 Note) ((simul(x,5) A tone(xTi) A tone(yFa)) >
Bz w:Note)(next(%2) A tone(zDo) A next(yw) A tone(w,Mi)) ).

This formula may be read For every note x and y, 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 note after
x is 2, whose tone is Do, and the next note after y is ws whose tone is M.

1.5 Unity Amidst Diversity

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

o 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 ¥V or A;
the domain-dependent comstants, which identify individuals, properties, or
relations in the application domain or wniverse of discourse; the variables, whose
range of application is governed by quantifiers; and the puncruasion like com-
mas and parentheses that separate or group the other symbols.

o Syntax. Alogic must also have grammar rules or formation rulesthat determine
bow the symbols are combined to form the grammatical or well-formed sen-
tences. The rules could be stated in a conventional linear grammar, a graph
gramrmar, or an @bstract syntax that is independent of any concrete notation.

o Semantics. To make meaningful statements, the logic must have a zheory 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 zheory of truth that is
able to distinguish true statements from false statements. In his famous 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 developed informal theories of truth and reference that
made similar distinctons, although not in as precisely stated terms.

o Rules 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 semandcs.
However, nonmonotonic logics for plausible or default reasoning have rules
that preserve consistency, but not necessarily auth.

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 structures. Even though SQL and
Express are not usually called logics, they have the semantics and expressive power
of first-order logic.

SEMANTICs OF ProposiTiONAL LoGic. The theory of truth tables defines
the semantics of propositional logic. As an example, the following truth table shows
that pAg is equivalent to its definition in terms of Frege’s primitives ~(p>~g). Each
of the four rows represents a possible pair of truth values for the variables p and 4.
Then the truth values of each of the two expressions are computed in terms of the
truth values for p and 4. For each row, the table shows that the expression pAg has
the same truth value as ~(p=>~¢).

P q PAg ~(po~q)
0 Q 0 0
0 1 0 0
1 0 0 0
1 1 1 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 rauzology.

Although truth tables support a systematic method for showing that two formu-
las are equivalent, their computational time grows exponentially with the number of
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variables. With two variables p and ¢, this table has 22 or 4 rows. With 5 variables, a
table would have 2° or 32 rows, and with 20 variables, it would have over a million
rows. Many practical 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 dme 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
tme. VLSI chips can be described with highly regular formulas, even though the
number of variables in the formulas is very large. Many such chips have been
successfully analyzed and verified with proof procedures.

Status oF 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 itself. 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 fact. They all use a natural language as the
metalanguage, but in 2 form that can be tanslated to two-valued first-order logic
with just the quantifiers V and 3 and the basic Boolean operators. Since textbooks
use natural language to define everything in mathematics, the FOL translations of
natura] language must also be sufficient to define all of mathemartics.

Although Whitehead and Russell adopted higher-order logic for the Principia
Mathematica, one of Whirehead’s students, Willard Van Orman Quine (1937),
demonstrated that first-order logic plus the membership operator € 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
model theory and proof theory, and it can be defined in terms of a bare minimum
of primitives: just one quantifier {either ¥ 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 grear 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 illconceived. Some
leaders in artificial intelligence, such as John McCarthy, havealso argued for first-or-
der logic as the primary, if not the only, system of logic for knowledge repre-
sentation. Besides discussing the philosophical issues, logicians have worked out the
derails for translating other logics to FOL. Tam4s Gergely and Liszlé Ury (1991),
for example, show that FOL with explicit quantifiers over time is simpler and more
expressive than most versions of temporal and dynamic logic. Marfa Manzano
(1996) shows how FOL can serve as the unifying language for defining and support-
ing an open-ended varety of extended logics. She gives explicit translations of
second-order logic, modal logic, and dynamic logic to typed first-order logic.

Rerarivg Vartous Logics.  The power of FOL and the prestge of its ad-
herents have not deterred philosophers, logicians, and computer scientists from
developing other logics. In response to Quine, his longtme friend and equally
eminent philosopher Rudolph Camap (1947) wrote a book in defense of modal

logic and its applicadons. For various purposes, modal logics, higher-order logics,
and other extended logics have some desirable properdes:

o Fewer axioms. The axiom of inducdon, with its quantifier (VP: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 second-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.

o More natural rranslations. Without modal logic, an English sentence like Jz may
rainwould be translated to an awkward paraphrase: Of 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.

o More efficient compusation. By incorporating features of the ontology or meta-
language into special operators, such as the modal symbols O and 9, a complex
logic can sometimes simplify knowledge representation. With this technique,
much of the computation is wansferred from the axioms to the rules of
inference. This transfer may speed up deduction, since the rules of inference
are more likely to be compiled, but the axioms are more likely to be interpreted.

To computer scientists, these arguments sound like familiar trade-offs: specialized
high-level languages versus general-purpose 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 to 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 differentiae and sub-
categories for various kinds of minerals, plants, and animals. Assign a distinct
prime number to each differentia 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.

. Leibniz’s representadon with prime numbers for differentiae led him to de-

velop a calculator that could speed up the operations of muldplication and
division. On modern 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 ecach 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?

. Show that your encoding of categories as bit strings in Exercise 1.2 is isomorphic

to the encoding with products of primes in Exercise 1.1; i.e., show that the
corresponding operations on the two different encodingsalways lead to thesaine
supertypes, subtypes, lowest common supertypes, and highest common sub-
types.

. With N differentiae, each concept could be represented by a string of N bits.

How many bits would be needed for the concepts represented in the hierarchy
you developed for Exercise 1.1? If the concepts were represented as products
of primes, how many bits would be needed for each concept? How would
differences in the hierarchy affect the amount of storage space needed?

. Translate the three Begriffischrift diagrams in Figure 1.5 (page 10) tw the

equivalent algebraic formulas using only Frege’s choice of operarors ~, 2, and
V. Then use the definitions of A 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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1.1. In doing the conversions, you may assume that any statement p is equiva-
lent to its double negation ~~p; i.e., two pegations cancel each other out. See
Appendix A.1 for further discussion of methods for showing that two formulas
are equivalent.

. Frege said that new symbols and abbreviations could be added to the Begriffs-

schrift in order to simplify the notadon. Extend Frege’s notation by defining
three new symbols for representing A, v, and 3 in a style compatible with the
Begriffischrift. Define those symbols as combinations of the basic primitves of
Figure 1.4. Then using your new symbols, redraw the examples in Figure 1.5.

. Add a predicate tractor(x) meaning “x is a tractor” to the ontology discussed

in Secdon 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 #77 is
part of one trailer truck, and trasler #238 is part of a different trailer truck:

3% Ey) (teailerTruck(x) A tactor(#77) A part(x#77)
A trailerTruck(y) A trailer(#238) A part(y,#238) A ~(x=3)).
In typed predicate calculus, the formula would be
(3x y: TrailerTruck) (tractor(#77) A part(x#77)
A trailer(#238) A part(y,#238) A ~(x=3)).
Express the following English sentences in both typed and untyped predicare
caleulus:
a. Some trailer truck does not have tractor #77 as part.
b. There is no trailer truck that is composed of tractor #77 and trailer #238.
c. Tractor #77 is not attached to trailer #238.
d. It is false that theres a trailer truck with tractor #42 and not trasler #908.
e No trailer truck has two different tractors.

Note: Do not introduce new predicates for words like composed or astached;
use only the predicates described in Secton 1.2 and the new ones mentioned
in this 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.

. Translate the five sentences in Exercise 1.7 to conceptual graphs. In the linear

CG notadon, the sample sentence would become

[Tracter: #77]e(Part)«[TrailerTruck]-(#)-[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 Appendix B, the relations Dffr and
# are defined as synonyms. The hyphen at the end of the first line indicates 2
continuation on the next line. '

. Select a mz;_lody from some music book and translate it to prédicate logic and

conceptual graphs according to the method used in Sectons 1.2 and 1.4.
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.

Translate the three sentences in Exercise 1.10 to conceprual graphs. To rep-
resent Op, use a CG of the following form:

(Psbl) = [Proposition: (translation of p to a CcG) 1.

The monadic Psbl relation represents possibility and the concept of type
Situarion represents a situation described by the nested CG, which is generated
by translating p. For necessiry, use the monadic Necs relation instead of Psbl

Show that ~0» (impossible) is equivalent to U~p (necessarily false) and that
0~ p (possibly false) is equivalent to ~Jp (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.

Using the rules of inference of Appendix A.1, show that the formula p=0p is a
theorem of System T i.e., it can be derived from the axioms and definitions.

14. Axioms S4 and S5 are not theorems of System T, but their converses are.

15.

16.

From the axioms and definidons of System T, prove that [JTIp>Cp and
00 p=0p.

In System S5, which includes System T plus axioms S4 and S5, all the iterated
modalities can be replaced by single modalities. Prove that fact by showing

that any iterated modality copsisting of a sequence of (J and ¢ symbols is
equivalent to just a single [J or 0.

In a version of modal logic called deonzic logic, U pis interpreted p is obligarory,
and Op is 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 by a sin of omission? Which
is violated by a sin of commission?

Assume a version of texﬁporal logic with the symbol O read @/ways and ¢
read sometimes. Then translate the axioms of System T and the axioms S4,
S5, and B to English sentences.

Tractors and trailers are long-lasting objects, but trailer trucks only come into
existence when a tractor and a trailer are hitched together. Express the fol-
lowing English sentences in temporal logic with the symbol [ for always and

0 for sometimes

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

b. Sometimes, tractor #77 and trailer #238 are each par: of differens trailer trucks.
e Tractor #42 and trailer #908 are always part of the same trailer truck.

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

Note: To represent whenever, use 2 combination of O and D.

First-order logic with the typed quantifiers (VzTime) for zfways and
(@rTime) for sometimes is more expressive than temporal logic with the O

and ¢ symbols (Gergely & Ury 1991). Revise the ontology by adding an
argument for time to the predicate part(xy):

part(x3,9) xhas yas parr ar dme =
Then express the next five sentences in FOL with Time as a type:

a. Somerimes, 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 tracror is part of two different trailer trucks ar 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 [J and
0 because they explicitly mention time. Find English paraphrases of those two
sentences thar can be translated to temporal logic with U and 0. Find another

English sentence that can be represented in FOL with Time as 2 type, but not
in temporal logic with just J and 0.

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

[Time: {*}]+{PTim)«[Situation: /* Translation of p to a CG */].
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This graph says that there exist some times, represented by the generic plural
{*}, which are the points in time (PTim) of the situation represented by the
tanslation of p to a CG. To represent a/ways, insert V 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] ¢ (PTim)<«[Time]-(#)-[Time]— (PTim)—[Situation].

In Section 1.5, a truth table was used to verify the definition of A in terms
of Frege’s primitives ~ and . Use thar technique to show that pvg is equiva-
lent to (~p)>4. Truth tables can be used to verify all the equivalences for
propositional logic stated in Appendix A.1.

The dyadic Boolean operators, which take two truth values as inputs and
generate one truth value as output, can be specified by the four possible
outpurs in their truth tables. In Figure 1.3 (page 000), for example, and is
specified by 0001, or by 0111, and f-then by 1101. Following is a list of the
16 possible combinations and the corresponding operator symbols:

0000 Constantly false, F 1000 Nor or Sheffer-stroke, v or |

0001 Conjunctdon, A 1001 Equivalence, =

0010 Greater-than, > 1010 Not-rightside, X

0011 Leftside, L 1011 Reverse implicadon, < or =
0100 Less-than, < 1100 Not-lefrside, ¥

0101 Righwside, R 1101 Implication, D or =

0110 Exclusive-or, ¥ or ¥ 1110 Nand, »

0111 Disjuncdon, v 1111 Constantly true, T

Show that all 16 of these operators can be defined in terms of ~ and A; for
example, pDg can be defined as ~(pAa~g). For 6 of these operators, one of the
inputs can be ignored; for example, pRg can be defined as pAp, and pFg as
PA=D OF gA~q.

In computer circuits, the two Boolean operators n4nd and nor are often used
because they happen to be easy to implement in transistors. In 1880, Peirce
showed that either » or ¥ by itself could be used to define all 16 dyadic Boolean
operators. For example, pv gcan be defined as (pvg)v(pvg). Give the definitions
of all 16 operators in terms of . Then give the definitions of all 16 in terms of &.

