Unit-1
what is a Computer?

A computer is an electronic device that manipulates information, or
data. It has the ability to store, retrieve, and process data. You may already
know that you can use a computer to type documents, send email, play
games, and browse the Web. You can also use it to edit or create
spreadsheets, presentations, and even videos.

Hardware vs. software

Two things all computers have in common: hardware and software.

Hardware is any part of your computer that has a physical structure, such as
the keyboard or mouse. It also includes all of the computer's internal parts,
which you can see in the image below.

Software is any set of instructions that tells the hardware what to do and how
to do it. Examples of software include web browsers, games, and word
processors.

Block diagram of a computer gives you the pictorial representation of a
computer that how it works inside. Or you can say that, in computer's block
diagram, we will see how computer works from feeding the data to getting
the result.

Here is the block diagram of a computer system:
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Block Diagram of Computer

In the above diagram, both control (control unit or CU) and arithmetic &
logic unit (ALU) combinely called as Central Processing Unit (CPU).

Let's describe about all the parts as included in the above diagram one by
one.

The Processor Unit (CPU)
It is the brain of the computer system.

All major calculation and comparisons are made inside the CPU and it is
also responsible for activation and controlling the operation of other unit.

This unit consists of two major components, that are arithmetic logic unit
(ALU) and control unit (CU).

Arithmetic Logic Unit (ALU)

Here arithmetic logic unit performs all arithmetic operations such as
addition, subtraction, multiplication and division. It also uses logic operation
for comparison.

Control Unit (CU)

And the control unit of a CPU controls the entire operation of the computer.
It also controls all devices such as memory, input/output devices connected
to the CPU.

CU fetches instructions from memory, decodes the instruction, interprets the
instruction to know what the task are to be performed and sends suitable



control signals to the other components to perform for the necessary steps to
executes the instruction.

Input/Output Unit

The input/output unit consists of devices used to transmit information
between the external world and computer memory.

The information fed through the input unit is stored in computer's memory
for processing and the final result stored in memory can be recorded or
display on the output medium.

Memory Unit

Memory unit is an essential component of a digital computer. It is where all
data intermediate and find results are stored.

The data read from the main storage or an input unit are transferred to the
computer's memory where they are available for processing.

This memory unit is used to hold the instructions to be executed and data to
be processes.

Disk Storage Unit

Data and instruction enters into a computer system through input device
have to stored inside the computer before actual processing start.

Two types of storage unit are primary and secondary storage unit.
Primary Storage Unit

Primary memory has direct link with input unit and output unit. It stores the
input data, calculation result.

Secondary Storage Unit

The primary storage is not able to store data permanently for future use. So
some other types of storage technology is required to store the data
permanently for long time, it is called secondary or auxiliary storage.

Computer Architecture VS Computer Organization



Computer Architecture

1. Computer Architecture is concerned with the way hardware components
are connected together to form a computer system.

2. It acts as the interface between hardware and software.

3. Computer Architecture helps us to understand the functionalities of a
system.

4. A programmer can view architecture in terms of instructions,
addressing modes and registers.

5. Computer Architecture deals with high-level design issues.

6. Architecture involves Logic (Instruction sets, Addressing modes, Data
types, Cache optimization)

Computer Organization

1. Computer Organization is concerned with the structure and behaviour of a
computer system as seen by the user.

2. It deals with the components of a connection in a system.

3. Computer Organization tells us how exactly all the units in the system are
arranged and interconnected.

4. Whereas Organization expresses the realization of architecture.
5. Computer Organization deals with low-level design issues..

6. Organization involves Physical Components (Circuit design, Adders,
Signals, Peripherals)

Digital Computers

A Digital computer can be considered as a digital system that performs
various computational tasks.

The first electronic digital computer was developed in the late 1940s and
was used primarily for numerical computations.



By convention, the digital computers use the binary number system, which
has two digits: 0 and 1. A binary digit is called a bit.

A computer system is subdivided into two functional entities: Hardware and
Software.

The hardware consists of all the electronic components and
electromechanical devices that comprise the physical entity of the device.

The software of the computer consists of the instructions and data that the
computer manipulates to perform various data-processing tasks.

Block diagram of a digital computer:
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The Central Processing Unit (CPU) contains an arithmetic and logic unit for
manipulating data, a number of registers for storing data, and a control
circuit for fetching and executing instructions.

The memory unit of a digital computer contains storage for instructions and
data.

The Random Access Memory (RAM) for real-time processing of the data.

The Input-Output devices for generating inputs from the user and displaying
the final results to the user.



The Input-Output devices connected to the computer include the keyboard,
mouse, terminals, magnetic disk drives, and other communication devices.

Computer Organiztion

Computer organization is concerned with the way the hardware
components operate and the way they are connected together to form the
computer system. The various components are assumed to be in place and
the task is to investigate the organizational structure to verify that the
computer parts operate as intended.

Computer Design

Computer design is concerned with the hardware design of the computer.
Once the computer specifications are formulated, it is the task of the
designer to develop hardware for the system. Computer design is concerned
with the determination of what hardware should be used and how the parts
should be connected. This aspect of computer hardware is sometimes
referred to as computer implementation.

Computer Architecture

Computer architecture is concerned with the structure and behavior of the
computer as seen by the user. It includes the information formats, the
instruction set, and techniques for addressing memory. The architectural
design of a computer system is concerned with the specifications of the
various functional modules, such as processors and memories, and
structuring them together into a computer system.
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Unit-1: REGISTER TRANSFER AND MICROOPERATIONS
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BASIC DEFINITIONS:

» Adigital system is an interconnection of digital hardware modules.

» The modules are registers, decoders, arithmetic elements, and control logic.

» The various modules are interconnected with common data and control paths to form a digital
computer system.

» Digital modules are best defined by the registers they contain and the
operations that are performed on the data stored in them.

» The operations executed on data stored in registers are called microoperations.

A\

A microoperation is an elementary operation performed on the information stored in one or more
registers.
» The result of the operation may replace the previous binary
information of a register or may be transferred to another register.
» Examples of microoperations are shift, count, clear, and load.

Y

The internal hardware organization of a digital computer is best defined
by specifying:

1. The set of registers it contains and their function.

2. The sequence of microoperations performed on the binary information
stored in the registers.
3. The control that initiates the sequence of microoperations.

REGISTER TRANSFER LANGUAGE:

» The symbolic notation used to describe the micro-operation transfer among registers is called RTL
(Register Transfer Language).

» The use of symbols instead of a narrative explanation provides an organized and concise manner
for listing the micro-operation sequences in registers and the control functions that initiate them.
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» A register transfer language is a system for expressing in symbolic form the microoperation
sequences among the registers of a digital module.

» Itis a convenient tool for describing the internal organization of digital computers in concise and
precise manner.

Registers:

» Computer registers are designated by upper case letters (and optionally followed by digits or
letters) to denote the function of the register.

» For example, the register that holds an address for the memory unit is usually called a memory
address register and is designated by the name MAR.

» Other designations for registers are PC (for program counter), IR (for instruction register, and R1
(for processor register).

» The individual flip-flops in an n-bit register are numbered in sequence from 0 through n-1, starting
from 0 in the rightmost position and increasing the numbers toward the left.

» Figure 4-1 shows the representation of registers in block diagram form.

Figure 4-1 Block diagram of register.

R1 7 6 5 4 3 2 10 |
{a) Register R (b) Showing individual bits
15 i 15 8 7 0
R2 PC (H) PC (L)
(c) NMumbering of bits {d) Divided into two parts

» The most common way to represent a register is by a rectangular box with the name of the
register inside, as in Fig. 4-1(a).

» The individual bits can be distinguished as in (b).

» The numbering of bits in a 16-bit register can be marked on top of the box as shown in (c).

» 16-bit register is partitioned into two parts in (d). Bits 0 through 7 are assigned the symbol L (for
low byte) and bits 8 through 15 are assigned the symbol H (for high byte).

» The name of the 16-bit register is PC. The symbol PC (0-7) or PC (L) refers to the low-order byte
and PC (8-15) or PC (H) to the high-order byte.

Register Transfer:

» Information transfer from one register to another is designated in symbolic form by means of a
replacement operator.

The statement R2é R1 denotes a transfer of the content of register R1 into register R2.

It designates a replacement of the content of R2 by the content of R1.

By definition, the content of the source register R 1 does not change after the transfer.

