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UNIT -1

Digital Logic Circuits and Digital Components

The digital computer is a digital system that performs various computational tasks. The word
digital implies that the information in the computer is represented by variables that take a limited
number of discrete valueBigital computers use the binary number system, which has two digits: bit
0 and 1. A binary digit is called a bit. Information is represented in digital computers in groups of
bits. By using various coding techniques, groupsitsf tan be made to represent not only binary
numbers but also other discretgmbols, such as decimal digits or letters of the alphabets.

A computer system is sometimes subdivided into two functional entities: hardware and
software. The hardware of the roputer consists of all the electronic components and
electromechanical devices that comprise the physical entity of the device. Computer software
consists of the instructions and data that the computer manipulates to perform varieus data
processingasks.A sequence of instructions for the computer is called a program. The data that are
manipulated by the program constitute the data base.

The hardware of the computer is usually divided into three major parts as shown below,
central processing unit (CPUdmtains an arithmetic and logic unit for manipulating data, a number
of registers for storing data, and control circuits for fetching and executing instructions. The memory
of a computer contains storage for instructions and data. It is called a randes® @etnory (RAM)
because the CPU can access any location in memory at random and retrieve the binary information
within a fixed interval of time. The input and output processor (IOP) contains electronic circuits for
communicating and controlling the traesfof information between the computer and the outside
world. The input and output devices connected to the computer include keyboards, printers,
terminals, magnetic disk drives, and other communication devices.

CPU

—»  Control Unit [
4

Arithmetic &
Input ) . » Output
Logical Unit

A

— Memory Unit ¢

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

Computer designis concerned with thdardware 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 deteation of what hardware should be used and how the
parts should be connected. This aspect of computer hardware is sometimes referred to as compute
implementation.

Computer architecture is concerned with the structure and behavior of the computer asysten b

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 mes)@mal structuring them together into a computer
system.

1.1 Logic Gates

Binary information is represented in digital computers by physical quantities called signals .
Electrical signals such as voltages exist throughout the computer in either oneretogoizable
states. The two states represent a binary variable that can be equal to 1 or 0. For example, a particula
digital computer may employ a signal of 3 volts to represent binary 1 and 0.5 volt to represent binary
0. The input terminals of digitadircuits accept binary signals of 3 and 0.5 volts and the circuits
respond at the output terminals with signals of 3 and 0.5 volts to represent binary input and output
corresponding to 1 and O,respectively.

The manipulation of binary information is dong logic circuits called gates. Gates are
blocks of hardware that produce signals of binary 1 or O when input logic requirements are satisfied.
A variety of logic gates are commonly used in digital computer systems. Each gate has a distinct
graphic symbol d its operation can be described by means of an algebraic expression. The input
output relationship of the binary variables for each gate can be represented in tabular form by a truth
table.
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Graphic Algebraic Truth
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1.2Boolean Algebra

Boolean algebra is an algebra that demith binary variables and logic operations. The
variables are designated by letters such as A, B, x, andy. The three basic logic operations are AND,
OR, and complement. A Boolean function can be expressed algebraically with binary variables, the
logic opention symbols, parentheses, and equal sign. For a given value of the variables, the Boolean
function can be either 1 or 0. Consider, for example, the Boolean function

F=x+yz

The function F is equal to 1 if x is 1 or if both y' and z are equal tois; équal to O
otherwise. But saying that y' = 1 is equivalent to saying that y = 0 since y' is the complement of y.
Therefore, we may say that F is equal to 1 if x = 1 or if yz = 01. The relationship between a function

and its binary variables can be repented in a truth table. To represent a function in a truth table we
need a list of the 2' combinations of then binary variables.

In the following fig (a) there are eight possible distinct combinations for assigning bits to the
three variables x, y, ard The function F is equal to 1 for those combinations where x = 1 or yz =
01; it is equal to O for all other combinations.

x y z F
0O 0 O 0 x
0 0 1 1 —_—
o 1 O 0 y F
0o 1 1 0
| 0o O 1 z
1 0o 1 1
1 1 0 1
1 1 1 1
(a) Truth table (b) Logic diagram

A Boolean function can be transformed from an algebraic expression into a logic diagram
composed of AND, OR, and inverter gat&ke logic diagram for F is shown in Fig. (b). There is an
inverter for input y to generate its complement y'. There is an AND gate for the term y'z, and an OR
gate is used to combine the two terms. In a logic diagram, the variables of the functikemate ta
be the inputs of the circuit, and the variable symbol of the function is taken as the output of the
circuit. The purpose of Boolean algebra is to facilitate the analysis and design of digital circuits. It
provides a convenient tool to:

1. Express iralgebraic form a truth table relationship between binary variables.
2. Express in algebraic form the inpoitput relationship of logic diagrams.
3. Find simpler circuits for the same function.