Use the method of truth tables to show that the tollowing formulas are tautolo-
gies:

a (2PdAgoMDE>7.

b. o g =(prgD 2.

e (oAA(GDND{(pAgD(rA.
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Since formulas a and b have three variables (p, ¢, and 7), their truth tables must -
have 8 rows. Formula ¢, which Leibniz called the Przeclerum Theorema (splen-
did theorem), would have 16 rows. Modem theorem-ptoving 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.

Select some universally quantified sentences from the hotel 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
2 major premise taken from the hotel reservation example and a minor premise”
that might be derived from 2 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.
Some children are guests in rooms that charge a primary room.

Therefore, some children must check out when the guests in the primary
room check out.

Write at least one syllog,iﬁm 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.

The four statement types (A, L, E, and O) can only represent one quantifier per
sentence. Statements with two or more quantifiers or with dyadic reladons such
as part(xy) can be.expressed in predicate logic, but not in those four statement
types. Following is a typical inference that cannot be expressed in an Aristotelian
syllogism because it uses a dyadic relation and requires more than one quantifier.

o Every horse is an animal.
(Vx:Horse)animal(x).
o Therefore, every part of a horse is part of an animal.
(Vx:Horse) (3 y:Animal) (V zEntity)
(part(zx) D part(z,)).

The condusion may be read For every horse x, there exists an animaly, such that
Jor every entity % if x has z as pary, then y has z as part. Translate these two

~ formulas in typed logic t untyped logic. Then wanslate them to conceprual

27.

graphs. In the CG form, be sure to show the scope of quantifiers correctdy.

Find some sentences in the hotel reservatdon example (Appendix C) thar
cannot be expressed as type A, | E, o O statements because they require
more than one quantifier or more than one argument on a predicate. Translate
those sentences to predicate calculus or conceptual graphs.
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Section 1.3 included a list of nouns, verbs, and adjectives that typically occur
in metalanguage about languages, natural or artificial. Find six sentences in
this chapter that contain one or more of those words. Find six more sentences
contining those words in other sources, such as newspapers, magazines, nov-
els, poerry, advertising, and computer manuals. Are all of those sentences
metalanguage statements about an aspect of some language? What other words
might be added to the list of terms that signal meralanguage?

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 npatural languages? Feel free to consider two-. or
three-word terms, as well as single words.

Represent the following English phrases as single concepts; then expand the
concepts to graphs of two concepts linked by the Chre relation: person Sug
25 cemtiliters of wine, 5 books a cup of sugar, philosopher Aristotle; three cars
Then wanslate the expanded graphs to predicate calculus.

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 translate the graph to
predicate calculus.

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 earns. Use a dyadic reladon Twice, whose first arc is attached o 2
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.

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 coffer.

{Past)~>[ [Person: Suel« (Agnt)«[Drink]-
(Ptnt)—[Coffee: @ 1 cupll.

In this graph, the monadic relation Past marks the past tense, the dyadic
réladons Agnt and Pmt mark the agent and patient of drinking, and @ 7 cup
represents the measure of coffee, not its container. As a physical object, the next
CG represents Sue drank the ooffee in the cup: C

(Past)—[ [Person: Suel« (Agnt)é[{Drink]-~
(Ptnt) > [Coffee: #1~>(In)—[Cup: #]].
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The symbol # in the referent field of a concept represents the definite article
the. Modify these graphs to represent the next three sentences:

a. Sue drank half a cup of co ffee.
b. Sw drank half as much coffee as there was in. the cup.
c. Sue drank half of the cofée in the cup.

Assume that the measure sa/f can be represented by the fraction 1/2 and that
computational 4alf can be represented by a dyadic relation Half:

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

The linguist Barbara Partee observed that the following sentence seems to
imply that ninety is rising: The remperature is ninety, and it is rising. Represent
that sentence as a conceprual 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 zbe. Does the expanded graph imply that
the amount 90° is rising? Why or why not?

The following sentence is an example of English used as a metalanguage to talk
about logic: Two distinct individual markers denote distinct entizies. Translate that
sentence to typed predicate logic using the types Endity and IndividualMarker
and the dyadic predicate denote(m,x), where »2is of type IndividualMarker and
xis of type Entity.

The metalevel statement in Exercise 1.36 is a common assumption used to
simplify the representarion in databases and knowledge bases. Suppose a data-
base contains information about 2 thousand distinct entides, each denoted by a
distinct surrogate or individual marker. Without that metalevel assumption,
how many first-order statements would be needed to ensure thatall the entiries
are distinct? If you happen to know a particular database or knowledge base
language such as SQL, how would you state that assumption in that language?
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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 wncriticized metaphysics with which they are

packed. We must philosophize, said the 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 grearly. Far better, then, thas that
mezaphysics should be criticized and not be allowed to run loose.
CHARLES SANDERS PEIRCE, “Notes on Scientific Philosophy.” CP 1.129

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 meraphysics.

A choice of ontological categories 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 Al they are called #ypes, in object-oriented systems they
are called classes, and in logic they are called #ypes or sorzs. Whatever they are called,
the selection of categories determines everything that can be represented in a
computer application or an endre family of applications. Any incompleteness,
distortions, or restrictions in the framework of categories must inevitably limit the
generality of every program and database that uses those categories.

Qu~es 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

51



52 2> CHAPTER TWO ONTOLOGY

comprehensive as it is, lacks detail. As a test for determining whar kinds of things
constitute that all-inclusive “everything,” Quine proposed his most famous slogan:
“To be is to be the value of a quanufied variable.” That slogan is a criterion for
distinguishing the ontological categories that are implicit in a knowledge repre-

sentation:

So I have insisted down the years thar to be is to be the value of a varable.
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, bur it
has also been deemed unacceprable, even by readers who share my general
philosophical outlook. Let me sort out some of the considerations.

The artificial notation ‘3% 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 raken to qualify as values of % 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 acrually 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 commitments in a particuldr
representation. But further analysis is necessary to give the knowledge engineer
some guidelines about what to say and how to say it.

Microworins. Philosophers 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 darabase and
Al systems, they start with limited ontologies or microworlds, which have a small
number of concepts that are tailored for a single application. The blocks 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 sdll highly simplified microworld
of geographical concepts for the Chat-80 question-answering system. The hierarchy
in Figure 2.1 shows the Chat-80 categosies, 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 darabase; 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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Obstruction I’ower-Llne
FIGURE 2.x Geographical caregories in the Char-80 system

rivers and roads are considered subtypes of lines; bridges, towns, and airstrips are
treated as single points.

For Chat-80, the resmicdons illustrated in Figure 2.1 simplified both the
analyzer that interpreted English questions ‘and the inference engine that computed
the answers. But the simplifying assumptions that were convenient for Chat-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
length and orientation before landing a plane. For steering a ship, the captain must
think of a river in three dimensions, since its depth at various distances from the
bank is cridcal. Different applications may classify the same objects in very different
ways, and an ontology thart is ideally optimized for one applicaton may make
knowledge sharing and reuse difficult or impossible.

The Chat-80 ontology represents a typical microworld désigned 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
advantage of a limited domain is ease of analysis, design, and implementadon. Its
weakness, however, is the difficulty of sharing and reusing data and programs in
other applications. An ontology of parts for an inventory program, for example,
might omirt all the detail that is needed for designing and using the parts. Recent
emphasis on enzerprise integrazion (Petxie 1992) requires shared ontologies that can
support applications across all areas of a business, including engineering, manufac-
turing, accounting, and sales. Limited onrologies will always be useful for single
applications in highly specialized domains. But to share knowledge with other
applications, an ontology must be embedded within a more general framework.
Philosophy provides that framework: its guidelines and top-level categories form
the superstructure that can relate the details of the lower-level projects.
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FIGURE 2.2 Top-level categories in an early version of the Cyc ontology

Cyc CateGories. To overcome the limitations of small domains, Doug
Lenat and his colleagues have been developing the Cyc system, whose ultimate goal
is to accommodate all of human knowledge. Its very name is taken from the stressed
syllable of the word encyclopedia. Figute 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 facts and axioms.
Although Figure 2.2 is no longer a definitive statement of the current stage of Cyc,
it Hlustrates 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 martter of taste. The first significant
question concerns the differentae 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 2 knowledge engineer use those criteria in system design?

e In discussing their categories, Lenat and Guha explained that Represented-
Thing is the complement of InternalMachineThing; i.e., it includes Indivi-
dualObject and all intangjbles other than the r_hmos internal to the machine
that Cyc is-running on. In later revisions, Guha (1991) added contexts and
metalevels, which have enabled Cyc to reflect on its own representations. As a
result, the category Represented Thing has become coextensive with Thing. The



2.2 PHILOSOPHICAL BACKGROUND <$ 55

issues concerning contexts and metalevels are discussed further in Chapter 5 of
this book.

* Intreatngcollections as intangjble, the authors explained “We cant conceive of
a collection having mass, so every TangibleObject must also be an Individual-
Object.” As an example, they distinguish TheSetOfPartsOfFredsCar, which is
“intangible, impercetvable,” from TheStructuredIndividual ThatlsFredsCar,
which is rangible and perceptible. Yet one can seea flock of birds flying across the
sky. Why should a flock be perceptble, 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 category CompositeTangible&IntangibleObject, the
authors mention the person GeorgeBush as a composite of a tangibie object
GeorgeBushsBody and an intangible object GeorgeBushsMind. Another exam-
ple is a videotape, whose tangible part is a strip of coated plastc 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 entizies.

«  Process is under IndividualObject, and TangibleObject is under Process. In
Cye, the objects Fred and GeorgeBush are classified as processes with a starting
point at birth and a stopping point at death. Bur are Process and Object
coextensive? If not, what differentiates them? These issues concern the repre-
sentation of processes, events, change, causality, and every kind of time depend-
ency.

Questions like these have been asked abourt every ontology that has been proposed
by anyone from Aristotle to the present. More questions can be asked about Cyc
than about most other systems because the Cyc project is so ambitigus that the
developers have been forced to address every issue of knowledge representation. To
facilitate collaboration with other research and development groups, they keep the
current version of their top several thousand categories on the World Wide Web

(hrep:/ wwrw.cyc.com).

2.2 Philosophbical Background

The Cyc distinction between tangible objects and intangible information soructures
is one of the oldest in the history of philosophy. In the sixth century B.C., the Greek
philosopher Heraclirus maintained that all things flow (panza rhes), as in his famous
saying, “One cannot step twice into the same river.” But Heraclitus also emphasized
the intarigible Jogos— translated variously as word, speech, or reasom: “all things
(panta) come into being according to this logos.” The Greek concept of logos, which
can also be translated account, reckoning, or even computation, is broad enough to
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encompass all the abstractions of mathematics and metaphysics. A few centuries
after Heradlitus, St. John the Evangelist wrote “In the begmmng was the Jgos, and
the logos was with God, and God was the lgos. It was in the beginning with God.
All things (panta) came into being through it, and without it nothing that has come
to be came into being” (1,1-3). St. John and Heradlitus used the same words logos,
panta, and gignomas (come w© be). What they meant by those words, however, has
been a matter of debate for centuries.

The fragments of Heraclitus are as cryptic as those of his contemporaries in
India and China: Gautama Buddha, Confucius, and Lao-Tzu. In fact, some of the
statements of Lao-Tzu about the Tao (usually translated as #he¢ Way) bear a striking
resemblance to what Heraclitus and St. John said about the Jgos. Following is the
beginning of Chapter 42 of the 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 birch to the ten thousand things.

Those early insights, as puzzling as they may be, have had a major influence 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 determines 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.

ArisTOTLE’S CATEGORIES.  Aristotle accepred 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 sensory experience. In the Cazegories, the first
jreatise in his collected works, he presented ten basic categories for classifying any-
|thing that may be said or predicated abour anything: Substance (ousia), Quality
poz'on), Quantity (poson), Relation (pros ), Activity (poiein), Passivity (paschein),

aving (echein), Situatedness (keisthar), Spauahry (pou),andTempora.hty (poze). The
Tree of Porphyry (Figure 1.1), which was the first actempt to organize Aristotle’s
icategories in a hierarchy, shows only the subtypes under Substance. The Viennese
'philosopher Franz Brentano (1862) organized all ten categories as the leaves of a
single wee (Figure 2.3) whose branches are labeled with other terms taken from
Aristote’s works: Being (20 on), Accident (symbebékos), Property (pathos), Inherence
(enyparchonta), Directedness (pros zode), Containment (22 en ini), Movement
(kingsis), and Intermediacy (metaxy on).