YV V V V

If we want the transfer to occur only under a predetermined control condition then it can be
shown by an if-then statement.
if (P=1) then R2¢& R1
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P is the control signal generated by a control section.
We can separate the control variables from the register transfer operation by specifying a Control
Function.
Control function is a Boolean variable that is equal to 0 or 1.
control function is included in the statement as
P: R2¢ R1
Control condition is terminated by a colon implies transfer operation be executed by the
hardware only if P=1.
Every statement written in a register transfer notation implies a hardware construction for
implementing the transfer.
Figure 4-2 shows the block diagram that depicts the transfer from R1 to R2.

Figure 4-2 Transfer from R1 to R2Z when p — 1.
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Transfer occurs here 41

(b] Timing diagram

The n outputs of register R1 are connected to the n inputs of register R2.

The letter n will be used to indicate any number of bits for the register. It will be replaced by an
actual number when the length of the register is known.

Register R2 has a load input that is activated by the control variable P.

It is assumed that the control variable is synchronized with the same clock as the one applied to
the register.

As shown in the timing diagram, P is activated in the control section by the rising edge

of a clock pulse at time t.

The next positive transition of the clock at time t + 1 finds the load input active and the data inputs
of R2 are then loaded into the register in parallel.
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P may go back to 0 at time t+1; otherwise, the transfer will occur with every clock pulse transition
while P remains active.

Even though the control condition such as P becomes active just after time t, the actual transfer
does not occur until the register is triggered by the next positive transition of the clock at time
t+1.

The basic symbols of the register transfer notation are listed in below table

Symbol Description Examples
Letters(and numerals) Denotes a register MAR, R2
Parentheses () Denotes a part of a register R2(0-7), R2(L)
Arrow <-- Denotes transfer of information R2 <--R1

Comma, Separates two microoperations R2 <--R1, R1<--R2

A comma is used to separate two or more operations that are executed at the same time.

The statement

T:R2¢ R1,R1¢ R2 (exchange operation)

denotes an operation that exchanges the contents of two rgisters during one common clock pulse
provided that T=1.

Bus and Memory Transfers:

>

>
>

>

A more efficient scheme for transferring information between registers in a multiple-register
configuration is a Common Bus System.
A common bus consists of a set of common lines, one for each bit of a register.
Control signals determine which register is selected by the bus during each particular register
transfer.
Different ways of constructing a Common Bus System

v" Using Multiplexers

v Using Tri-state Buffers

Common bus system is with multiplexers:

>

>

The multiplexers select the source register whose binary information is then placed
on the bus.
The construction of a bus system for four registers is shown in below Figure.
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The bus consists of four 4 x 1 multiplexers each having four data inputs, 0 through 3, and two
selection inputs, S; and So.

For example, output 1 of register A is connected to input 0 of MUX 1 because this input is labelled
A;.
The diagram shows that the bits in the same significant position in each register are connected to
the data inputs of one multiplexer to form one line of the bus.
Thus MUX 0 multiplexes the four 0 bits of the registers, MUX 1 multiplexes the four 1 bits of the
registers, and similarly for the other two bits.
The two selection lines Si and So are connected to the selection inputs of all four multiplexers.
The selection lines choose the four bits of one register and transfer them into the four-line
common bus.

When S;Sg = 00, the 0 data inputs of all four multiplexers are selected and applied to the outputs
that form the bus.
This causes the bus lines to receive the content of register A since the outputs of this register are
connected to the 0 data inputs of the multiplexers.
Similarly, register B is selected if S;So = 01, and so on.
Table 4-2 shows the register that is selected by the bus for each of the four possible binary value
of the selection lines.

51 So  Register selected
0 0 A
0 1 B
1 0 C
1 1 D

In general a bus system has
v" multiplex “k” Registers
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each register of “n” bits
to produce “n-line bus”

AN

no. of multiplexers required = n
v’ size of each multiplexer =k x 1
» When the bus is includes in the statement, the register transfer is symbolized as follows:
BUS< C, R1¢ BUS
» The content of register Cis placed on the bus, and the content of the bus is loaded into register R1
by activating its load control input. If the bus is known to exist in the system, it may be convenient
just to show the direct transfer.

R1< C

Three-State Bus Buffers:

Y

A bus system can be constructed with three-state gates instead of multiplexers.
A three-state gate is a digital circuit that exhibits three states.

Two of the states are signals equivalent to logic 1 and 0 as in a conventional gate.
The third state is a high-impedance state.

YV V V V

The high-impedance state behaves like an open circuit, which means that the output is
disconnected and does not have logic significance.

\4

Because of this feature, a large number of three-state gate outputs can be connected with wires
to form a common bus line without endangering loading effects.
» The graphic symbol of a three-state buffer gate is shown in Fig. 4-4.

Figure 44 Graphic symbols for three-state buffer.
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It is distinguished from a normal buffer by having both a normal input and a control input.

Control input C

A\

» The control input determines the output state. When the control input is equal to 1, the output is
enabled and the gate behaves like any conventional buffer, with the output equal to the normal
input.

» When the control input is 0, the output is disabled and the gate goes to a high-impedance state,
regardless of the value in the normal input.

» The construction of a bus system with three-state buffers is shown in Fig. 4
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Figure 4-5 Bus line with fthree state-buffers.
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The outputs of four buffers are connected together to form a single bus line.

The control inputs to the buffers determine which of the four normal inputs will communicate with
the bus line.

No more than one buffer may be in the active state at any given time. The connected buffers
must be controlled so that only one three-state buffer has access to the bus line while all other
buffers are maintained in a high impedance state.

One way to ensure that no more than one control input is active at any given time is to use a
decoder, as shown in the diagram.

When the enable input of the decoder is 0, all of its four outputs are 0, and the bus line is in a
high-impedance state because all four buffers are disabled.

When the enable input is active, one of the three-state buffers will be active, depending on the
binary value in the select inputs of the decoder.

Memory Transfer:

>

Y

Y

Y VvV

The transfer of information from a memory word to the outside environment is called a read
operation.

The transfer of new information to be stored into the memory is called a write operation.

A memory word will be symbolized by the letter M.

The particular memory word among the many available is selected by the memory address during
the transfer.

It is necessary to specify the address of M when writing memory transfer operations.

This will be done by enclosing the address in square brackets following the letter M.

Consider a memory unit that receives the address from a register, called the address register,
symbolized by AR.

The data are transferred to another register, called the data register, symbolized by DR.

The read operation can be stated as follows:

Read: DR<- M [AR]

This causes a transfer of information into DR from the memory word M selected by the address in
AR.
The write operation transfers the content of a data register to a memory word M selected by the
address. Assume that the input data are in register R1 and the address is in AR.
The write operation can be stated as follows:

Write: M [AR] <- R1

Types of Micro-operations:

YV V V V

Y

Register Transfer Micro-operations: Transfer binary information from one register to another.

Arithmetic Micro-operations: Perform arithmetic operation on numeric data stored in registers.

Logical Micro-operations: Perform bit manipulation operations on data stored in registers.

Shift Micro-operations: Perform shift operations on data stored in registers.

Register Transfer Micro-operation doesn’t change the information content when the binary
information moves from source register to destination register.
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» Other three types of micro-operations change the information change the information content
during the transfer.

Arithmetic Micro-operations:

» The basic arithmetic micro-operations are

o Addition

o Subtraction

o Increment

o Decrement

o Shift
» The arithmetic Micro-operation defined by the statement below specifies the add micro-

operation.
R3 €< R1 +R2

» It states that the contents of R1 are added to contents of R2 and sum is transferred to R3.
To implement this statement hardware requires 3 registers and digital component that performs
addition
Subtraction is most often implemented through complementation and addition.

A\

Y VY

The subtract operation is specified by the following statement
R3¢ R1+R2 +1

instead of minus operator, we can write as

R2 is the symbol for the 1’s complement of R2

Adding 1 to 1’s complement produces 2’s complement

YV V V V

Adding the contents of R1 to the 2's complement of R2 is equivalent to R1-R2.
Binary Adder:

» Digital circuit that forms the arithmetic sum of 2 bits and the previous carry is called FULL ADDER.

» Digital circuit that generates the arithmetic sum of 2 binary numbers of any lengths is called
BINARY ADDER.

» Figure 4-6 shows the interconnections of four full-adders (FA) to provide a 4-bit binary adder.

£y Ay F- Aa £y Ay iy Ay
Y Y B B S | 1
IJ—I|I A = Fa £ FA 5 FA LG
! } | ] I
Ca 5 S 'SI -5. :

Figure 4-6 4-bit binary adder.