A Boolean function specified by a truth table can be expressegbraigally in many
different ways. By manipulating a Boolean expression according to Boolean algebra rules, one may
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obtain a simpler expression that will require fewer gates. To see how this is done, we must first study
the manipulative capabilities of Blean algebra.

1.2.1Rule in Boolean Algebra

Following are the important rules used in Boolean algebra.

1 Variable used can have only two values. Binary 1 for HIGH and Binary O for LOW.

1 Complement of a variable is represented by an overbar. Thus, comptdnanable B is
represented as B. Thus if B = 0 then B=1 and B = 1 then B=0.

1 OR-ing of the variables is represented by a plus (+) sign between them. For examiplp @R
A, B, Cisrepresented as A+ B + C.

1 Logical AND-ing of the two or more variable ispresented by writing a dot between them such
as A.B.C. Sometimes the dot may be omitted like ABC.
1.2.2 Laws of Boolean Algebra
Boolean Algebra Laws are used to simplify boolean expressions.
Basic Boolean Algebra Laws
1. ldempotent Law
T A*A=A
9 A+A=A
2. Associative Law
T (A*B)*C=A*B*C)
T A+B)+C=A+B+C)
3. Commutative Law
T A*B=B*A
T A+B=B+A
4. Distributive Law
T A*(B+C)=A*B+A*C
1 A+(B*C)=(A+B)*(A+C)
5. Identity Law
T A*0=0 A*1=A
T A+1=1 A+0=A
6. Complement Law
T A*~A=0
T A+~A=1
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7. Involution Law
7 ~(~A)=A
8 DeMorgandés Law
1T ~(A*B)=~A+-~B
T ~(A+B)=~A*~B
Redundancy Laws
9. Absorption
1 A+(A*B)=A
T A*(A+B)=A
10.
1 (A*B)+(A*~B)=A
T A+B)*(A+~B)=A
11.
9 A+(~-A*B)=A+B
1 A*(~A+B)=A*B

The purpose of Boolean algebra is to analysis and design of digital circuits, it provides a convenient
tool to

A Boolean function specified by a truth table can be expressed algebraically in many
different ways. By manipulating a Boolean exgies according to Boolean algebra rules, one may
obtain a simpler expression that will require fewer gates. To see how this is done, we must first study
the manipulative capabilities of Boolean algebra.

1.2.3DeMorgan's theorem

DeMorgan' s theorem is vemypiportant in dealing with NOR and NAND gates. It states that a
NOR gate that performs the (x + y)' function is equivalent to the function x'y'. Similarly, a NAND
function can be expressed by either (xy)' or (X' + y'). For this reason the NOR and NANDazte
two distinct graphic symbols, as shown in Figgl 4nd 15. Instead of representing a NOR gate with
an OR graphic symbol followed by a circle, we can represent it by an AND graphic symbol preceded
by circles in all inputs. The inveAND symbol forthe NOR gate follows from DeMorgan's theorem
and from the convention that small circles denote complementation. Similarly, the NAND gate has
two distinct symbols, as shown in Figh1
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Figure 1-4 Two graphic symbols for NOR gate.

’ x s JH ’
5>’—(x+y+z) y—-d}xyz =(x+y+2)
z

(a) OR-invert (b) invert-AND

N\ X

Figure 1-5 Two graphic symbols for NAND gate.

x ’ xi ’ ’ ’ ’
Y et (xyz) y x'+y' +2' = (xy2)

(a) AND-invert (b) invert-OR

1.2.4 Complement of a Function F

The complement of a functionwhen expressed in a truth table is obtained by interchanging
I's and D's in the values of F in the truth table. When the function is expressed in algebraic form, the
complement of the function can be derived by means of DeMorgan's theorem. The gemeddl for
DeMorgan's theorem can be expressed as follows:

(X1+ X2 + X3 + L L L + Xn)' = X16 X26 X.
(X1 X2X3L L LXn)'" = X16+ X206 +X306+LLL+
As an example, consider the following expression and its complement:
F=AB+CD +BDF =(A"+B")(C D)B +D)
1.3 Map Simplification

The complexity of the logic diagram that implements a Boolean function is related directly to
the complexity of the algebraic expression from which the function is implemented. The truth table
representation of a funcnois unique, but the function can appear in many different forms when
expressed algebraically. The expression may be simplified using the basic relations of Boolean
algebra. However, this procedure is sometimes difficult because it lacks specific rydesdioting
each succeeding step in the manipulative process. The map method provides a simple,
straightforward procedure for simplifying Boolean expressions. This method may be regarded as a
pictorial arrangement of the truth table which allows an eassrpretation for choosing the
minimum number of terms needed to express the function algebraically. The map method is also
known as th&arnaugh- Map or K-Map.

Each combination of the variables in a truth table is called a minterm. When expressed in a
truth table a function of n variables will have 2" minterms, equivalent to the 2" binary numbers
obtained from n bits. A Boolean function is equal to 1 for some minterms and to O for others. The
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information contained in a truth table may be expressed in adnfpan by listing the decimal
equivalent of those minterms that produce a 1 for the function.