For the category labels in Figure 2.3, most of the Greek terms have several
possible translations. In choosing labels, Aristotle took advantage of a feature of
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FIGURE 2.3 Brentano’s twee of Aristode’s categories

Greek, which allows any word or phrase to be used as a noun when the definite
article zbe (z0) is placed in front. Since most other languages lack that flexibility,
some of the wanslations are barbarisms like sitmatedness 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
traditjonal Latin-based translations, and the current terminology in logic, philoso-
phy, and linguistics. The choice of labels, however, is less important than the
distinctions that Aristotle discovered and that Brentano organized more systemati-
cally than most other comrmentators. Those underlying distinctions are fundamen-
tal to all versions of knowledge representation.

Kanr’s Carecores. In the Critigue of Pure Reason, Immanuel Kant (1787)
presented the first major challenge to Aristotle’s system of categories. In devising
his caregories, 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 z priori to objects of intuition in general, as there are logical
functions in all possible judgments, because those functions completely specify
the understanding and determine all its faculties. Following Aristode, we shall
call these concepts caregories, for our primary purpose is the same as his,
notwithstanding the great difference in manner of execution. (A:79, B:105)
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Kaat organized his table of categories, like his table of judgments, in four groups
of three:

QUANTITY ~ QUALITY RELATION MODALITY,
Unity Reality Inherence Possibilicy
Plurality Negartion Causality Existence

Totalicy Limiration Community Necessity

Kant considered this 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, bur 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:108)

In continuing this discussion, Kant seriously underestimated the amount of effort
required to complete his tee 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:109). Whenever a philosopher or
;mathcmatxcxan uses words like “easy” and “obvious,” that is a sure sign of difficulry.
Kant used those words several times in the course of a page or two; after two
hundred years, his easy task is still unfinished.

Triaps. The symmetry of Kants 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 muore
fundamental than chance or raste:

In every group, the number of categories is always the same, namely, three. That
is remarkable because elsewhere all 2 priori division of concepts must be by
dichotomy. Furthermore, the third category always arises from a combination
(Verbindung) of the second category with the first. Thus totality is pluraliry
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 iwelf. It must not be
supposed, however, that the third category is merely a derivadve, 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

understanding, which is not identical with those which produce the first and
second. (B:110)

This 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. Bur 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 2 deeper explana-
tion of the triadic patterns. Some of them 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 symthesis is no more explicit than Kant’s word
Verbindung, which has several meanings ranging from connection to combination.
In chemistry, both words synthesis and Verbindung are used to describe how two
substances combine in 2 chemical reaction. Different molecules combine in differ-
ent ways, but in each case, the theores of chemistry predict the method of
combination from the internal strucrure of the molecules themselves. A complete
theory of categories should likewise show how the internal structure of the concepts
determines their method of combinadon. i

The most ambitious development of the triadic approach was by Georg Wil-
helm Friedrich Hegel (1831), who wrote 2 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 aufheben, which literally means to raise up, but
with the further implication that the third supersedes the first two:

Aufheben has a twofold meaning in the language: on the one hand it means to
preserve, to maintain, and equally it also means to cause to cease, to puran 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 what 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 delight in finding ambiguous words,
which “have in themselves a speculative meaning.” Throughout his book, he
emphasized the contradictions he found among his catégories and considered them
the basis for generating new categories to replace or “autheben” the old ones. .

Unfortunately, Hegel chose to call hisbook The Science of Logic. Tharttideinvited
scathing criticism from logicians, who seized upon the contradicdons to point out
how far from logic it had srayed. At the end of a 16-page discussion of Hegel,
Bertrand Russell (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 its wealth of categories based on triads. As a generative principle,
however, his verb aufbeben is 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 devoree of Kant™

I believed more implicitly in the two tables of the Functions of Judgment and
the Caregories than if they had been brought down from Sinai. . . . But Kant,
as you may remember, calls atrention to sundry relations between one category
and another. I detected some additional relations between those categories, 2/
burforming 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 diligenty for about two
years, ] rose atlength from the problem certain that there was something wrong
with Kant’s formal logic.

Afrer extensive analysis, Peirce had concluded that some, but not all of Kant’s triads
reflected three more basic categories, which he called Firstmess, 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 reladon. (1891) '

In distinguishing his wiads from Hegel’s, Peirce emphasized the equal status of all
three categories and rejected the idea that “Firstness 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 cotresponds to the three categories under Property in
Brentano’s tree of Figure 2.3:

1. Inherence characterizes entites by their intinsic qualides, independent of
anything else. In Brentano’s tree, it includes qualities such as shape and color
and quantities such as size, length, and mass.

2. Causality is represented by dyadic relatons between cause and effect. Bren-
tano’s category of Directedness is more general than causality, since it also
includes dependencies thatare not usually considered causal. *

3. Community (Gemeinschaf?), according to Kant, is the “reciprocity between
agent and patient” ( Wechselwirkung zwischen dem Handelnden und Leidenden).
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In Peirce’s terms, it is the mediation “whereby a first and a second are brought
into reladon.” Under Containment or in-something-ness, Brentano put Spatial-
ity and Temporality, 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 wiad corresponds to the Kandan triad that most
clearly illustrates Peirce’s principle.

Peirce’s principle is a metalevel distinction for generating new categories by
viewing entities from different perspectives. A category of Firstess is determined;
by qualities inherent in something, Secondness by a relation or reaction direct
toward something else, and Thirdness by some mediadon that brings multiple
entities into relationship. Formally, the three kinds of categories are characterized
by the minimum number of entites 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,), which describes some reaction between an entity x and an
independent entity y. The third requires an irreducible triadic reladon M(xy,2),
which describes how an entity x mediates two entities y and z Peirce maintained
that it is not necessary to go beyond three, because Fourthness, Fifthness, and
higher-order relations can be defined in terms of triads.

As an example, the type Animal can be defined by qualides inherent in the
individual. The type Pet, however, is defined in reladon 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-Exupéry’s Little Prince, “You 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 (Firstness), independent of any external
relatonships. The type label Woman characterizes an individual by properties
that can be recognized without regard to any relarionships to other entities.

2. The same individual could be classified relative to many other things, as in che
concept types Mother, Attorney, Wife, Pilot, Employee, or Pedestrian. A clas-
sification by any of those types depends on an exxernal relationship (Second-

néss) to some other entity, such as a child, client, husband, airplane, employer,
or traffic.

3. Thirdness focuses on the mediation thatbringsthefirstand second mro relation.
Motherhood, which comprises the act of giving birth and the subsequent period
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of nurturing, 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 rraffic.

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 Secton 2.7, to disdnguish three kinds of grenularity in describing or measuring
objects; in Section 5.4, to classify contexts as acrual, modal, or intertional; and
in Section 6.6, to classify signs in nine categories generated by the product of two
triads.

Hussere's Catecories.  Like Peirce, Franz Brentano had madea deep study
of Aristotelian and Scholastic philosophy. He broadened the Scholastic notion of
intentionalizyto a concept thatwasclose ro Peirce’s mental mediadon or Thirdness.
Under Brentano’s influence, Edmund Husserl, a mathemarician who tumned to

philosophy, brought intentionality to the forefront of ontology:

o Husserl's Logical Investigations (1900) could more properly be called Onzological
Investigations. He criticized Schréder’s treatment of logic as a mere calculus
without any content. Instead, Husser] developed a “logic of ideal content” in
the six parts of his investigations: meaning and expression; genus and species;
parts and wholes; the role of grammar in combining meanings; intentonal
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 Al and natural language semantics.

o 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, Husser] came tanta-
lizingly close to Peirce’s distinction of Firstness, Secondness, and Thirdness. For
Firstness, he adopted the Greek word no&ma (thought, concept, or percept),
which is the abstract content or meaning (Sz77) of a perception. Through an
analysis and descripton of the noémata, 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 70éma in queston” (Section
130). His term for Secondness is 70854, which is the process of recognizing an
object according to some n0éma. His Thirdness is intentionalizy, which is the
mental mediation thar directs the no&ma to its object in the process of noesss.
Formally, the recognition of an object x by a moéma N is the application of a
predicate P(x), which implies N(x).
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Husser] also distinguished independent or self-sufficient (selbstindig) 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 pertals are also independent since they continue to exist when detached
from the flower. Bur the rose’s 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 entty, and Thirdness
depends on a multiplicity of entities, among which it serves as a mediaror. The last
clause is crucial: the mediator creates new relationships among the enmues it
depends on.

WhITEHEAD’s CATEGORIES.  After collaborating with Bertrand Russell on
logic, Alfred North Whitehead developed an ontology that combined the insights
of some of the greatest philosophers, both ancient and modern. In the book Process
and Reality, he agreed with Heraclitus that “the flux of things is one uldmare
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 tried to capture in his eternal, unchanging Platonic
forms:

Plaro 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 ateribute,” and of the dassificatory 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 separare a static spiritual world from a fluent world
of superficial experience. (p. 209)

Alr_hough Whitehead never mentioned Peirce, his exbht categories of exist-
ence” constitute o Peircean triads, supplemented with two extra categories for
generating combinations. To classify “the ultimate facts of immediate actual expe-
rience,” Whitehead defined categories for actual emities, prehensions, and nexis,
which make up a wriad of physical Firstness, Secondness, and Thirdness:

1. For Firstness, Whitehead used the term actwa/ enrities for objects and processes
that can exist independent of anything 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 actual entity, and
50 is the rmost trivial puff of existence in far-off, empty space.” (p. 18)

2. For Secondness, he used the term prebension for “concrete fact of relatedness.”
He explained “that every prehension consists of three factors: (a) the subject
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which is prehending, namely; the actual entity in which that prehension s a
concrete element; (b). the datum which is prehended; (c) the subjective form
which is sow that subject prehends that datum.” (p. 23)

3. For Thirdness, Whitehead adopted the Latin word 7zexus (plural nexis), which
represents an instance of connecting or binding together two or more acrual
endtes: “Actual entites involve each other by reason of their prehensions of
each other. There are thus real individual facts of the togetherness of actual
entities, which are real, individual, and particular, in the same sense in which
actual entities and the prehensions are real, individual and pasticular. Any such
particular fact of togetherness among actual entities is called a nexws.” (p. 20)

An actual entity can exist by itself. A prehension is a directed reladon or reaction
between two entides. A nexus is a bundle of two or more prehensions; it must
therefore include at least three entites. In Kant’s terms, a nexus is the Verbmdung
that binds a prehending entity and a prehended entity in a community. In Bren-
tano’s analysis of Aristote’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 Thirdness: community, reciprocity, containment,
togetherness, and mediation.

Besides the three physical categories, Whitehead maintained “All else is, for our
experience, derivative absaraction.” He dassified the abstractions in the categories
of eternal objects, propositions, and subjective forms, which consdtute a wiad of
abstract Firstness, Secondness, and Thirdness:

1. Whitehead’s eternal objects correspond to Plato’s forms, but with Aristotle’s
“correction” that the forms are derivative abstractions rather than the ultimate
reality. He maintained that an eternal object is a “pure potential” that can only
be described by its manner of “ingression” or instantiation in actual entities. A
circle, for example, is an abstraction that can be realized or instantiated in 2
particular physical object, such as a dinner plate. Whitehead would say that the
potendality 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 plok?) 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
proposidon like Yojo is chasing a mouse, the syntax of a conceprual graph
“Interweaves” the forms named Cat, Chase, and Mouse with the relations

Agent and Theme:
[Cat: Yojo]¢—(Agnt)¢—[Chase]—(Thme)—>[Mouse].
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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:Car) (3y:Chase) (3z:Mouse) (x=Yojo A agnt(yx) A thme(y,3)).

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

3. Asabstract Thirdness, Whitehead’s subjective forms correspond to the mediating
intentions of Peirce and Husserl He maintained “that there are many species
of subjective forms, such as emotions, valuations, purposes, adversions, aver-
sions, consciousness, etc.” As a synonym for subjective form, he also used the
term private matzer of fact.

Whitehead’s other two categories are principles for generating new categories: his
Category 7 of multiplicities is made up of “pure disjuncdons of diverse entides™
and Category 8 of contrasts is a source of distinctions that determine how enddies
are related in a prehension. Whitehead said “The eighth category includes an
indefinite progression of categories, as we proceed from conzrasts to contrasss of
contrasts and on indefinitely to higher grades of contrasts.”