» The augends bits of A and the addend bits of B are designated by subscript numbers from
right to left, with subscript O denoting the low-order bit.

» The carries are connected in a chain through the full-adders. The input carry to the
binary adder is Co and the output carry is C4. The S outputs of the full-adders generate
the required sum bits.

» An n-bit binary adder requires n full-adders.
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Binary Adder — Subtractor:

» The addition and subtraction operations can be combined into one common circuit by including an
exclusive-OR gate with each full-adder.
» A 4-bit adder-subtractor circuit is shown in Fig. 4-7.

B As B As 5, Ay

| |
v

EX.
Ca S Sz = So
Figure 4-7 4-bicr adder-subrracror

» The mode input M controls the operation. When M = 0 the circuit is an adder and when M = 1 the
circuit becomes a subtractor.

» Each exclusive-OR gate receives input M and one of the inputs of B

» When M =0, we have B xor 0 = B. The full-adders receive the value of B, the input carry is 0, and
the circuit performs A plus B.

> WhenM =1, we have Bxor1=B'and Co =1.

» The Binputs are all complemented and a 1 is added through the input carry.

» The circuit performs the operation A plus the 2's complement of B.

Binary Incrementer:

» The increment microoperation adds one to a number in a register.

» For example, if a 4-bit register has a binary value 0110, it will go to 0111 after it is incremented.
» This can be accomplished by means of half-adders connected in cascade.

» The diagram of a 4-bit 'combinational circuit incrementer is shown in Fig. 4-8.

As Ao Ay Ap 1
l r l Y l l l
x 3 x ¥ x ¥ o v
HA HA HA HA
e s 1 s [ &4 S [ &4 S
s Ss Sa Si So

Figure 4-8 4-bit binary incrementer.

» One of the inputs to the least significant half-adder (HA) is connected to logic-1 and the other
input is connected to the least significant bit of the number to be incremented.

» The output carry from one half-adder is connected to one of the inputs of the next-higher-order
half-adder.

» The circuit receives the four bits from Ag through As, adds one to it, and generates the
incremented output in Sg through Ss.

» The output carry C; will be 1 only after incrementing binary 1111. This also causes outputs S
through S; to go to 0.
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» The circuit of Fig. 4-8 can be extended to an n -bit binary incrementer by extending the diagram to
include n half-adders.

» The least significant bit must have one input connected to logic-1. The other inputs receive the
number to be incremented or the carry from the previous stage.

Arithmetic Circuit:

» The basic component of an arithmetic circuit is the parallel adder.

» By controlling the data inputs to the adder, it is possible to obtain different types of arithmetic
operations.

» The diagram of a 4-bit arithmetic circuit is shown in Fig. 4-9. It has four full-adder circuits that
constitute the 4-bit adder and four multiplexers for choosing different operations.
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There are two 4-bit inputs A and B and a 4-bit output D.

The four inputs from A go directly to the X inputs of the binary adder.

Each of the four inputs from B are connected to the data inputs of the multiplexers.

The multiplexers data inputs also receive the complement of B.

The other two data inputs are connected to logic-0 and logic-1.

The four multiplexers are controlled by two selection inputs S; and So. The input carry C;,, goes to
the carry input of the FA in the least significant position. The other carries are connected from one

VV YV VY

stage to the next.
» By controlling the value of Y with the two selection inputs S; and S and making C;, equal to 0 or 1,

it is possible to generate the eight arithmetic microoperations listed in Table 44.

TABLE 4-4 Arithmetic Circuit Function Table
e —————

Select
Input Output

S S, G ¥ D=4 :p Y+ Ca Microoperation
0 0 0 B D=A+ B Add
0 0 1 B D=A+ B+ 1 Add with carry
0 1 0 B D=A+ B Subtract with borrow
0 1 1 B D=A+ B8 +1 Subtract
1 0 0 0 D= A Transfer 4
| 0 | 0 D= A+ 1 Increment A
I I 0 1 D=A-1 Decrement A
] | ] | D= A Transfer A

Addition:

» When 5;50= 00, the value of B is applied to the Y inputs of the adder.
v If Cir, =0, the output D =A+B.
v" If Cin = 1, output D=A+B + 1.
» Both cases perform the add microoperation with or without adding the input carry.

Subtraction:

» When S;Sp = 01, the complement of B is applied to the Y inputs of the adder.
v' IfCn=1,then D=A+B + 1. This produces A plus the 2's complement of B, which is

equivalent to a subtraction of A -B.
v" When Ci, =0 then D = A + B. This is equivalent to a subtract with borrow, that is,

A-B-1.
Increment:

» When S;Sg = 10, the inputs from B are neglected, and instead, all O's are inserted into the Y inputs.
The output becomes D = A + 0 + C,.. This gives D = Awhen C,=0and D=A + 1 when C;,=1.

» In the first case we have a direct transfer from input A to output D.

» Inthe second case, the value of A is incremented by 1.
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Decrement:

» When S;Sp= 11, all I's are inserted into the Y inputs of the adder to produce the decrement
operation D =A -1 when G, = 0.

» This is because a number with all 1's is equal to the 2's complement of 1 (the 2's complement
of binary 0001 is 1111). Adding a number A to the 2's complement of 1 produces F=A +2's
complement of 1 =A — 1. When C;, =1, then D = A -1 + 1=A, which causes a direct transfer from
input A to output D.

Logic Micro-operations:

» Logic microoperations specify binary operations for strings of bits stored in registers.

» These operations consider each bit of the register separately and treat them as binary variables.

» For example, the exclusive-OR microoperation with the contents of two registers Rl and R2 is
symbolized by the statement

P: R1 « R1 & R2

» It specifies a logic microoperation to be executed on the individual bits of the registers provided
that the control variable P = 1.

List of Logic Microoperations:

» There are 16 different logic operations that can be performed with two binary variables.
» They can be determined from all possible truth tables obtained with two binary variables as
shown in Table 4-5.

TABLE 4-5 Truth Tables for 16 Functions of Two Variables

y|\Fo Fi Fob F5 Fo Fs Foe F; Fg F5 Fo Fu Fipo Fiz Fua Fis

X

LTI T DR ¢ RN 1 RGO ) 7Y ) S 2 RS ) : IR (e (LA | 1 1 1 1 1
o B AL I | I < L ¢ M S ST SO o SR R R - R 1 1 1
ISl eee 13 0 i k.80 0 4 1 0 0 1 1
1 il 0 ¢ IR S | T e N R | RN G S R RN 1 0 1

» The 16 Boolean functions of two variables x and y are expressed in algebraic form in the first
column of Table 4-6.

» The 16 logic microoperations are derived from these functions by replacing variable x by the
binary content of register A and variable y by the binary content of register B.

» The logic micro-operations listed in the second column represent a relationship between the
binary content of two registers A and B.
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TABLE 4-6 Sixteen Logic Microoperations

Boolean function Microoperation Name
Fo=0 F<0 Clear
Fy =xy F—ANB AND
F> = xy' F<ANB
Fs=x Fe—A Transfer A
Fy=x'y F<A /\B
Fs=y F<B Transfer B
Fe=xDy F<—A®B Exclusive-OR
Fr=x+y F<—AV\B OR
Fs=(x+y) F—A\/B NOR
Fo = (xBy) F—ADB Exclusive-NOR
Fio =y’ F—B Complement B
F11=X+y’ F‘:—A\/E
Fi=x' F«A Complement A
Fan=x"+y F<—A \/B
Fia = (xy)' F<—ANB NAND
Fis=1 F<all I’s Set to all 1I’s

Hardware Implementation:

» The hardware implementation of logic microoperations requires that logic gates be inserted for

each bit or pair of bits in the registers to perform the required logic function.

» Although there are 16 logic microoperations, most computers use only four--AND, OR, XOR

(exclusive-OR), and complement from which all others can be derived.

» Figure 4-10 shows one stage of a circuit that generates the four basic logic microoperations.

» It consists of four gates and a multiplexer. Each of the four logic operations is generated through a

gate that performs the required logic.
» The outputs of the gates are applied to the data inputs of the multiplexer. The two selection
inputs S; and Sp choose one of the data inputs of the multiplexer and direct its value to the output.

Sl—-

Figure 4-10 One stage of logic circuit.

4x1
MUX

Si So Cutput Operation
[~ 2 o0 0| E=AsB | aND
o 1 E=AvB | OR
1 0 E=A®B| XOR
1 1 E=A Complement

??@WT

(a) Logic diagram

(b) Function table

COMPUTER ARCHITECTURE AND ORGANIZATION

Page 13




Some Applications:

» Logic micro-operations are very useful for manipulating individual bits or a portion of a word stored in a
register.
> They can be used to change bit values, delete a group of bits or insert new bits values into a register.
> The following example shows how the bits of one register (designated by A) are manipulated by logic
microoperations as a function of the bits of another register (designated by B).
» Selective set
v" The selective-set operation sets to 1 the bits in register A where there are
corresponding I's in register B. It does not affect bit positions that have 0's in B. The following
numerical example clarifies this operation:

1010 A before
1100 B (logic operand)
1110 A after

v" The OR microoperation can be used to selectively set bits of a register.

> Selective complement

v The selective-complement operation complements bits in A where there are corresponding
1'sin B. It does not affect bit positions that have 0's in B. For example:

1010 A before
1100 B (logic operand)
0110 A after

v" The exclusive-OR microoperation can be used to selectively complement bits of a register.
» Selective clear
v' The selective-clear operation clears to 0 the bits in A only where there are
corresponding I's in B. For example:
1010 A before
1100 B (logic operand)
0010 A after

A«—ANTB

v The corresponding logic microoperation is
» Mask
v' The mask operation is similar to the selective-clear operation except that the bits of A are cleared

only where there are corresponding O's in B.. The mask operation is an AND micro operation as
seen from the following numerical example:

0110 1010 A before
0000 1111 B (mask)
0000 1010 A after masking

» Insert
v The insert operation inserts a new value into a group of bits. This is done by first masking the bits
and then ORing them with the required value.
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v’ For example, suppose that an A register contains eight bits, 0110 1010. To replace the four leftmost
bits by the value 1001 we first mask the four unwanted bits:

0110 1010 A before
0000 1111 B (mask)
0000 1010 A after masking

and then insert the new value:

0000 1010 A before
1001 0000 B (insert)
1001 1010 A after insertion

v" The mask operation is an AND microoperation and the insert operation is an OR
microoperation.

» Clear
v’ The clear operation compares the words in A and B and produces an all 0's result if the two

numbers are equal. This operation is achieved by an exclusive-OR microoperation as shown
by the following example

1010 A
1010 B
0000 A<—ASDB

Shift Microoperations:

» Shift microoperations are used for serial transfer of data.

The contents of a register can be shifted to the left or the right.

During a shift-left operation the serial input transfers a bit into the rightmost position.
During a shift-right operation the serial input transfers a bit into the leftmost position.
There are three types of shifts: logical, circular, and arithmetic.

The symbolic notation for the shift microoperations is shown in Table 4-7.

TABLE 4-7 Shift Microoperations

YV VYV VYV

Symbolic designation Description
R<shlR Shift-left register R
R «~shr R Shift-right register R
R«cil R Circular shift-left register R
R«cir R Circular shift-right register R
R «ashl R Arithmetic shift-left R
R «<ashr R Arithmetic shift-right R

» Logical Shift:

o Alogical shift is one that transfers 0 through the serial input.
o The symbols shl and shr for logical shift-left and shift-right microoperations.
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The microoperations that specify a 1-bit shift to the left of the content of register R and a
1-bit shift to the right of the content of register R shown in table 4.7.

The bit transferred to the end position through the serial input is assumed to be 0 during
a logical shift.

> Circular Shift:

o

©)

©)

The circular shift (also known as a rotate operation) circulates the bits of the register
around the two ends without loss of information.

This is accomplished by connecting the serial output of the shift register to its serial input.
We will use the symbols cil and cir for the circular shift left and right, respectively.

> Arithmetic Shift:

(@]

An arithmetic shift is a microoperation that shifts a signed binary number to the left or
right.

An arithmetic shift-left multiplies a signed binary number by 2.

An arithmetic shift-right divides the number by 2.

Arithmetic shifts must leave the sign bit unchanged because the sign of the number
remains the same when it is multiplied or divided by 2.

=]

RI.' -1 Rn

Sign
bit

Figure 4-11  Arithmetic shift right.

Hardware Implementation:

» A combinational circuit shifter can be constructed with multiplexers as shown in Fig. 4-12.

YV V VYV YVYY

The 4-bit shifter has four data inputs, Ag through A3, and four data outputs, Hp through Hs.

There are two serial inputs, one for shift left (1) and the other for shift right (Ig).

When the selection input S=0 the input data are shifted right (down in the diagram).

When S =1, the input data are shifted left (up in the diagram).

The function table in Fig. 4-12 shows which input goes to each output after the shift.

A shifter with n data inputs and outputs requires n multiplexers.

The two serial inputs can be controlled by another multiplexer to provide the three possible types

of shifts.
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Select
0 for shift right (down)

_ Senal 1 for shift left {up)
input (7g)
S
0 MUX —-1Fy
1
Ap
S A
A e ————— Function table
o MUX L —— 5,
3 Qutput
A 1 Sciect P
S I‘fn H; H2 Hi
Az
0 In Ap Ay Az
s
o MUX 31 1 Ay Az Aa I
1
S
1

Serial
input ()

Figure 4-12 4-bit combinational circuit shifter.

Arithmetic Logic Shift Unit:

» Instead of having individual registers performing the microoperations directly, computer systems
employ a number of storage registers connected to a common operational unit called an
arithmetic logic unit, abbreviated ALU.

» The ALU is a combinational circuit so that the entire register transfer operation from the
source registers through the ALU and into the destination register can be performed during one
clock pulse period.

» The shift microoperations are often performed in a separate unit, but sometimes the shift unit is
made part of the overall ALU.

» The arithmetic, logic, and shift circuits introduced in previous sections can be combined into one
ALU with common selection variables. One stage of an arithmetic logic shift unit is shown in Fig. 4-
13.

» Particular microoperation is selected with inputs S; and So. A 4 x 1 multiplexer at the output
chooses between an arithmetic output in D; and a logic output in E;.

» The data in the multiplexer are selected with inputs S3 and S,. The other two data inputs to the
multiplexer receive inputs A;; for the shift-right operation and A;;; for the shift-left operation.

» The circuit whose one stage is specified in Fig. 4-13 provides eight arithmetic operation, four logic
operations, and two shift operations.

» Each operation is selected with the five variables Ss, S,, S1, So and Cj,.

» Theinput carry Ci,is used for selecting an arithmetic operation only.
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Figure 4-13  One stage of arithmertic logic shife unir.

Sy

eIl

(&)
D,
Ci+1
E,

B,
Al —d
Al‘— ] J‘N
A shi

» Table 4-8 lists the 14 operations of the ALU. The first eight are arithmetic operations and are
selected with S3S, = 00.

» The next four are logic and are selected with S3S, = 01.

» The input carry has no effect during the logic operations and is marked with don't-care x’s.
» The last two operations are shift operations and are selected with S3S,= 10 and 11.
>

The other three selection inputs have no effect on the shift.

TABLE 4-8 Function Table for Arithmetic Logic Shift Unit

Operation select

g

$:

S

Sa

£

Operation

Function

== = IR o B e ¥ oo B e R e o e e e

O WM DO OO OO C

KNP SO e e OO0

-
e

|+ + + + +
+
[e—ry

XXHQpQHMOOHHOO
XX KR OHOROHCO
MM T T T T T T T M Ty
| US| O | Y O | O | | O
Bl B R s
P >
Tomw —wEwwe-

&g
B

Transfer A
Increment A
Addition

Add with carry
Subtract with borrow
Subtraction
Decrement A
Transfer A

AND

OR

XOR

Complement A
Shift right A into F
Shift left 4 into F
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Unit-2

Part-1: BASIC COMPUTER ORGANIZATION AND DESIGN

CONTENTS:

A N N N VR

Instruction Codes

Computer Registers

Computer Instructions

Timing And Control

Instruction Cycle

Register — Reference Instructions
Memory — Reference Instructions

Input — Output And Interrupt

1. Instruction Codes:

>

The organization of the computer is defined by its internal registers, the timing and control structure,
and the set of instructions that it uses.
Internal organization of a computer is defined by the sequence of micro-operations it performs on

data stored in its registers.

Computer can be instructed about the specific sequence of operations it must perform.

User controls this process by means of a Program.

Program: set of instructions that specify the operations, operands, and the sequence by which
processing has to occur.

Instruction: a binary code that specifies a sequence of micro-operations for the computer.
The computer reads each instruction from memory and places it in a control register. The control
then interprets the binary code of the instruction and proceeds to execute it by issuing a sequence of
micro-operations. — Instruction Cycle

Instruction Code: group of bits that instruct the computer to perform specific operation.