Hremweceer’s Catecortes. Husserl’s most famous student, Martin Heideg-
ger, shifted the emphasis of phenomenology toward culrure and the way it imparts
meaning to human practices and artfacts. In his major book Sein und Zeit (Being
and Time), Heidegger distinguished two basic categories: the Vorbandene (present-
at-hand) and the Zubandene (ready-to-hand). Heidegger's Vorbandene entities are
independent of human intentions; their characteristics (Firstness) have not been
shaped or modified by human needs or desires. The Zubandene entities, which are
artifacts designed for some human purpose, are embodiments of Secondness. The
culture in which the Zubandene things are used is the Thirdness that explains their
Secondness. Like Peirce and Husserl, Heidegger considered the mediadng effect of
Thirdness to be the primary source of meaning. The Zubandene (Secondness)
derive meaning from the culture (Thirdness). The Vorbandene (Firstness) do not
owe their existence to humans, but human intentionality may project meaning or
interpretation upon them. Examples include the emotions expressed in songs and
poems about the moon, the stars, the oceans, and the mountains.

Although Heidegger did not explicidy identify Firstness, 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
distincdon between essenziz (Firstness) and existenzia (Secondness), Heidegger
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(1975) identified a third mode of being human, Dasein, which “knows about itself
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 enumerates three elements of man’s determination: animateness, human-
ity, and personality. The first determination, animateness, distinguishes man as
a living being in general [Firstness]; the second determination, humanity, as a
living and at the same time a rational being [Secondness]; the third determina-
tion, personality, as a ratonal being and at the same time a responsible,
accountable being [Thirdness]. (1975, p. 131)

Heidegger developed his philosophy without any awareness of Peirce’s categories,
but in the last few months of his life, he began intently reading a translation
of Peirce’s works into German (Gray 1977). In his introducton to that trans-
lation, the German philosopher Karl-Otto Apel (1975) showed bow Peirce’s phi-
losophy, although strongly grounded in logic, avoided the split thatr later
developed berween 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.

Carecories or EMoTions. To make computers more responsive to human
needs and atdtudes, Al researchers have been developing techniques for recognizing
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 partdoning that has strong similarities to Peirce’s categories:

1. First-order or protoemotions are tiggered by the immediate experience of exter-
nal stimuli or inner bodily status. They include tension, appetite, fear, rage, and
satisfaction.

2. Second-order emotions depend on cognitive processes that evoke images asso-
ciated with first-order emotions: anxiety, 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 emortions involve complex conceprual processes that depend heav-
ily on past experiences and future expectations: love, hate, joy, and sadness.
Although they are ultimadrtely derived from first-order experiences, the third-
order emotions are so heavily transformed by conceprual processing that the
connections may require years of psychoanatysis ro trace.
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As immediate experiences, the protoemotions are examples of Firstness. 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 of images 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 litde 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 tréichotomy were discovered by philoso-
phers ranging from Aristotle and the Scholastics to Kant, Hegel, and Whitehead.
Even older is the dichotomy between what Heraclitus called pAysés (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 cornes 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 agjtation 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 clearly it is purely strucrural, at
least in thé privative sense of depending on no qualitative resemblances be-
tween the objects and the agication. 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 structural relations to those objects; structural in the
privative sense of there being no qualitative resemblances between the objects
and the mman’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, structural 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 matrer or the energy.

Information is measured in éinary digits or biss, which are abstractions from
the marter used to encode them. The number of bits depends only on the complex-
ity of the informaton structure, not on its meaning. In developing information
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theory as a systematic way of counting the bits, Claude Shannon (1948) ignored
meaning complezely:

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 refer to or are correlated
according to some system with certain physical or conceprual 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.

SyntHEsts. The tree in Figure 2.4 is a synthesis of the philosophical insights
ranging from Heraclitus to Peirce and Whitehead. The top symbol T is 2 neutral
representation for the universal type. Since everything that exists must be an instance
of T, 2 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 of Firstness, 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 Peirce’s distincrion: 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
of Whitehead’s terminology: Actualiry for Physical Firstness corresponds to acrual
entity; Form for Abstract Firstness is shorter and more traditional than eternal
entity; and Intenton for Abstract Thirdness is a concept thar Peirce and Husserl
used in approximately the same sense as Whitehead’s subjective form. The philoso-
phers who inspired Figure 2.4 can no longer comment on how those categories may
capture or distort their insights; the ultmate justification for this or any other
system of categories must be its applicability to language and reasoning about the
world.

CoNTrasTS, DisTINCTIONS, AND CATEGORIES.  All perception begins with
conurasts: light-dark, up-down, hard-soft, loud-quiet, sweet-sour. Such contrasts,
which Whitehead classified in his Category 8, are the source of distinctions for
generating the categories of existence: “What are ordinarily termed relations are
abstractions from contrasts. A relacion can be found in many contasts; and when
itis so found, it is said to relare the things contrasted” (1929, p. 228). The contrasts,



2.3 TOP-LEVEL CATEGORIES < 69

AN

Physical Abstract
Actuality Prehension Nexus Form Proposition Intention

FIGURE 2.4 Top-level categories of an ontology

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

Contrasts may be expressed in discrete distinctions or continuous gradations,
such as a spectrum of color; range of pressure; degree of sweetness; or varation in
sound intensity, pitch, duration, and thythm. The contrast in sound intensity, for
example, is the basis for loudness, which can be codified as a dichotomy of loud
and quier; as a trichotomy of loud, medium, and quiet; or as a continuous range of
variation. The distincdons and gradations are conceprual interpretations of the
perceptual contrasts; 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 1o generate higher-level distinctions and more complex conceprualizadons.

The distinctions correspond to Leibniz’s 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 t.hree—way distinction. The combina-
torial method always generates highly symmetric structures, but a tree such as Figure
2.4 is not rich enough to display the full symmetry. By the way it’s drawn, the tree
imposes an ordering: it happens to show the two-way distincton as prior to the
three-way distinction. Yet that choice is arbitrary, and either distinction could be
placed first. Other strucrures, such as the graphand the matrixin 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 and logos generates che
categories Physical and Abstract. Peirce’s trichotomy applied to the top levcl gener-
ates three categories, Independent, Relatve, and Mediating:

1. Independent is the category of Whitehead’s actual entities and eternal forms as
characterized by inherent qualities or Firstness. In logic, independent entiries
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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 cirde(x),
potato(x), or elephant(x), which describes some aspect of x without taking into
account anything external to x.

Relative includes Whitehead’s physical prehensions and abstract propositions,
both of which can be represented by dyadic predicates. A prehension is a
physical relative thar relates a prehending entity x to a prehended entity 3. A
proposition is an abstract relative that relates a form x to an entity y described
by x The proposition that the sun is circular means that the form of a circle
can be used to characterize an entity in the sky.

Mediating corresponds’ w Peirce’s Thirdness, which includes Whitehead’s
physical nexiis and subjective forms. As an example, an architectural drawing
i 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
conmactor or builder who translates the pattern of marks to a structure 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 conjumc-
ton of dyadic relations. (See Exercises 2.6 and 2.7.)

The graph on the left of Figure 2.5 illustrates mudktiple inheritance, where each
category on the third level inherits properties from two different categories on the
preceding level. The marrix on the right shows another way of representing multiple
inheritance: each of the six categories inside the boxes is a combinaton of the
distinctions listed on the top or on the left. The mathemarical techniques of graph
theory and matrix algebra allow any number of dimensions to be rcpresented. Bur
as the number of distinctions increases, the fine print and criss-crossing lines can
make any notation unreadable.
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CoNTINUANTS AND OCCURRENTS.  Whitehead agreed with Heraclitus that
all things are in flux, but some things undergo rapid change, while others remain
comparatively stable. To accommodate objects in a process-based ontology, he
distinguished enduring objects, which have a stable identity over some period of
dme, from the constanty perishing occasions, whose successive stages may not
resemble one another. An enduring object is called a continuans 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:

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

e An occurrent is in a state of flux that prevents it from being recognized by a
stable 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 the same type. As an example, White-
head (1920) said “You cannort 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. Bur a character of an eventcan be
recognized. We all know that if we go to the Embankment near Charing Cross we
shall observe an eventhaving the character which we recognize as Cleopatra’s Needle.
Things which we thus recognize I call objects.” Cleopatra’s Needle is the object (con-
dnuant) that explains why each ofits appearances (occurrents) have the same shape.
A baby’s delight in playing the game of peek-a-boo results from the recognition that
each appearance of Mommy's face is a sign of her continued existence.

ViewporNT. The physical/abstract distinction is independent of the ob-
server’s viewpoint, but the continuant/occurrent distinctdon 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 persor’s facial features
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 human being, who has a stable identity at a
macro level, 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 level 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 of the performance is a continuant that can preserve the information on
a magnetic strip that lasts for years. The continuant/occurrent distinction applies
to the entities zbour which information is recorded and to the physical media oz
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which information is stored. Bur in Whitehead’s terms, the informadon itself is an
eternal object that can be preserved indefinitely, provided that copies are made from
time to time. Although information structures do not change, they can represent
the form of either a continuant or an occurrent: a static pattern of magnetic spots
on 2 tape may record adynamic process, such as 2 movie ora symphony. An abstract
type, which is unchanging in itself, can be considered an encoding of information
about a continuant or information about an occurrent.

Laxtice oF 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 caregories 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
absurd ype |, which is true of nothing. The universal type T can be considered a
synonym for the empty set of no distinctions; L. can be represented by an acronym
for the inconsistent combinaton of all distinctions, IRMPACO.

L

FIGURE 2.6 Lartice generated by the top three distinctions
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The symmerric hierarchies generated by Leibniz’s method of combination are
called lazrices. 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,AQ,IC, IO, RC, RO, MC, and MO. If these categories were added to Figure
2.6, the lartce would contain a total of 37 distinct types, including T and L. 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 that is synonymous with the three-letter acronym
that shows its derivation. Informally, short words like Object may be used; but
formally, the acronym should be appended in a prefix as IPC-Object or in paren-
theses as Object (IPC).

o Object (IPC) is an acruality (IP) considered as a continuant (C), which retains
its identity over some interval of time. Although no physical entity is ever
permanent, an object can be recognized by characteristics that remain stable
during its lifeime.

»  Process (IPO) is an actuality (IP) considered as an occurrent (O). Depending
on the time scale and level of detail, the same actual entity may be viewed as
either a stable object or a dynamic process. Even a diamond could be consid-
ered a process when viewed over a long time period or at the atomic level of
vibrating partcles.

o Schema (TAC) is a form (IA) that has the strucrure of a continuant (C), which
does not specify time or timelike relationships. Examples include geometrical
forms, the syntactic structures of sentences in some language, and the encod-
ings of pictures in a multimedia system.

e Script (IAO) is a form (TA) that has the structure of an occurrent (O), 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 images 6n 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
1o some prehended continuant. Examples of junctures include a knot in a
string, joints between bones, and connections between parts of a car.

+  Pardcipatdor (RPO) is a prehension (RP) considered as an occurrent (O). The
prehending entity is a process (IPO) in a stable relationship to some prehended
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condnuant. Examples of participation include 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 characterizarion of the continuant. A schema by itself
is an uninstandated parttern; 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 (O), which relates
some script (IAO) as a characterization of the occurrent. A computer program,
for example, is a script (IAQ); a computer executing the program is a process
(IPO); and the abstract information (A) encoded in a trace of the instouctions
executed is a history (RAQ). 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 nexus (MP) considered as a continuant (C) for some
reason (MAC) that explains how the juncrures of its components are organized
for some function. The reason need not be consciously enterrained by a human
agent: the structure could be a bird’s nest, a beaver dam, or a beehive.
Situadon (MPO) is a nexus (MP) considered as an occurrent (O) for some
purpose (MAQ). The mediating aspect of a situation (MPO) is the purpose
(MAQ) of some agent that determines why the interaction of entities in the
situation is significant. 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 an intention (MA) of some agent concerning some continu-
ant (C). Unlike a description (RAC), a reason (MAC) explains an entity in
terms of an intenton (MA). For a birthday party, a description mighr 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 entites in a situation (MPO). The words and notes of the song
“Happy Birthday” form a script JAO); 2 proposition about the way people at
a pasty sang the song is h.lStOry (RAQ); and the intendon (MA) that explains
why they sang the song is purpose (MAQ).

Lartices of categories can be derived from the top down, as this one, or they can be
derived empirically from an analysis of data. Rudolf Wille and his colleagues (Wille



2.3 TOP-LEVEL CATEGORIES < 75

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 muldple associations.