Instruction code is usually divided into two parts: Opcode and address(operand)

15 12 11 0
Opcode Address

Instruction format

Operation Code (opcode):

v’ group of bits that define the operation
v' Eg: add, subtract, multiply, shift, complement.
v" No. of bits required for opcode depends on no. of operations available in computer.
v n bit opcode >=2" (or less) operations
Address (operand):

v' specifies the location of operands (registers or memory words)
v' Memory words are specified by their address
v’ Registers are specified by their k-bit binary code
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v k-bit address >= 2% registers

Stored Program Organization:

>

>

YV V VY

The ability to store and execute instructions is the most important property of a general-purpose
computer. That type of stored program concept is called stored program organization.

The simplest way to organize a computer is to have one processor register and

an instruction code format with two parts. The first part specifies the operation

to be performed and the second specifies an address.

The below figure shows the stored program organization

Figure 5-1 Stored program organization.

Memory
4096 x 16

15 12 11 0 (/’_\_/

Opcode Address Instructions
(program)

Instruction format

Binary operand Oﬁ::an)ds

Processor register
(accumulator or AC)

Instructions are stored in one section of memory and data in another.

For a memory unit with 4096 words we need 12 bits to specify an address since 2% = 4096.

If we store each instruction code in one 16-bit memory word, we have available four bits for the
operation code (abbreviated opcode) to specify one out of 16 possible operations, and 12 bits to
specify the address of an operand.

Accumulator (AC):
v' Computers that have a single-processor register usually assign to it the name accumulator
and label it AC.

v' The operation is performed with the memory operand and the content of AC.

Addressing of Operand:

>

>

Sometimes convenient to use the address bits of an instruction code not as an address but as the
actual operand.

When the second part of an instruction code specifies an operand, the instruction is said to have an
immediate operand.

When the second part specifies the address of an operand, the instruction is said to have a direct
address.

When second part of the instruction designate an address of a memory word in which the address of
the operand is found such instruction have indirect address.

One bit of the instruction code can be used to distinguish between a direct and an indirect address.
The instruction code format shown in Fig. 5-2(a). It consists of a 3-bit operation code, a 12-bit
address, and an indirect address mode bit designated by |. The mode bit is O for a direct address and
1 for an indirect address.
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15 14 12 11 0
I Opcode Address

(a) Instruction format

Memory Memory

22| 0 | ADD 457 35| 1 |ADD 300
300 1350
457 Operand
1350 Operand
———
AC AC

(b) Direct address (c) Indirect address

Figure 5-2 Demonstration of direct and indirect address.

» A direct address instruction is shown in Fig. 5-2(b).

» ltis placed in address 22 in memory. The | bit is 0, so the instruction is recognized as a direct address
instruction. The opcode specifies an ADD instruction, and the address part is the binary equivalent of
457.

» The control finds the operand in memory at address 457 and adds it to the content of AC.

» The instruction in address 35 shown in Fig. 5-2(c) has a mode bit | = 1.

» Therefore, it is recognized as an indirect address instruction.

» The address part is the binary equivalent of 300. The control goes to address 300 to find the address
of the operand. The address of the operand in this case is 1350.

» The operand found in address 1350 is then added to the content of AC.

» The effective address to be the address of the operand in a computation-type instruction or the
target address in a branch-type instruction.

» Thus the effective address in the instruction of Fig. 5-2(b) is 457 and in the instruction of Fig 5-2(c) is
1350.

2. Computer Registers:

» What is the need for computer registers?

v" The need of the registers in computer for

= |nstruction sequencing needs a counter to calculate the address of the next instruction
after execution of the current instruction is completed (PC).

= Necessary to provide a register in the control unit for storing the instruction code after
it is read from memory (IR).

= Needs processor registers for manipulating data (AC and TR) and a register for holding
a memory address (AR).

» The above requirements dictate the register configuration shown in Fig. 5-3.
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» The registers are also listed in Table 5.1 together with a brief description of their function and the
number of bits that they contain.

TABLE 5-1 List of Registers for the Basic Computer

Register Number
symbol of bits  Register name Function
DR 16 Data register Holds memory operand
AR 12 Address register Holds address for memory
AC 16 Accumulator Processor register
IR 16 Instruction register  Holds instruction code
PC 12 Program counter Holds address of instruction
TR 16 Temporary register  Holds temporary data
INPR 8 Input register Holds input character
OUTR 8 Output register Holds output character
11 0
| PC |
i1 0
T
Memory
a 4096 words
13 0 16 bits per word
l I® |
15 0 15 Q
| TR | DR |
7 0 0 15 0
| ourk | | mer | AC |

Figure 5-3 Basic computer registers and memory.

» The data register (DR) holds the operand read from memory.

» The accumulator (AC) register is a general purpose processing register.

» The instruction read from memory is placed in the instruction register (IR).

» The temporary register (TR) is used for holding temporary data during the processing.

» The memory address register (AR) has 12 bits since this is the width of a memory address.

» The program counter (PC) also has 12 bits and it holds the address of the next instruction to be read

from memory after the current instruction is executed.

» Two registers are used for input and output.
= The input register (INPR) receives an 8-bit character from an input device.
» The output register (OUTR) holds an 8-bit character for an output device.

Common Bus System:

>
>

The basic computer has eight registers, a memory unit, and a control unit
Paths must be provided to transfer information from one register to another and between memory

and registers.

A more efficient scheme for transferring information in a system with many registers is to use a

common bus.

The connection of the registers and memory of the basic computer to a common bus system is

shown in Fig. 5-4.

The outputs of seven registers and memory are connected to the common bus.
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» The specific output that is selected for the bus lines at any given time is determined from the binary
value of the selection variables S,, S1, and S.
» The number along each output shows the decimal equivalent of the required binary selection.
» For example, the number along the output of DR is 3. The 16-bit outputs of DR are placed on the bus
lines when S,5:Sp =011.

Figure 5-4 Basic computer registets connected to a common bus.

» The lines from the common bus are connected to the inputs of each register and the data inputs of
the memory.
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The particular register whose LD (load) input is enabled receives the data from the bus during
the next clock pulse transition.
The memory receives the contents of the bus when its write input is activated.
The memory places its 16-bit output onto the bus when the read input is activated and S,5,S0 = 111.
Two registers, AR and PC, have 12 bits each since they hold a memory address.
When the contents of AR or PC are applied to the 16-bit common bus, the four most significant bits
are setto 0's.
When AR or PC receives information from the bus, only the 12 least significant bits are transferred
into the register.
The input register INPR and the output register OUTR have 8 bits each.
They communicate with the eight least significant bits in the bus.
INPR is connected to provide information to the bus but OUTR can only receive information from the
bus.
This is because INPR receives a character from an input device which is then transferred to AC.
OUTR receives a character from AC and delivers it to an output device.
Five registers have three control inputs: LD (load), INR (increment), and CLR (clear).
This type of register is equivalent to a binary counter with parallel load and synchronous clear.
Two registers have only a LD input.
The input data and output data of the memory are connected to the common bus, but the memory
address is connected to AR.
Therefore, AR must always be used to specify a memory address.
The 16 inputs of AC come from an adder and logic circuit. This circuit has three sets of inputs.

o One set of 16-bit inputs come from the outputs of AC.

o Another set of 16-bit inputs come from the data register DR.

o The result of an addition is transferred to AC and the end carry-out of the addition is

transferred to flip-flop E (extended AC bit).

o Athird set of 8-bit inputs come from the input register INPR.
The content of any register can be applied onto the bus and an operation can be performed in the
adder and logic circuit during the same clock cycle.
For example, the two microoperations DR&AC and AC € DR can be executed at the same time.
This can be done by placing the content of AC on the bus (with S,S:Sg = 100), enabling the LD (load)
input of DR, transferring the content of DR through the adder and logic circuit into AC, and
enabling the LD (load) input of AC, all during the same clock cycle.

3. Computer Instructions:

>

The basic computer has three instruction code formats, as shown in Fig. 5-5. Each format has 16 bits.

Figure 5-5 Basic computer instruction formats.

15 14 12 11 0
1 Opcode Address (Opcode = 000 through 110)

(a) Memory — reference instruction

15 12 11 ()

0 1 1 1 Register operation (Opcode =111, I=0)

(b) Register — reference instruction

15 12 11 0
1 1 1 1 I/0 operation (Opcode =111, [

1y

(c) Input — output instruction
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The operation code (opcode) part of the instruction contains three bits and the meaning of the
remaining 13 bits depends on the operation code encountered.

A memory-reference instruction uses 12 bits to specify an address and one bit to specify the
addressing mode |.

I is equal to O for direct address and to 1 for indirect address.

The register-reference instructions are recognized by the operation code 1.11 with a 0 in the leftmost
bit (bit 15) of the instruction.

A register-reference instruction specifies an operation on the AC register. So an operand from
memory is not needed. Therefore, the other 12 bits are used to specify the operation to be executed.
An input—output instruction does not need a reference to memory and is recognized by the
operation code 111 with a 1 in the leftmost bit of the instruction.

The remaining 12 bits are used to specify the type of input—output operation.

The instructions for the computer are listed in Table 5-2.

TABLE 5-2 Basic Computer Instructions

Hexadecimal code

Symbol I=0 1I=1 Description

AND Oxxx 8xxx AND memory word to AC
ADD 1xxx Oxxx Add memory word to AC

LDA 2xxx Axxx  Load memory word to AC

STA 3xxx Bxxx Store content of AC in memory
BUN 4xxx Cxxx  Branch unconditionally

BSA Sxxx Dxxx  Branch and save return address
ISZ 6xxx Exxx  Increment and skip if zero
CLA 7800 Clear AC

&) 18] 3 dei 7400 Clear E

CMA 7200 Complement AC

CME 7100 Complement E

CIR 7080 Circulate right AC and E

CIL 7040 Circulate left AC and E

INC 7020 Increment AC

SPA 7010 Skip next instruction if AC positive
SNA 7008 Skip next instruction if AC negative
SZA 7004 Skip next instruction if AC zero
SZE 7002 Skip next instruction if £ is 0
HLT 7001 Halt computer

INP F800 Input character to AC

ouT F400 Output character from AC

SKI F200 Skip on input flag

SKO F100 Skip on output flag

ION FO80 Interrupt on

IOF F040 Interrupt off
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The symbol designation is a three-letter word and represents an abbreviation intended for
programmers and users.

The hexadecimal code is equal to the equivalent hexadecimal number of the binary code used for the
instruction.

Instruction Set Completeness:

>

>

A computer should have a set of instructions so that the user can construct machine language
programs to evaluate any function.
The set of instructions are said to be complete if the computer includes a sufficient number of
instructions in each of the following categories:
o Arithmetic, logical, and shift instructions
o Data Instructions (for moving information to and from memory and processor registers)
o Program control or Brach
o Input and output instructions
There is one arithmetic instruction, ADD, and two related instructions, complement AC(CMA) and
increment AC(INC). With these three instructions we can add and subtract binary numbers when
negative numbers are in signed-2's complement representation.
The circulate instructions, CIR and CIL; can be used for arithmetic shifts as well as any other
type of shifts desired.
There are three logic operations: AND, complement AC (CMA), and clear AC(CLA). The AND and
complement provide a NAND operation.
Moving information from memory to AC is accomplished with the load AC (LDA) instruction. Storing
information from AC into memory is done with the store AC (STA) instruction.
The branch instructions BUN, BSA, and ISZ, together with the four skip instructions, provide
capabilities for program control and checking of status conditions.
The input (INP} and output (OUT) instructions cause information to be transferred between the
computer and external devices.

4. Timing and Control:

>
>

The timing for all registers in the basic computer is controlled by a master clock generator.
The clock pulses are applied to all flip-flops and registers in the system, including the flip-flops and
registers in the control unit.
The clock pulses do not change the state of a register unless the register is enabled by a control
signal.
The control signals are generated in the control unit and provide control inputs for the multiplexers
in the common bus, control inputs in processor registers, and microoperations for the accumulator.
There are two major types of control organization:

o Hardwired control

o Microprogrammed control
The differences between hardwired and microprogrammed control are

Hardwired control Microprogrammed control

v’ The control logic is implemented with gates, | v' The control information is stored in a
flip-flops, decoders, and other digital control memory. The control memory is
circuits. programmed to initiate the required

sequence of microoperations.

v The advantage that it can be optimized to v Compared with the hardwired control
produce a fast mode of operation. operation is slow.

v Requires changes in the wiring among the v’ Required changes or modifications can be
various components if the design has to be done by updating the microprogram in
modified or changed. control memory.
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The block diagram of the hardwired control unit is shown in Fig. 5-6.

It consists of two decoders, a sequence counter, and a number of control logic gates.

An instruction read from memory is placed in the instruction register (IR). It is divided into three
parts: The | bit, the operation code, and bits 0 through 11.

The operation code in bits 12 through 14 are decoded with a 3 x 8 decoder. The eight outputs of
the decoder are designated by the symbols Dg through D-.

Bit 15 of the instruction is transferred to a flip-flop designated by the symbol I.

Bits O through 11 are applied to the control logic gates.

The 4-bit sequence counter can count in binary from 0 through 15.

Instruction register (/R)

Other inputs

l

Control
outputs

715

To

Increment (INR)
Clear (CLR)

Clock

~ Figure 5-6 Control unit of basic computer.

The outputs of the counter are decoded into 16 timing signals To through Tys.

The sequence counter SC can be incremented or cleared synchronously.

The counter is incremented to provide the sequence of timing signals out of the 4 x 16 decoder.

As an example, consider the case where SCis incremented to provide timing signals To, Ty, T, T3 and
T4 in sequence. At time T4, SCis cleared to O if decoder output D3 is active.

This is expressed symbolically by the statement

D3T4: SCGO
The timing diagram of Fig. 5-7 shows the time relationship of the control signals.
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The sequence counter SC responds to the positive transition of the clock.

Initially, the CLR input of SC is active. The first positive transition of the clock clears SC to 0, which in
turn activates the timing signal Ty out of the decoder. Ty is active during one clock cycle.

SCis incremented with every positive clock transition, unless its CLR input is active.

This produces the sequence of timing signals Ty, T4, T,, T3, T4and so on, as shown in the diagram.

The last three waveforms in Fig.5-7 show how SC is cleared when D3T4 = 1.

Output D3 from the operation decoder becomes active at the end of timing signal T».

When timing signal T4, becomes active, the output of the AND gate that implements the control
function D3T4 becomes active.

This signal is applied to the CLR input of SC. On the next positive clock transition (the one

marked T4 in the diagram) the counter is cleared to O.

This causes the timing signal To to become active instead of Ts that would have been active if SC were
incremented instead of clearegi.

AR e

Tl) Tl T; To

Clock —.’—l l—-l _| ‘1_1 h h ‘—‘._
% | y—— Y

T, | ‘

%

r \
i
|

Dy |

|
CLR h
SC

1

|

l

{
| :
! 1 }'——_—

Figure 5-7 Example of control timing signals.

5. Instruction Cycle:

YV VYV

A program residing in the memory unit of the computer consists of a sequence of instructions.
The program is executed in the computer by going through a cycle for each instruction.
Each instruction cycle in turn is subdivided into a sequence of sub cycles or phases.
In the basic computer each instruction cycle consists of the following phases:
1. Fetch an instruction from memory.
2. Decode the instruction.
3. Read the effective address from memory if the instruction has an indirect address.
4. Execute the instruction.
Upon the completion of step 4, the control goes back to step 1 to fetch, decode,
and execute the next instruction.

Fetch and Decode:

>

Initially, the program counter PC is loaded with the address of the first instruction in the program.

Page 1 O



» The sequence counter SC is cleared to 0, providing a decoded timing signal To.
» The microoperations for the fetch and decode phases can be specified by the following register

transfer statements.
To: AR«PC

T;: IR «M[AR], PC«PC +1
Ty Dy, ..., Dy<Decode IR(12-14), AR «IR(0-11), I+IR(15)

1< = e

s

’\-1 Memory unit 7
Address
A
[ ] -
1 AR |
L
| = 1 5
I e sl
2 i IR ] 3
el '
LD
Clock

Common bus

Figure 5-8 Register transfers for the ferch phase.

Figure 5-8 shows how the first two register transfer statements are implemented in the bus system.
To provide the data path for the transfer of PC to AR we must apply timing signal Ty to achieve the
following connection:

o Place the content of PC onto the bus by making the bus selection inputs S,, S1, Sp equal to 010.

o Transfer the content of the bus to AR by enabling the LD input of AR.
In order to implement the second statement it is necessary to use timing signal T to provide the
following connections in the bus system.

o Enable the read input of memory.

o Place the content of memory onto the bus by making S,5:So=111.

o Transfer the content of the bus to IR by enabling the LD input of IR.

o Increment PC by enabling the INR input of PC.
Multiple input OR gates are included in the diagram because there are other control functions that
will initiate similar operations.