To show the twelve central categories from a different perspective, Figuze 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
distincdon of Physical and Abstract with the binary distinction of Continuant
and Occurrent. Each abstract caregory on the right of Figure 2.7 is said to char-
acterize the corresponding physical category on the left a schema characterizes an
object; a script characterizes a process; a description characterizes a juncture; a
history characterizes a participation; a reason characterizes a structure; and a pur-
pose characterizes a situation. In conceprual graphs, the concept [Car: 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 characterized
in many different ways, such as [Pet: Yojo], [Mammal: Yojo], or [FuzzyBlack-
Object: Yojo]. As pure information, all abstract 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 0 accommodate the thousands of words of natural languages. Any other
distincrions that apply at the top level (category T or Entity) can be considered as
fundamenstal as those in Figure 2.6. Any distinctions that depend on others as
prerequisites can only be applied ar lower levels of the lattice. The purpose of the
ontology is to provide a framework of distinctions that can be used to discriminate
and classify the things thart 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.”

Physical Abstract

-
Continuant Occurrent Continuant Occurrent

Independent | Object Process Schema Secript

Relative | Juncture |ParticipationDescription| History

Mediating | Structure | Situation Reason Purpose

FIGURE 2.7 Maztrix of the twelve central categories of Figure 2.6
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! Axzoms AND INFERENCES. Besides classifying things, ontological categories
provide hooks to which the definitions and axioms of a knowledge base are
atrached. By the inference rules of logic, those axioms are inherited from supertypes
to subtypes to support inferences about entities at every level of generality. The
following axioms are associated with the dichotomy between Physical and Abstract

e Location. If x is 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.

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

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

o Causality. Physical entities may causally affect or be affected by other physical
entitjes. Abstract entities cannot have direct causal interactions with other
entities, 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 y in some physical entity =

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,
Time, Mass, Energy, Encoding, Decoding, Representation, Change, Cause, Inter-
action, and Mediation. They illustrate a fundamental principle of any axiomaric
systen: the starting primitives cannot be defined in terms 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 definidons. 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
not in rerms of anything external to x.

»  Relative categories are characterized by dyadic predicates thart 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 x mediates two or more entides (3,3 . . .) 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 timelike succession.

These categories and their subtypes depend on the way something is represented,
dlassified, 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 melike succession of stages. Different views of the same entity may
be described in different words, whose meanings are different concept types with
different axioms and definitons.

Each category in the hierarchy inherits all the properdes and axioms of every
category above it. An instance of Script (IAO), for example, is independent (I);
therefore, it can be characterized by 2 monadic predicate p(x) defined in terms of
the parts 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 (O),
the characteristic predicate p(x) must involve dme or 2 timelike succession. These
properdes 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 caregories inherit all the general knowledge
from the top-level and midlevel categories, bur they also have much more dertailed
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:

+ Ifxis physical with mass mand xis transported from location 4 to location 4,
then the total mass at location / is decreased by =, and the total mass at
locadon 4 is increased by m. '

o Ifxis abstract, an encoding of x in a physical endty y at locadon 4 may be
copied to an encoding of x in a physical entity zat location 4 without changing
the mass at either Jocadon.

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 use. Reasoning about actual systems is always an approximation
that depends.on the granularity of the media, the manufacturing rechniques, the
measuring instruments, and the users’ purposes. Granularity is discussed further in
Section 2.7.
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24 Describing Physical Entities

The same abstract forms may be represented or embodied in many different
physical entites. Therefore, physical objects of widely divergent natures could be
characterized by the name of the same abstract form. 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 entites, both physical
and abstract, is muldplied:

o  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 compurer 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 transistors, pulses of light in a laser beam, electrically charged spots
on a drum, and dust particles thar are atrracred to the drum and baked on the
paper.

o 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 2nd Peace to emphasize its
content, or it might be called “a book” to emphasize its physical structure.

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

PosstsLe CoNrFusions.  For each actual entiry, 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 stare?
A: Wyoming.

Alaska is the largest state in area, and California is the largest in population.
Wyoming is not the largest by any measure, burt it happens 1o 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 entides. 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 cannort be stored in a computer,
is called a monlexical object type INOLOT). 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
nonlexical Those terms make the information in the computer seem more real than
the world outside.

INTENTIONALITY. 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 a2 Secondness that characterizes some entity by some
abstract form. The mental state of a person who bebieves 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 thart characterizes some
entity. In his book Jntentionality, the philosopher John Searle began with a defini-
don: “Intentionality is that property of many mental states and events by which
they are directed ar or about or of objects and states of affairs in the world.”

To Hlustrate 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 two large balloons
‘underneath, as the numeral 1001 with a line over the top, as a bridge with two
pipelines crossing undemneath, 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 purely physical visual stmuli, the lines on the paper in front
of us and the light reflecred from them, are constant. But these experiences and
the differences'between them are dependent on our having mastered a series of
linguistically impregnated cultural skills. It is not the failure, for example, of
rmy dog’s optical apparatus that prevents him from seeing this figure as the word
“TOOT".

Each interpretation of Figure 2.8 could be stated as a different propositon: There is
the word TOOT or There is a table with two balloons underneath. In these statements,
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FIGURE 2.8 Searle’s example of an ambiguous figure

the word zhere indicates the physical entity, and the phrase following the word 4
specifies some form that is applied to the entity. But the propositions make no
reference to any agent, explicit or implicit, who may believe them. A belief is inten-
tional because it involves the agent who relates the form to the entity: Mary believes
thar Figure 2.8 shows the word TOOT, bwz Bill believes that it shows a table with two
balloons underneath. The intentions of Mary and Bill are éssental to their beliefs, but
not to the propositions that make up the content of those beliefs.

PHENOMENON, ROLE, AND SiGN.  Different intentions lead to different con-
cept types for classifying the same enddes, A_sructural type describes an endty by
its inherent form or structure, independent of ifs relationships to external entities.
The phrase 2 wooden cube, for example, describes a thing in two ways the noun
cube pames 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 refer to either an abstract form or a physical object.
Formally, a structural type classifies an entity xby a monadic predicate that depends
only on properties that can be observed in x iwelf. For this example, the phrase
wooden cube could be translated to a conjunction of two phenomenal predicates,
wooden(x) A cube(x).

A role type characterizes an entity by some role it plays in relationship to another
entity. The 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, and JetPlane describe entities that could play the role of ModeOfTranspor-
ration; and HumanBeing and BusinessOrganization describe endties that could
play the role of LegalPetson. Fro'r_ry_gﬂy,_r,olcques depend on a dyadic relation: if *
18 classified by a role type, then x stands in a dyadic relation to some other entity y.
Food x can be eaten by some animal 3 a mode of transportation x can be used to
transport some entity % and a legal person x can be a party to some contract 3. In
logic, both entities in a dyadic relationship may be expressed by arguments of a
predicate such as foodFor(x); an alternate approach, common in natural lan-
guages, is to focus on one entity with a concept type such as Food, which leaves 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 structure or morpholsgy. Newer techniques that use DNA also classify them
by structure, but at the molecular level. Classification by role does not depend on
an endty’s structure: animals of many different forms could be pets, livestock, or
vermin; plants could be crops, ornamentals, or weeds. Similar distinctions apply to
ardfacts and geographical features: nails and butrons could be distinguished by
structure or grouped together as fasteners; a river and a mountain might both be
tourist attracdons, 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 essendal for classifying it by role. The type Nail, for
example, is a phenomenal type — long and thin with a point ar 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 formi, there is no common form for every kind of fastener.
In some cases, the form may be predicrable 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 strdct
implication, since a robot, a human, 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 thar could play the same role. Velcro, for example, is a new kind of fastener
whose form does not resernble the wraditional rypes like Nail, String, or Button.

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 reladon of represenzation: a sign x represents something y to
some agent z If x is Figure 2.8, x may represent soemthing 3, 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 Secton 6.6.

ApjecTIVES MODIFYING NOUNSs. In elementary logic books, English adjec-
tives and nouns are usually transiated to monadic predicates. For many common
phrases, that translation produces an acceprable formula in logic:

a happy boy => (3x)(happy(x) A boy(x)).
a shaggy dog = (Jy)(shaggy(y) A dog(3h).

a green tree = (Jz)(green(z) A tree(z)).

These manslations correctly imply that there is some x that is happy and a boy, some
ythar is shaggy and a dog, and some zthar is green and a tree. But when the method
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is applied to all adjectives and nouns, it runs into serious difficulties. One question-
ansx;vcring program used it to translate the following two sentences to logic:

,f','},-‘;:" Sam is 2 good musician. = good(Sam) A musician(Sam).

/ ?/ Sam is a bad cook. = bad(Sam) A cook(Sam).

Using those wanslations, the program answered yes to the following questions:
Is Sam a bad musician?
Is Sam @ good cook?
I Sam a good bad musician cook?

.The problem is caused by the way the adjectives good and bad modify the nouns.
Unlike the adjective Azppy, 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, bur only in the role of musician
or cook.

When an adjective is applied to 2 phenomenal type like Boy, Dog, or Tree, there
is only one entity x that ir 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 thar x plays in relaton to some entty y, or the other entity y. Adjectives like
bappy 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 bappy 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 2 monadic predicare:

a happy musician = (3x)(happy(x) A musiclan(x)).

a shaggy pet => (Jy)(shaggy(y) A pet(y)).
a green dwelling=> (32)(green(z) A dwelling(2)).

The adjectives goodand bad however, modify the role: a good musician and a good
cook are considered good only in relation to music and cooking, Other examples
include nuclear physicist, former senator, and alleged thief A happy physicist is a
bappy 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 predicares like goodMusician(x) or nuclearPhysicist(y). That method gives
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
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on Richard Montague’s technique of treating modifiers as functions that convert,
one predicate into another. The adjective gooai for example, would correspond t@
a function that maps the predicate musician(x) to a predicate that is equivalent 0
goodMusician(x):

a good musician = (3x)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 =
But this approach becomes more complicated with the sentence fvan is 2 poor
choice for shortstop, buz hes a good choice for catcher. Choice is a role that 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 = (x)good(choice)(catcher) ().

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

The representation of adjectives as functions is only a first 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 terms, 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 intenton, 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 entiry. In the phrases bappy musician, handsome cook, and elderly
physicist, the adjective applies directly to the entity referenced by the noun. The
relationship of that individual to music, cooking, or physics remains unaffected
by the adjecrive. ,

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, fbrmer senazor, and alleged thief, the
adjective modifies the subjective form or intention that relates the prehendmo
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 difficuit for both people and computers.

Has Test. As a test for distinguishing the prehending or prehended endty,
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 prehending entity, and Y is the prehended
entity. For example, one may say “The car has an engine” or “The car has a color,”
but not “The engine has a car” or “The color has a car.” If the prehended endty is
abstract, the has-test may sound more navural with the phrase as knowledge of a
physicist has knowledge of physics, or a musician has knowledge of music. For some
pairs, the has-test is one-directional: wholes have parts, but parts do not have the
corresponding wholes. For correlatives, 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 entities are described in different words, the Aas test may find
different implicit relationships. If Sam hires his daughter Sue w work in his
business, the implicir relationship depends on whether they are described as father-
daughter, employer-employee, or partners. The English-based hastest can be re-
phrased in words related to avein 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, knowl-
edge, height, a cloak, a ring on 2 finger, a house, land, a wife, or a husband. Such
cross-linguistic parallels confirm the validity of Aristotle’s use of language as a guide
to knowledge representation.

In Figure 2.3, the category Situatedness (keisthas) is at the same level as Having.
It includes noun-noun relationships for which the Azs-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 reladonship
between the earth and the sky is not an instance of Having, bur 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 entites
that occur in a situation. The nouns mozher and nurture, for example, are strongly
associated, but the Aas-test does not apply to them. The association is induced by
the subtype of Situation called Motberhood, which includes mother, child, giving
birth, and nurturing,

REPRESENTATIONAL PRIMITIVES. An uninterpreted logic is onzologically 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



2.4 DESCRIBING PHYSICAL ENTITIES -$ 85

Coreference: | Woman | =-~=--
Prehension: [ Mother }-—<(Fias™{_Child ]

Motherhood:
[ Mother | [ Child |

Containment:

FIGURE 2.9 Three representational primidves

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

Each of the three primidves of Figure 2.9 has a logjcally equivalent expression

in predicate calculus, but the linear notation does not show the structure as dlearly:

Coreference. Two concepts thar refer to the same entities can be connecred by
adortted line, called a coreference link, which is usually translated to some form
of the verb be: the top graph in Figure 2.9 may be read Some woman is a morher.
In predicate calculus, the coreference link corresponds to equality:

(Zx:Woman)(Jy:Mother)x=7.