Determine the Type of Instruction:

>
>
>

YV V VY

The timing signal that is active after the decoding is Ts.

During time T3, the control unit determine the type of instruction that was read from the memory.
The flowchart of fig.5-9 shows the initial configurations for the instruction cycle and also how the
control determines the instruction cycle type after the decoding.

Decoder output D5 is equal to 1 if the operation code is equal to binary 111.

If D;=1, the instruction must be a register-reference or input-output type.

If D7 =0, the operation code must be one of the other seven values 000 through 110, specifying a
memory-reference instruction.
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Control then inspects the value of the first bit of the instruction, which is now available in flip-flop I.

If D7 =0and | =1, indicates a memory-reference instruction with an indirect address. So it is then
necessary to read the effective address from memory.

If D7 =0and | =0, indicates a memory-reference instruction with a direct address.

If D7 =1 and | =0, indicates a register-reference instruction.

If D7 =01and | = 1, indicates an input-output instruction.

The three instruction types are subdivided into four separate paths.

The selected operation is activated with the clock transition associated with timing signal Ts.

This can be symbolized as follows:

D:IT;: AR < M[AR]
D7 I'T;:  Nothing ,
D;I'Ty: Execute a register-reference instructio
D,IT;: Execute an input-output instruction

Start
SC &0
| TO
AR « PC
Y P
IR —MI[AR], PC&PC+1
| e

Decode operation code in /R (12 - 14)
AR IR (0 - 11), [ «IR(15)

(Registeror [/0) =1 =0 {Mcmory-ref«;rcncz:)

N

10y =1 :[ =0 (register) (indirect) =1 : =0 (direct)

} T3 | T3 & T3 Y T3
Execute Execute AR «— M[AR] Nothing
input-output register-reference
ingtruction instruction
SCe«10 SC &0 i  §
Execule
memory-reference
instruction
SC 0

} }

Figure 5-9 Flowchart for instruction cycle (initial configuration).
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Register-Reference Instructions:

Y VVYY

Y VY

>

>

Register-reference instructions are recognized by the control when D7 = 1 and I=0.

These instructions use bits 0 through 11 of the instruction code to specify one of 12 instructions.
These 12 bits are available in IR (0-11).

The control functions and microoperations for the register-reference instructions are listed in Table
5-3.

These instructions are executed with the clock transition associated with timing variable Ts.

Control function needs the Boolean relation D;I'Ts, which we designate for convenience by the
symbol r.

By assigning the symbol B; to bit i of /R, all control functions can be simply denoted by rB..

TABLE 5-3 Execution of Register-Reference Instructions

D-I'Ts = r (common to all register-reference instructions)
IR(i) = B [bit in IR(0-11) that specifies the operation]

£ NC«D Clear SC
CLA rB;;; AC<0 Clear AC
CLE 7By E<«0___ Clear E
CMA rBy: AC<AC Complement AC
CME rBy; E<«E Complement E

CIR rBr: AC<shr AC, AC(15)<E, E< AC(0) Circulate right
CIL 7rBe AC<shl AC, AC(0)«E, E<AC(15) Circulate left
INC Bs: AC+«AC +1 Increment _A_C
SPA rBy: If (AC(15) = 0) then (PC<PC + 1)  Skip if positive
SNA 7Bs: If (AC(15) = 1) then (PC+PC + 1) Skip if negative

SZA rB,: If (AC = 0) then PC«PC + 1) Skip @f AC zero
SZE rB,: If(E =0) then (PC«PC + 1) Skip if E zero
HLT 7B, S <0 (S is a start-stop flip-flop) Halt computer

For example, the instruction CLA has the hexadecimal code 7800, which gives the binary equivalent
0111 1000 0000 0000. The first bit is a zero and is equivalent to I

The next three bits constitute the operation code and are recognized from decoder output D5.

Bit 11 in IR is 1 and is recognized from B1;. The control function that initiates the microoperation for
this instruction is D;I'T3 B1; = rBq3.

The execution of a register-reference instruction is completed at time Ts.
The sequence counter SC is cleared to 0 and the control goes back to fetch the next instruction with
timing signal To.
The first seven register-reference instructions perform clear, complement, circular shift, and
increment microoperations on the AC or E registers.
The next four instructions cause a skip of the next instruction in sequence when
a stated condition is satisfied. The skipping of the instruction is achieved by
incrementing PC once again.

The condition control statements must be recognized as part of the control conditions.
The AC is positive when the sign bit in AC(15) = 0; it is negative when AC(15) = 1. The content of AC is
zero (AC = 0) if all the flip-flops of the register are zero.
The HLT instruction clears a start-stop flip-flop S and stops the sequence counter from counting.

6. Memory-Reference Instructions:

Table 5-4 lists the seven memory-reference instructions.

The decoded output D;fori=0, 1, 2, 3, 4,5, and 6 from the operation decoder that belongs to each
instruction is included in the table.

The effective address of the instruction is in the address register AR and was placed there during
timing signal T, when I=0, or during timing signal Ts when | = 1.

The execution of the memory-reference instructions starts with timing signal Ts.
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» The symbolic description of each instruction is specified in the table in terms of register transfer

notation.
TABLE 5.4 Memory-Reference Instructions
Operation
Symbol decoder Symbolic description
AND D, AC<AC /\ M[AR]
ADD D, AC—AC + M[AR], EeC,
LDA D, AC —M[AR) i
STA D; M[AR]<AC
BUN Dy PC<—AR
?sSA Ds M[AR]<PC, PC< AR +1
Z Ds M[AR] < M[AR] + 1,
If M[AR] + 1 = 0 then PC<—PC + 1
AND to AC:

» This is an instruction that performs the AND logic operation on pairs of bits in AC and the memory

word specified by the effective address.
» The result of the operation is transferred to AC.
» The microoperations that execute this instruction are:

DTy DR +—M[AR]
DTs: AC«<ACADR, 5C<0

ADD to AC:

» This instruction adds the content of the memory word specified by the effective address to the value

of AC.
» The sum is transferred into AC and the output carry C,,: is transferred to the E (extended

accumulator) flip-flop.
» The microoperations needed to execute this instruction are

DTy DR « M[AR)]
DyTy: AC — AC+ DR, E «— C,:, SC =0
LDA: Load to AC

» This instruction transfers the memory word specified by the effective address to AC.
» The microoperations needed to execute this instruction are

DzT.-.: DE = J.“[ARI
DTy AC «— DR, SC «— 0

STA: Store AC

» This instruction stores the content of AC into the memory word specified by the effective address.
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» Since the output of AC is applied to the bus and the data input of memory is connected to the bus,
we can execute this instruction with one microoperation.

DsTy M[AR] < AC, SC « 0
BUN: Branch Unconditionally

» This instruction transfers the program to the instruction specified by the effective address.

» The BUN instruction allows the programmer to specify an instruction out of sequence and we say
that the program branches (or jumps) unconditionally.

» The instruction is executed with one microoperation:

DTy PC «— AR, 5C «

BSA: Branch and Save Return Address

» This instruction is useful for branching to a portion of the program called a subroutine or procedure.

» When executed, the BSA instruction stores the address of the next instruction in sequence (which is
available in PC) into a memory location specified by the effective address.

» The effective address plus one is then transferred to PC to serve as the address of the first
instruction in the subroutine.

» This operation was specified with the following register transfer:

M[AR] <= PC, PC « AR+ 1

» A numerical example that demonstrates how this instruction is used with a subroutine is shown in

Fig. 5-10.
Figure 5-10 Example of BSA instruction execution.
Memory Memory
20 0 BSA 135 20 0 BSA 135
PC=2] Next instruction 21 Next instruction
AR =135 135 21
136 Subroutine PC =136 Subroutine
1 BUN 135 | BUN 135
(a) Memory, PC, and AR at time Ty (b) Memory and PC after execution

The BSA instruction is assumed to be in memory at address 20.
The | bit is 0 and the address part of the instruction has the binary equivalent of 135.
After the fetch and decode phases, PC contains 21, which is the address of the next instruction in the
program (referred to as the return address). AR holds the effective address 135.
» This is shown in part (a) of the figure.
» The BSA instruction performs the following numerical operation:
M[135] «— 21, PC «— 135+ 1= 136
» The result of this operation is shown in part (b) of the figure.
» The return address21 is stored in memory location 135 and control continues with the subroutine
program starting from address 136.
» Thereturn to the original program (at address 21) is accomplished by means of an indirect BUN
instruction placed at the end of the subroutine.

Y V V
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» When this instruction is executed, control goes to the indirect phase to read the effective address at
location 135, where it finds the previously saved address 21.
> When the BUN instruction is executed, the effective address 21 is transferred to PC.
» The next instruction cycle finds PC with the value 21, so control continues to execute the instruction
at the return address.
» The BSA instruction must be executed with a sequence of two microoperations:
D-T; M[AR] «— PC, AR « AR +1
Dile: PC «— AR, 5C <=0

ISZ: Increment and Skip if Zero

» This instruction increment the word specified by the effective address, and if the incremented value
is equal to 0, PC is incremented by 1 to skip the next instruction in the program.
» Since it is not possible to increment a word inside the memory, it is necessary to read the word into
DR, increment DR, and store the word back into memory.
» This is done with the following sequence of microoperations:
D.Ts DR « MI[AR]
DTs: DR «— DR + 1
DTy M[AR] «— DR, H#({(DR=0)then(PC «— PC + 1), S5C «— 0

Control Flowchart:

» A flowchart showing all microoperations for the execution of the seven memory-reference
instructions is shown in Fig. 5.11.

Memory — reference instruction

AND ADD Y LDA STA
Y Dol DT, v DT, Yy DiT,
DE «— MIAR]) I l DR «— M IMAR} —I [ DR «— M [AR] M [AR] « AC
SC«0
Y D(]Tj \i D3T5 Y DgTj
AC ¢~ ACA DR AC « AC + DR AC ¢« DR
E = Cyy
SC«0 SC «0 SC « 0
BUN BSA I1SZ
Y DT, Y DsT, ¥ DT,
PC « AR M [AR] « PC DR «— M [AR]
SC+0 AR— AR + 1
| DT Y DT
PC «+— AR DR« DR~+1
SC 0
4 DT

M [AR] « DR
IF(DR=0)
then (PC « PC + 1)
SC«0

Figure 5-11 Flowchart for memory-reference instructions.
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7. Input-Output and Interrupt:

Instructions and data stored in memory must come from some input device.

Computational results must be transmitted to the user through some output device.

To demonstrate the most basic requirements for input and output communication, we will use as an
illustration a terminal unit with a keyboard and printer.

Input-Output Configuration:

YVVVVVYVY

YV V VY

Y V V

The terminal sends and receives serial information.

Each quantity of information has eight bits of an alphanumeric code.

The serial information from the keyboard is shifted into the input register INPR.
The serial information for the printer is stored in the output register OUTR.

These two registers communicate with a communication interface serially and with the AC in parallel.

The input—output configuration is shown in Fig. 5-12.

Figure 5-12 Input-output configuration.

Input — output Serial Computer
terminal communication registers and
interface flip-flops
FGO

d e Receiver
Fimier ™ interface OUTR '

— AC R

.- Transmitter
Keyboard — interfice ‘_-—[NPR

FGI

The input register INPR consists of eight bits and holds alphanumeric input information.

The 1-bit input flag FGI is a control flip-flop.

The flag bitis set to 1 when new information is available in the input device and is cleared

to 0 when the information is accepted by the computer.

The output register OUTR works similarly but the direction of information flow is reversed.

Initially, the output flag FGO is set to 1.

The computer checks the flag bit; if it is 1, the information from AC is transferred in parallel to OUTR
and FGO is cleared to 0.

The output device accepts the coded information, prints the corresponding character, and when the
operation is completed, it sets FGO to 1.

Input-Output Instructions:

>

>

Input and output instructions are needed for transferring information to and from AC register, for
checking the flag bits, and for controlling the interrupt facility.

Input-output instructions have an operation code 1111 and are recognized by the control when D7 =
landl=1.

The remaining bits of the instruction specify the particular operation.
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» The control functions and microoperations for the input-output instructions are listed in Table 5-5.
TABLE 5-5 Input-Output Instructions

D5IT; = p (common to all input—output instructions)
IR(i) = B; [bit in IR(6-11) that specifies the instruction]

= p: SC«( Clear SC
INP pBu:  AC(0-T)<INPR, FGI+0 Input character
OUT pBie: OUTR<AC(0-7), FGO «0 Output character

SKI pBo:  If (FGI = 1) then (PC+PC +1)  Skip on input flag

SKO  pBs: If (FGO =1) then (PC« PC +1) Skip on output flag
ION pBy:  IEN «1 Interrupt enable on
IOF pBs: IEN <0 Interrupt enable off

» These instructions are executed with the clock transition associated with timing signal Ts.

» Each control function needs a Boolean relation DsIT3, which we designate for convenience by the
symbol p.

» The control function is distinguished by one of the bits in IR (6-11).

» By assigning the symbol B; to bit i of IR, all control functions can be denoted by pB; for i = 6 though
11.

» The sequence counter SCis cleared to 0 when p = D4IT5 = 1.

» The last two instructions set and clear an interrupt enable flip-flop IEN.

Program Interrupt:

» The computer keeps checking the flag bit, and when it finds it set, it initiates an information transfer.

» The difference of information flow rate between the computer and that of the input—output device
makes this type of transfer inefficient.

» An alternative to the programmed controlled procedure is to let the external device inform the
computer when it is ready for the transfer.

» In the meantime the computer can be busy with other tasks. This type of transfer uses the interrupt
facility.

» While the computer is running a program, it does not check the flags.

» When a flag is set, the computer is momentarily interrupted from the current program.

» The computer deviates momentarily from what it is doing to perform of the input or output transfer.

» It then returns to the current program to continue what it was doing before the interrupt.

» The interrupt enable flip-flop IEN can be set and cleared with two instructions.

o When IEN is cleared to 0 (with the IOF instruction), the flags cannot interrupt the computer.
o When IEN is set to (with the ION instruction), the computer can be interrupted.

» The way that the interrupt is handled by the computer can be explained by means of the flowchart of

Fig. 5-13.

» Aninterrupt flip-flop R is included in the computer. When R =0, the computer goes through an
instruction cycle.

» During the execute phase of the instruction cycle IEN is checked by the control.

» |Ifitis O, it indicates that the programmer does not want to use the interrupt,so control continues
with the next instruction cycle.

» IfIEN is 1, control checks the flag bits. If both flags are 0, it indicates that neither the input nor the
output registers are ready for transfer of information. In this case, control continues
with the next instruction cycle.

» |If either flag is set to 1 while 1EN = 1, flip-flop R is set to 1. At the end of the execute phase, control
checks the value of R, and if it is equal to 1, it goes to an interrupt cycle instead of an instruction
cycle.
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Instruction cycle =0 RA= 1 Interrupt cycle

1 e s j

Fetch and decode
instruction

Store retum address
in location O
M 0] « PC

Execute
mnstruction

v

Branch to location 1
PC 1

IEN «— 0O
R«0

Figure 5-13 Flowchart for interrupt cycle.

Interrupt cycle:

VVYY

The interrupt cycle is a hardware implementation of a branch and save return address operation.
The return address available in PC is stored in a specific location.

This location may be a processor register, a memory stack, or a specific memory location.

An example that shows what happens during the interrupt cycle is shown in Fig. 5-14.

Figure 5-14 Demonstraticn of the interrupt cycle.

Memory Memory
0 (4] 256
1] 0 BUN 1120 pPC=11|0 BUN 1120
255 )
& i = Main
PC =256 p:‘ggar‘:m 256 B
1120
1120
O /0
program program
i BUN 0 i BUN 0

{a) Before interrupt

(b After interrupt cycle

» When an interrupt occurs and R is set to 1 while the control is executing the instruction at address

255.

> At this time, the returns address 256 is in PC.
» The programmer has previously placed an input—output service program in memory starting from
address 1120 and a BUN 1120 instruction at address 1. This is shown in Fig. 5.14(a).

YV V VY

program at address 1120.

When control reaches timing signal Toand finds that R = 1, it proceeds with the interrupt cycle.
The content of PC (256) is stored in memory location 0, PCis set to 1, and R is cleared to O.
The branch instruction at address 1 causes the program to transfer to the input—output service
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This program checks the flags, determines which flag is set, and then transfers the required input
or output information.

Once this is done, the instruction ION is executed to set IEN to 1 (to enable further interrupts), and
the program returns to the location where it was interrupted.

This is shown in Fig. 5-14(b).
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