Prebension. 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 fave: the middle graph may be
read Some mother has a child. In predicate caleulus, Has maps to a dyadic
predicate has(x):

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

Containmenz. A concept box may contain a nested conceprual graph that
describes a nexus or “fact of togetherness.” The bottom graph in Figure 2.9 may
be read Jnz some motherhood, there is a mother and z 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(,p),
which says that some entity x has a description p

(3x:Motherhood)dscr(x,
(@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 emrailment, represented by the
operator k. Since dscr(xp) and the operator x=p relate an entty x 10 a
proposition 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 conceptual relations.
Coreference is equivalent to equality; when combined with negation, it is used to
define inequality #, which is also called Dffr, for dzffer. 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 (&eis-
thai), 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:

e 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 Nurrure.
The distinction between Agent and Effector depends on whether the action is
intentional. In nurruring, 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.

o The child, who has a correlarive role with the mother, plays the role of Result
with respect to GiveBirth and Recipient with respect to Nurture.

* 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
nurrures the child.

o 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 HasEffector; Rslt is HasResult; A.gnt is HasAgent; Rept is
HasRecipient; and Succ is HasSuccessor.

Motherhood:

FIGURE 20 Showing more detail in the nexus of Motherhood
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With correlative concepts like Mother and Child, 2 nexus for Motherhood
includes the child, and 2 nexus for Childhood includes the mother. The two
contexts, however, are not mirror imnages 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 conrained in the context
box is added to the proposidon nested inside the description predicate:

(Bx:Motherhood)dscr(x,
(dy-Mother) (3 2z:Child) 3% GiveBirth) (J:Nurrure)
(has(x3) A has(x,2) A efct(zx) A rslt(x,2)
A succ(%2) A agnr(zy) A 1cpt(s,2)).

The dscr predicate has two explicit arguments, but itinvolves three or more entities
since its second argument is a proposition (RA).

Crassrrving Rovres.  Figure 2.11 shows the hierarchy under Actuality, which
classifies independent physical entities (IP) by phenomenon, role, or sign. 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 Secdon 6.6 on
semiotics.

The distinction between extrinsicand imsrinsic 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 relation between them is intrinsic. That distincton generates three
further categories:

o Composite. An intrinsic prehending entity, called a composize, bears a relation-
ship to each component within itself. Its subtypes are distinguished by the kind

of prehension: a whole is made up of its parts; and a substrate (translated from
/ -‘\
Phenomenon Rllc Sign
PrchendingEntity  PrebendedEndty
Composite Cormelative /Componeut
Whole éubmm Pare _ Property
/N
Piecc Participanc Armibute Manner

FIGURE 2.11 Classification of acrual entities by structure, role, or sign



88 9> CHAPTER TWO ONTOLOGY

Aristotle’s word Aypokeimenon) is the underlying material that supports the
dependent properdes of size, weighr, shape, or color.

o Correlative. An extinsic prehending or prehended entity, called a correlative,
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.

o Component. An inuinsic 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 propertes, which cannot exist
without some substrate.

As a meralevel distnction, 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 Firstness, Secondness, and Thirdoess, but they
are applied to different perspectives or aspects of an entity:

o 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.

s Conceptualization. In Figure 2.11, the wichotomy of Actuality as Structure,
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 structure, 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 human 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-
pendence 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 cannor exist independently: size, weight, color, shape, horsepower, fuel con-
sumption, and sex appeal. The weight and shape may be changed by removing or
replacing some of the parts, 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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fts parts such as engine and tres can be removed and continue tw exist. The
prehension that links Whole to Part is intrinsic, but parts can have an independent
existence. The car can also be considered a substrate for propertes like color,
weight, and sex appeal, but the properties cannot exst independently. The prehen-
sion that links Substrate to Property is intrinsic, but propertes are not independent.

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

o Piece. The parts of a continuant are called 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.

o Participant. The spadally distinguished parts of an occurrent are called parzici-
pants. They include the agent, patient, or recipient of an action, the flammable
substance in burning, or the water thar falls in rain.

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

o Artribute. The properties of a continuant, which are usually described by
adjectives, are called arzribuzes. They include entities like colors, shapes, sizes,
and weights.

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

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

2.5 Defining Abstractions

At the entrance to his Academy, Plato posted the motto “Let no one ignorant of
geometry enter here” (ageometrésos médeis eisitd). That slogan expressed his convic-
tion that geometry is the key to understanding all forms. As he said in the Republic,
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“the knowledge at which geometry aims is knowledge of the eternal, and not of
anything perishing and transient.” Today, mathematdcians have defined much
richer structures than the geometrical forms of Plato’s tdme: topology, algebra, and
set theory; differential equations for representing continuous change; and computer
simulations of virtual reality. Mathemarical strucrures, which can be analyzed
theoretically and be represented on a computer, have the properties that philoso-
phers from Heraclitus 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
hurman perception. Virtual reality, in fact, can be precise enough to trick the human
senses into interpreting the simulatons as though they were real. In its full gener-
ality, mathemartics is the theory of all these forms — real, imaginary, and virwal. 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.”

CaTEGORIES OF FORMS.  Since forms, for both Plato and Whitehead, are
eternal, mathematical objects, they do not have a location in either space or tme.
Bur they can be uséd to characterize physical .entides thar do. The distinction
between Continuant and -Occurrent divides the category Form in two: Schema
includes all the forms and patterns of stable objects; Scriptincludes 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 SpadalForm are all the schemata that depend on geomerrical 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-
rain ranges. Under Amrangement are mathematical structures that do nor have
spatial dimensions: numbers, sets, lists, algebras, grammars, and the data strucrures

Form

| N

o Schema Script
i
!

LN N

| SpatialForm  Arrangement KineticForm Procedure

i

M

!

FIGURE 2.12 Temporal and spatial subdivisions of Form
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of computer science. The Greek word for arrangement is zzxss, and the type
Armangement includes the subtypes whose names are derived from raxis, mcludmg
taxonomies and syntax. All the syntactic forms in natural languages, programming
languages, and versions of symbolic logic are included under Arrangement. Grapluc
languages in which distance and position are significant would be under Spaual~
Form, but languages like conceptual graphs in which the placement of nodes is not
significant would be under Arrangement.

The subtree under Script includes the forms of everything that is in flux. The
type KineticForm includes the information in a reel of motion picture film or thle
patterns and equations for generating motion in virtual reality. The type Procedure
includes computer programs, finite-state machines, and Petri nets. It also includes
any time- or sequence-dependent specification of actions and events: robot comi-
mands, cooking recipes, musical scores, conference schedules, driving directions,
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 mix
spadal information with nonspaual instructions. Although a script is intended to
represent 2 dyramic 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 a
schema of a static image. \

Monaps. Everything physical must occupy some region of space and nmel,
but abstract forms can be imagined that are smaller and simpler than anything
physically possible. The geometrical poinzand the temporal instantare 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 elementary units are the zransitions 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 cake or with abstract algorithms
for computing mathematical funcrions. Such abstractions — points, elements, in-
stants, and transidons — 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 poins (stigme). For each of the subtypes of Form, a corresponding primitive can
be defined as a subtype of Monad: a poinz is a monad of spatial form; an element is
a monad of atrangement in sets, groups, fields, and other algebraic strucrures; an
inszant is a kinetic monad; and a zramsition is a procedural monad. These labels,
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SpatialForm
Continuons Corpuscular
HomogeneouS Variable Organic Assembly

FIGURE 2.13 Hierarchy of spadal 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 2 monad
of arrangement is no more enlightening than to identify it with a notch on 2
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 2 map are identified
with citles and towns, the theorems of geometry and arithmeric become available
for computing distances and directions.

SeariarL Forms. Figure 2.13 shows the immediate subtypes under Spatal-
Form. The distinction between Continuous and Corpuscular divides SpatialForm
according to the presence of intemnal boundaries that distinguish smooth stuff from
lumpy or discrete things. The category Conrtinuous 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 parts that
are not completely separable, even though there are discontinuides. It also includes
assemblies like Fred’s car, which consists of discrete parts that 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 stuctured
assembly depends on some agent’s intention. Fred’s car in working order is 2 highly
structured assembly. But if the parts were disassembled and spread out on Fred’s
lawn, it would be called a collection. Yer if the parts were arranged to spell the name
“FRED,” they would again form an assembly, although not one that could be used
for mansportation. Conversely, if Fred’s car were towed 1o the junk yard, the junk
dealer might consider it a collection, even though the parts were in the same order
they had been in while it was still running.

MerBODSs OF DEFINITION.  Abstract forms can be defined explicitly or im-
plicitly. In an explicit definition, a new construct is defined as an abbreviation for
some combination of previously defined consmucts. An example is the definition
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of grandfather..in any sentence where the word grandfather appears, it may be
replaced by the phrase father of a paremr. Another example is the definition of a
function fby a A-expression:

F= (2 + 32— 7).

This definition says that fcan 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 fwith its definition and assigning the argument of
fto the variable x Yer explicit definitions have one inherent limitation: they can
only combine existing constructs — they cannot introduce fundamentally new
ones. When a new cheory is being developed, some additional method is needed toj |
introduce the primitives in terms of which other things can be defined. ,I,

An implicit definition does 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 axzoms 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 definiton. As an
example, the factorial function facto(#) can be defined recursively by three axioms
that refer to facto itselft

o The input argument of facto must be an integer grearer than or equal to 0.
e If n=0, then facto(0) = 1.
o If >0, then facto(n) = n X facro(n—1).

If a programming language supports recursion, the function facto can be compured
by translating each axiom to a statement in a program that calls itself recursively.
Somerimes an implicit definition can be replaced by an explicit one. For dhiis
example, the recursive definition of facto could be replaced by an explicit loop that
could be substituted for facto(#). 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 ultimately 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 aztribuze and charac-
teristic, either of which is a possible primitive.

In his famous textbook The Elemerns of Geometry, Euclid began with primitive
terms like poinrand line. He gave supposed definitions like ¢ Ahne is length without
breadth”; but since he hadx't defined length or breadth, it was useless to substtute
the phrase length without breadth for an occurrence of the word /ine. What gave
meaning w the primitive texms were Euclid’s five axioms:

1. Astraighe 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 falling on two straight lines makes the interior-angles on the
same side less than two right angles, the two straight lines, if extended indefi-
nitely, 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 gerting
started. After the primitives have been introduced, other terms, such as #rizngle 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 aTe 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 German mathemarician David Hilbert (1899)
reformulated the foundations of geometry with 6 primitive terms and 21 axioms.
Although he used traditional words like pozns, line, and plane, 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 relatonships deter-
mined by its axioms. Therefore, terms as different as planeand beer mug can be used
interchangeably if the same axioms are associated with them. Points and lineson a
chart might represent the yearly production of beer mugs, the growth of the human
populadon, or the variations in the temperature of the sun.

Hierarcuies oF THEORIES. Each of the four categories at the bottom of
Figure 2.12 is described by theories taken from a different branch of mathematcs.
Geometry in all its variations is the theory of SpatalForm; discrete mathematics, as
expressed in.algebra, logic, set theory, graph theory, and formal grammar, describes
the types of Arrangemens; calculus and differential equations with their applica-
dons to mechanics and fluid dynamics are the theories of KinericForm; and the
theories of computer science, such as Turing machines, automata theory, 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 excerpt from the infinite hierarchy
of possible theories. Each theory is a genmeralization of the ones below it and a
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FIGURE 2.14 A genemlizadon hierarchy of theories

specialization of the ones above it. The top theory, which corresponds to the
category T in Figure 2.6, contains all zzutologies— all the logically true proposi-
tions like pp 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 Aristode, is known as
the imverse 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 Taurologies are four theories named Antisymmetry, Transidvity,
Reflexivity, and Symrnetry Each of them includes all tautologies; in addition, each
one has a single new axiom. The theory named Equivalence has threc axioms, which
it inkerits from Transitivity;, Reflexivity, and Symmetry. The = symbol represents a
typical operator that satisfies these axioms:

o Transitivity. If a=band b=c, then a=c.

o Reflecivity. For every 2, a=a.
o Symmetry. f z=0, then 6=a.
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The = operator for logical equivalence also sadsfies these axioms.
PartialOrdering, which is the theory of the = operator, inherits the axiom for
Antisymmetry instead of Symmety:

o Antisymmetry. If &<band b=<a, then a=4.

Two other operators that satisfy PartialOrdering are represented by the < symbol
for subset and the O symbol for implication. To erphasize the similarity, Peirce
adopted a single symbol, —<, instead of using separate symbols for numbers,
sets, and propositions. PartialOrdering has subtheories for Trees and Lattces,
which have 2 common subtheory named LinearOrdering. Among the subtheories
of Lattices is the theory named Theories, which contains the axioms that relate
all che theories in the hierarchy of theories. The theories of Types and Collecdons,
which are discussed in Section 2.6, are also spedalizations of the theory of Lat-
tices.

The traditional mathematical theories 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 compurer
programs that have been written or ever will be written by humans, robots,
compilers, and Al systems. Besides the elegant theories that mathematicians prefer
to study, the hierarchy contains truly “sgly” 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 Montague and the
scruffy programs written by all the hackers of the world.

Larmice OPERATIONS. 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 latdce:

1. Let the language &£ be first-order logic in any suitable notation with any
vocabulary V" of types, telations, and constants.

2. If py, . ., p, are the axioms of any theory stated in &, insert conjunctions to
combine them into 2 single axiom p:

PEPQA AP,

The axiom p is equivalent to the original list, since the standard rules of
inference allow conjunctions to be taken apart or put together. In CGs and
other graph notatons, there is no difference between a list of formulas and a
conjuncdon of formulas.
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3. The theories in the lattice are the deductive closures of first-order formulas. For
any formula p, closure(p) is the collection of all formulas that are provable from
2. If p and g are equivalent (p—— 4), closure(p) is exacdy the same theory as
closure(g).

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

o Partial ordering. The D operator, which defines a partial ordering of proposi-
tions, can be extended to a partial ordering of theories. If two theories are
defined by the axioms p and g, where pog, then closure(p) is a specialization
of closure(g), represented closure(p)>closure(g). Conversely closure(q) is a
generalization of closure(p).

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

s Infimum. The infimum is the most general specialization of two theories. It
follows from the conjunction of their axioms: closure(pAg).

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

*  Borzom. The bottom of the lattice is the inconsistent theory L, which results
from the deductive closure of any inconsistency, such as closure(pa~p). The
theory L includes all possible axioms and is true of nothing.

The lattice operators define 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 leaming, nonmonotonic reasoning, and natural language
understanding.

2.6 Sets, Collections, Types, and Categories

The words sex, collection, type, and categoryhave 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 casegory.” Other logicians, philosophers,
and knowledge engineers draw finer distinctions:

+  Sets. In mathematics, a set is a structure with two associated operators: mem-
berCf, represented by the symbol €; and subsetOf, represented by the symbol
<. 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 tatking
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.

o 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 < 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 nounslike dogand apple can
be represented by sets, but mass nouns like wateror syrup require a theory that
permits collections without clearly discernible elements.

o Tjpes. A type is a specification for a set or collection of entides 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.

o Categories. Before Aristotle, the Greek word kafegoria 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 predicare, 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 the purpose of classification.

As Figure 2.14 illustrates, lattice theory applies to all these structures. 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 ; the supremum is the
union U; the infimum is the intersection M; the top is the universal setOU; and the
bottom is the empzyv.fet {}. 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 1 there is a set J¢ called the denotation of t Figure 2.15 shows
mapping type labels'to sets: Frog is a type in the conceptual system, and 6Frog is
the set of all frogs in the world. But d 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
intension of a term (its intrinsic meaning or associated concept) and its extension ot
denotation. The types Human and FeatherlessBiped have very different meanings
or intensions, but they happen to have the same extension: SHuman = JFeather-
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 moming,
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 properties 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 impractical;
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 empry setis 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 under Mammal, but not under Cow,
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Tree, or Asteroid. For the most general type, the denotation T is everything that
exists. For the absurd type, the denotation d1 is the empty set {}.

In this book, the word intension, spelled with an S, is rarely used because it is
too easily confused with the word inzention, with a T. Informally, the word inzension
can be replaced with the more general term meaning. Formally, a concept type #
represents an intension, and its denotation 6z is the extension of the type z

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

o Propositions. x+y represents the disjunction xvy, xXy represents the conjunc-
tion xAy, and Peirce’s operator x—<y represents implication x2y.

o Collections. x+y represents the union xUy, xXy represents the intersection
%My, and x—<y represents inclusion or subset xy.

Peirce’s symbol —< is actually less confusing than the modern symbols © and <,
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).

I'n developing set theory, Cantor diverged from Boolean algebra by distinguish-
ing an individual entity x from the singleton set {x} consisting of x by itself. Instead
of one operator —<, he defined two operators: x€S means that x is an element or
member of §; and {x}<S 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 defined in terms of the more primitive operator €:

o Subset. ACB means that every element of A is also an element of B: if x€A,

then xeB. In particular, every set is a subset of itself:
ACA.

e Union. AUB is the set S that contains all and only the elements in A or B or
both:
AUB=S = (Vx)(xeS = (xeA v x€eB)).

o Imersection. ANB is the set that conrtains all and only the elements in both A
and B:
ANB=S = (Vx)(xeS = (xeA A x€B)).

o Universal ser. For any collection of sets S, the set AU contains all and only the
elements that are in each S;
(V) (xeU = (35)xeS).

o 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.
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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,
LinearQOrdering is a specialization of the theory of lattices, but LinearOrdering and
many other kinds of latrices do nothave operators that correspond to the following:

o Proper subset. Ais a proper subset of B if AcB and there is at least one element
of B thar is not in A: ACB, and there exists some & where beB, but not beA.

o Disjoint sets. Two sets A and B are said to be disjoinz if their intersection is
empty:

ANB = {}.

o Cardinalizy. 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.

o Power ser. For any set S, the set of all subsets of S is called the power sez of S.
If S is a finite set with cardinality N, then the cardinality of the power setof S
is 2N. For this reason, the power set itself is written 25.

e Infinite sers. No integer is big enough to express the cardinality of an infinite
set, and Cantor found that even the old infinity symbol ee 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 X, is defined
as the cardinality of the set of all integers. The first uncountable infinity N, is
defined as the cardinality of the power set of the integers: ¥;= 2%, In general,
if S is any infinite set, the cardinality of the power set 25 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 Fraenkel, and VNGB set theory was developed by von Neurnann,

Gédel, and Bernays.

Craticisms 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 a2 swamp of contradic-
tions. Following is a summary of the five kinds of criticisms:

1. Ontological extravagance. 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 of one element Tom; the set {{ Tom}}, which consists of



102 X CHAPTER TWO ONTOLOGY

the set consisting of Tom; and so on with {{{Tom}}}, {{{{Tom}}}}....Inobjecting
‘o this luxuriance of sets, the philosopher Nelson Goodman (1956) coined the

slogan “No distinction of individuals without distincdon 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 conrradiction:

S = {x| ~xex.

This equation defines S as the set of all elements x that are not members of
themselves. The contradicton arises from the question of whether S is an
element in S. If Sis 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 isa long parade of mathematicians and logicians who
devised versions of set theory to resolve the paradox: Zermelo, Fraenkel, von
Neumann, Gédel, 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 contortions. In terms of set theory, many common mathemarical
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 2 five-year-old child in terms of infinite sets of sets is
repugnant to many mathematicians. Leopold Kronecker, one of Cantor’s early
critics, declared “God made the integers; all else is the work of man” (Die
ganzen Zahlen hat der liebe Gott gemachr, 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 digijtal
computer. The Dutch mathematician L. E. ]. Brouwer insisted thatall of mathe-
matics should be intuitively constructible by a “languageless activity of the mind
having its origin in the perception of 2 move in time.” Brouwer and his col-
leagues, called the nruitionists, 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 mathemnatics. But they raise-doubts 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.

Mzreorocy. The Polish logician Stanistaw 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 descripdon of
space-time events. The basic primitive of mereology is partOf which corresponds
w the subset operator < of set theory; but unlike set theory, mereology has no
separate membership operator €. Mereology addresses the five basic criticisms of set
theory:

1. Simpler ontology. Without the € 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
{L{}L{3M}. Most importantly, Cantor’s uncountable infinities do not exist
because mereology makes no distinction between an entity S and the collection

of all its parts. Instead of representing the next larger infinity, the power set 25
would be S itself.

2. Continuity. Mereology can represent collections of discrete elements, called
atoms, and it can represent an azomless continuity that permits indefinite
subdivision. It can also represent lumpy mixtures with atoms floating in a
continuous soup. Linguists such as Harry Bunt (1985) have used mereology as
a more nartural representation for the semantics of plurals and mass nouns in

natural fanguages.

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 | ~(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, Lesniewski 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 intuitionist can base the integers on counting, but someone who-
prefers set theory could add the € operator with its associated axioms.

5. Constructive definitions. In developing mereology and its applications to ontol-
ogy and the foundations of mathematics, Lesniewski adopted the intuitionists’
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
constructive nature is well suited to computer programmmg, which cannot be used
to implement anything infinire. I Twe. sec e wbiide Lok o bl

2106285
coals )

Axioms ForR 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 par#OF Two kinds of collections are called sezs and
aggregates. ]

o Sers. Asertisa collection with two operators, called subser C and memberOf e.

Any set can be considered a collection by interpreting < as a synonym for
partOf.

o  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 xand an aggregate {x} consisting of x. The € 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 distinction between x and {x}. The
continuous and lumpy versions differ from set theory by allowing arbitrarily
divisible stuff.

In set theory, the empty set {} contains nothing, but Lesniewski mainrained
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that the.empty aggregate {} # nothing. In natural languages, the word nothing can
be paraphrased by a sentence that begins 2 is false that there is something which, as
in the following example:

o Tom ate nothing.

o Itis false that there is something which lom 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({h) = ~@xP).

This formula may be read P is true of nothing if and only if there does not exist any x
such that P is 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 2 and & are disjoint if their intersection is the empry set:

anb={}.

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

~@x)aNb=x.

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

The axioms for the = operator when applied to aggregates are the sarne as the
axioms for < when applied to sets. They are the three axioms for PartdalOrdering
illustrated in Figure 2.14. The term part of is used for the = operator and proper
part of for the < operator. Proper parts can be defined in terms of parts:

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

<y = (x=y A ~y=x).

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

o Overlap. An entity x overlaps an entity y if they have a common part z:
overlap(xy) = @2 (z=x A z=y).

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

y<xD (Fz)(z<x A ~overlap(z)).
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Another property that is sometimes assumed asan axiom and sometimes proved from
other axioms is extensionalizy, which means that two entities with the same partsare -
the same individual. That property is equivalent to the following proposition:

o Extensionality. If every part zof an entity x overlaps an entity y, then x is a part
of y:

Va)(z=xD overl:;p(z,y)) D x=y.

All versions of mereology agree on the axioms of partial ordering for =, but they
may make different assumptions about supplements, overlaps, and extensionality.
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 € 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
caleulus of individuals. But Alfred Tarski (1929) had earlier defined more concise
but equivalent axioms as a special case of Le§niewski’s system. Besides the axioms
for part and the definition of proper part, Tarski defined a predicate for disfoinrand
a generalized union (which he called sum):

o Disjoint. An entity xis said to be disjoint from an entity y if no entity zis part
of both x and y.
disjoint(xy) =

~F2)(z=x A z=y).

o Generalized union. An entity x is called a union of all parts of a collection ¢ if
every part of ¢ is a part of xand no part of x is disjoint from all parts of
union(xc =

(V)(G=cody=2 A
~@a)(z=x A Vw)(w=c> disjoint(w,2)))).

Since the definition uses the indefinite article for @ #nion, there must be an axiom
that ensures there exists exactly one:

e Ifacollection cis not empty, there exists exactly one entity x which is the union

of all parts of c.
c#{} © (@'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.1.

This axiom together with the axioms for the partal 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 of individuals. The operators U

and N can also be defined:

e Union. The union of zand & includes everything that is a part of 2 or a part
of b.

adUb=s= (Vx)(x=5= (x<av x=<0b)).

This is equivalent to defining s as union(s,{#,4}).
o Intersection. The intersection of # and 4 includes everything that is a part of
both zand 4.

anb=s= Vo)(x<s= (x=an x=0b)).

For any aggregate A, the partial ordering =< 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 parts:

atom(x) = ~Fy)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.
(Vx)(Fy)(atom(y) A y=<x).
This axiom implies that things can be subdivided up to the point where
nothing is left but atoms.

o Continuous. Everything has at least one proper part.

(V93 ) y<x

This axiom implies that any x has a smaller part y. But y must also have a
smaller part 2 which in turn has a smaller part w, and so on indefinitely. It is
equivalent to saying that there are no atoms.

e Lumpy. Some things are atoms, and some things are continuous.

(3x)atom(x) A

Gy)(VZ)(zS_yD Fw)w<z).

The fizst line says that some xis an atom, and the second line implies that some
y1s infinitely divisible.
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These three axioms are murtually 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 junk 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,
thejunk dealer would be willing to remove them from the original cars and put them
in a new collection for the sale. The junk dealer would therefore subsctibe to a
mereology with arbitrary intersections and unions. A new-cardealer, however, would
be eager to add more accessories to a car, but would be reluctant to take parts out of 2
brand new car. Therefore, the new-car dealer would enforce the following constraint:

(V &:NewCar)(V x, 6:Entity)
((x<a A disjoint( 8)) D ~3y:Entity)y=xU b).

This formula says that for any new car # and any entities x and 5, if x is a proper
part of #zand z is disjoint from &, then there does not exist an entity y formed as
the union of x and 4. In other words, don't take parts out of a new car # and put
them in something else 4.

The combinations of parts and wholes can be constrained in many differenc
ways for different applications. Some of the most interesting and complicated
variations are created by the possible changes that may occur over tme. Two
extended presentations of mereology with applications to ontology are the books
The Structure of Appearance by Nelson Goodman and Pares by Peter Simons. Simons
presents a detailed analysis of the variations of mereology; including theories of
time-dependent parts and wholes.

CorLecTive Nouns.  The words collection, set, and aggregate are examples of
collective nouns, which refer to a plurality of things by a singular noun, Other
examples include bunch, bundle, herd, flock, team, club, group, gang, mob, convoy,
crowd, committee, family clan, audience, population, community, organization, com-
pany, corporation, federation, and government. Some of these words, like sez and
group, have been adopted by mathematicians who endowed them with formal
axioms and operations. Other words like clzn and family are defined by kinship
systems that.differ from one culture to another. Stll others like zea 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 erd, crowd, and
convoy represent physical entities. Companies and governments can also be consid-
ered physical because they can perform actons 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 muldple physical entdes is a physical endty. 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, for
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 endty 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 viewpoinr 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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FIGURE 2.16 Where does the midpoinr 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 Adstotle or Euclid, who never said
that a line consisred of points. They just said that two intersecting lines determine a
point or that a point /ies o7 a line. When Russell and Whitehead collaborated on
the Principia Mathematica, they used set theory as the foundation for arithmetc.
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 eatly version of the ontology that he developed more fully in

Process and Realiry.

Seace wiITHOUT PoINTs.  Tarski (1929) used mereology to develop a three-
dimensional 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 so/id as any union of
one or more spheres. As a model for physics, Tarski’s geometry is more realistic,
since solid bodies are aggregates of spherelike 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 4 if
1. The sphere « is disjoint from the sphere 4.
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2. If any two spheres x and y containing the sphere # as part are disjoint from
the sphere 4, then either x is a part of y or yis a part of x.

In Euclidean geometry, two tangent objects must have a common boundary
point. Since Tarski’s geometry has no points, his constraints force the two
spheres zand & to be so close together that the conraining spheres x and y must

also be tangent to 4.
»  Imternally tangent. The sphere 4 is internally tangent to the sphere 4 if
1. The sphere z is a proper part of the sphere 4.

2. If xand yare any two spheres that contain the sphere 4 as part and are part
of the sphere &, then either x is a part of y or yis a part of x.

As in the previous definition, the sphere 2 must be so close to 4 that xand y
must also be tangent to & and to each other.

o Externally diametrical The spheres 2 and 4 are externally diametrical to the
sphere ¢ if

1. Each of the spheres 2 and 4 is externally tangent to the sphere ¢

2. If any two spheres x and y are disjoint from the sphere ¢ and such that zis
part of x and & is part of y, then x is disjoint from y.

To avoid defining the diameter as a line, Tarski imposed constraints that force
the two spheres # and 4 to be on on opposite sides of .

o Internally diametrical. The spheres 2 and & are internally diametrical to the
sphere cif

1. Each of the spheres 2 and 4 is internally tangent to the sphere c.

Externally tangent Internally tangent Externally diametrical

Internally diametrical - Concéntric

FIGURE 2.X7 Tarski’s constructions for defining relationships berween spheres
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2. If any two spheres xand y are disjoint from the sphere ¢ and such that # is
externally tangent to xand 4 to y, then xis disjoint from y.
As in the previous definition, the constraint that x and y cannot overlap even
if they grow arbitrarily large forces 2 and 4 to be diametrically opposite, but
inside of .
o Concentric. The sphere « is concentric with the sphere 4 if any one of the
following conditions is satisfied:

1. The spheres 2 and & are identical.

2. The sphere # is a proper part of 4; and if any two spheres x and y are
externally diametrical to # and internally tangent to 4, they are internally
diametrical to 4.

3. The sphere & is a proper part of 4 and if any two spheres x and y are

externally diametrical to 4 and internally tangent to 4, they are internally
diametrical to 2.

If 2 and 4 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 though Tarsk{’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 berween 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 contradicdons.

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 vsual terminology of geometry and set theory, but with an
important difference: solids consist only of spheres and unions of spheres, not
points -or sets of points. In effect, the points and sets are fictions. They belong to
the metalanguage for talking about geometry; they are not part of any actual body.
This approach solves the puzzle about the midpoint:

o The parts of a solid are other solids, not points, lines, or planes.

o Similarly, the parts of a two-dimensional surface are other two-dimensional
surfaces, which can be constructed from circles (which are the two-dimensional
counterparts of spheres).

o 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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e 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 geomery, a
point is an element of a sphere. To clarify the distinction, variables in lowercase
letters such as x or 2 can be used for thé 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.

o Eguidistant. The points Aand Bare equidistant from the point Cif there exists
a sphere x in Csuch that every sphere y in the points 4 and B overlaps x, but
is not part of x.

o Interior point. The point A is an interior point of the solid 5 if there exists a
sphere z that is a member of the point 4 and a part of the solid 4: zed A 2=<4.

These axioms are metalanguage statements that relate the metalevel vocabulary of
set theory to the object-level vocabulary of mereology. In defining the term egui-
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 Bon its surface. i

Tarski assumed four axioms, which he stated in 2 metametalanguage thatrelates
set theory and Euclid’s terminology to the object language of spheres and solids.
Script letters like & 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 zis a solid, the set s of all interior points of 2 is a nonempty regular open
set.

3. Iftheset o of points is a nonempty regular open set, there exists a solid z such
that & is the set of all its interior points.
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4. If aand bare solids and all the interior points of arealso interior points of 5,

then 4 is a part of 4.

Since every point is defined as a set of spheres, the set of points & would be'a set
of sets of spheres.

In principle, cach 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:

o Ifazisasolid and &is part of 4, then 5 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 duratons.
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(), which means that
interval 7 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
o assume a special interval called the distant pass, 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 meez relation can be defined in terms of mereology and 2
special interval named DistantPast:

o Meet. The interval 7 meets the interval ; if both 7 and DistantPast ate part of
some interval £ that is disjoint from j, and if 7 is part of any interval /that is
disjoint from j, then /is part of 4.
meet(z,7) =

(Qk:Interval) (7=<k A DistantPast=<£ A disjoint(4,7) A
(V kInterval)((z==/ A disjoint(Ly)) D [=4) ).

The relation meet(4y) forintervalsis analogous to Tarski’s externally tangent spheres.
Theadded condition about the distant past ensures that 7 precedes 7. Allen and Hayes
defined all other relations between intervals in terms of the meer relation, but some
of their definitions are simpler in terms of the mereological relations: ’

e Before. The interval 7 is before the interval  if there is some interval £such that
i meets # and % meets ;.

o Egqual The interval i is equal to the interval j if 7is part of jand 7 is part of 7.

*  Qverlap. The interval 7 overlaps the interval j if there exist three intervals 4, 4,
and ¢such that i=4U 4, j=5Uc, 2 meets 4, and 6 meets c.

e During. The interval 7 occurs during the interval j if there exist two intervals
aand b such that 7=42U:U¥4, 2 meets 7, and 7 meets &.

*  Starss. The interval 7 starts the interval 7 if 7 is a proper part of j and some
interval £ meets both 7 and ;.

o Finishes. The interval 7 finishes the interval 7 if 7 is a proper part of j and both

7 and j meet some interval &.

Other relations can be defined as inverses or other combinations of these relations;
after(z), for example, is before(f, 7).

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 ModernTime.

2. By Tarski’s construction, identify every point on TimeLine with a set of

concentric spheres. Let 7be the union of all those sets of spheres. By definition,
the center of every sphere in 7'is a point of TimeLine.
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3. For every interval 7 of TimeLine, there is exactly one sphere sin T'whose center
Cis the midpoint of 7and whose intersection with TimeLine is a diameter that
coincides with 7.

4. Ifthe interval 7 occurs during ModernTime, the two points §and E where the
surface of s intersects TimeLine represent the starting and ending points of 7
The starting point § can be distinguished from the ending point £ because
there is some sphere 4 that includes both Sand D as interior points, but £is
an exterior point of 4.

Because of the mappings between the Allen-Hayes time line, Tarski’s geometry, 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 construcdons 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 Parapox. 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 2 head start:

» At every instant, both Achilles and the tortoise must have reached some point
in the course.

e 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 just to
catch up, and he could never overtake the tortoise.

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 finite limit.
Zeno’s argument shows how an inappropriate representation can introduce
distracdons that 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 actual parts of the line. Bergson (1889) main-
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tained 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 problem in terms of the actual
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.

Time’s Arrow.  In Einstein’s theory of relativity, three-dimensional space and
one-dimensional time are combined in 2 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
furure. To characterize thart 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 furure; 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
tme which has no analogue in space.

The random element is only apparent when there are enough objects in 2 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 effects 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 increase is
governed by the same mathematical laws. When atoms or billiard 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 assumptions that dominated the classical view:

o “Causality postulates that there are laws by which the occurrence of an entity
B of a certain class depends on the occurrence of an entity A of another class,
where the word enzizy means any physical object, phenomenon, situation, or
event. A is called the cause, B the effect.” v

o “Antecedence postulates that the cause must be prior to, or at least simultaneous
with, the effect.”

o “Contiguity 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 assump-
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 of its 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 of large numbers.”

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 equilibrium, the arrow
could be undefined or randomly fluctuating. In exceptional circumstances, 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 definicions:

*  “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 contnuants come into existence at a
cerrain 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 £ when a person x exists, all of s parts exist at the
same time ¢. Even if x loses some part, such as a tooth, that tooth (or ar least
its atoms) would continue to exist at the same time as x

e “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 concerts, sports
events, journeys, 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 2 human being is an occurrent whose stages are spread
out over the interval from birth 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:

o Let R be any bounded simply connected four-dimensional space-time region.
Such a region can always be assumed as the conrainer for an occurrent, whether
Or not any matter or energy exists in or passes through that region.

» Before a continuant can be found in @R, there must exist a continuous path /
through R, called a z7me lire, which extends from one boundary point 4 of R
to another boundary point 4 of R, where the entropy S(%) is a minimum and
S(#) is a maximum. Every point ¢ of the path /must be tangent to the direction
of maximum increase in entropy VS at the point =

o Ifatime line /can be found for the region R, then at each point z of / define
a snapshot s as the intersection of R with a three-dimensional hyperplane
perpendicular to /at z

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
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 spazial-form predicate P(s) that depends on the
configuration of matter and energy in a snapshot s

o If there exists a spatial-form predicate P(s) that is true of every snapshot s at

time %=r=p in the region R, then a continuant x is said to exist at each time
tin the region R.
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Asan example, thespatial-form predicate P(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. For the type HumanBeing, a spatial-form predicate would outline the shape of
the human body while taking into account possible movements of the limbs.

IpENTITY CONDITIONS. By itself, aspatial-form predicate can only recognize
types. Further identity conditions 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 5, and s, are manifestations of the same
sphere or different spheres. Even for the human body, which has many more
disdnguishing 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 to the smallest region & that is big enough to
conrain a contnuant whose form is recognized by a spatial-form predicate P Let &
be the subregion of R that satisfies the following axiorns:

o Pis true of the inrtersection of & with every snapshot sin R:
(Vs:Snapshot) @) (<R A u=FNs) D P(w)).

o There is no proper subregion I of ¥ for which P is true of the intersection of
I with every snapshot sin R:

~@INT<F A (Vs:Snapshot) @) (<R A 2=T Ns) D P(w