For example the below truth table can be expressed as

F(x, Yy, zZ) = x(1, 4 5, 6, 7)
x y z F
0 0 0 0
0 0 1 1
0 1 0 0
0 1 1 0
1 0 0 1
1 0 1 1
1 1 0] 1
1 1 1 1

The maps for functions of two, three, dodr variables are shown in Fig:-71 The number of
squares in a map of n variables is 2". The 2" minterms are listed by an equivalent decimal number for
easy reference. The minternumbers are assigned in an orderly arrangement such that adjacent
squaresepresent minterms that differ by only one variable. The variable names are listed across both
sides of the diagonal line in the corner of the map. The O's and 1' s marked along each row and each
column designate the value of the variables.

B B
B BC
P, P e,
A 1 A 00 01 11 10

o] 0 1 0| O 1 3 2

A {l 2 3 A {I 4 5 7 6
[ ——
C

(a) Two-variable map (b) Three-variable map

cp —_—

48N\ 00 01 “11 10

00} O 1 3 2

o1] 4 5 7 6

B
1l 12 |13 | 15 | 14
A
1o 8 | 9 | 11}10
P —
D

(c) Four-variable map
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1.3.1 Sum-of-products form

A Boolean function represented by a truth table is plotted into the map by inserting 1's in
those squares where the function is |. The squares containing 1's are combined in groups of adjacent
squares. These groups masntain a number of squares that is an integral power of 2. Groups of
combined adjacent squares may share one or more squares with one or more groups. Each group o
squares represents an algebraic term, and the OR of those terms gives the simplifieit algebr
expression for the function. The following examples show the use of the map for simplifying
Boolean functions. In the first example we will simplify the Boolean function

F(A, B, C) =x (3, 4, 6, 7)
B

{|1] [0

The simplified algebraiexpression for the function is the OR of the two terms: F = BC + AC'
fourvari abl e map. F(A, B, C, D) =x (0, 1, 2, 6,

C

Y

B
A
DD
;—w
D
the simplified function is : F = B '"D' + B 'C

1.3.2 Product of Sums Simplification

If the squares marked with 0' s are combined, as shown in the diagram, we obtain the simplified
complemented function: F' = AB +CD + BD' Taking the complement of F', we obtain the simplified
function in producof sums form: F=(A'+B )(C'+ D')(B' +)D
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Map for F(A, B, C, D) = £(0,1,2,5,8,9,10).

c
r————
1 [ 1 {{Of] 1
off +|lofll o
B
of[ o] of]] 0]
1= —
11 T 1O 1
e —
D

The Logic diagram for th&sum-ofi Products and Product-of-Sums is shown in the following

diagram.
B' —4— A
[
==
)
__/

= >— ) >——

C' ly—
N _)>
D D
(a) Sum of Pmductst {b) Product of sums:
F=B'D +B'C'+A'C'D F=(A"+B")Y(C'+D"Y(B'+ D)

Logic diagram using NAND and NOR gatm®

B —— A’
o1 :D_L
! —
el 9 > ) > )
A
D :’ D
(2) With NAND gates (b) With NOR gates

1.3.3 Don't-Care Conditions

The 1' sand 05in the map represent the min terms that make the function equal to 1 or 0. There are
occasions when it does not matter if the function produces 0 or 1 for a given minterm. Since the
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function may be either O or 1, we say that we don't care what the fuoatiout is to be for this min
term. Min terms that may produce either 0 or 1 for the function are said to beatenttonditions
and are marked with an x in the map. These dw@mé& conditions can be used to provide further
simplification of the algebra expression.

As an example, consider the following Boolean function together with theaoa'minterms:

F(A, B, C) = x (0, 2, 6)
d( A, B, C) = x (1, 3, 5)
B
e —,
1 X X 1
A{ 0 X 0 1
| S
C

The simplified expression is F = A' + BC'

1.4 Combinational Circuits

A combinational circuit is a connected arrangement of logic gates with a set of inputs and outputs. At
any given time, the binary values of the outputs are a function of the binary combination of the
inputs. A block diagram of a combinataincircuit is shown in the following Figure. The n binary
input variables come from an external source, the m binary output variables go to an external
destination, and in between there is an interconnection of logic gates.

—— —

n input ! Combinational ll m output
variables | circuit | variables
| |

—h— ] e

A combinational circuit cand described by a truth table showing the binary relationship
between the n input variables and the m output variables. The truth table lists the corresponding
output binary values for each of the 2" input combinations. A combinational circuit can also be
specified with m Boolean functions, one for each output variable. Each output function is expressed
in terms of the n input variables.

The design of combinational circuits starts from the verbal outline of the problem and ends in
a logic circuit diagram. fie procedure involves the following steps:
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1. The problem is stated.

2. The input and output variables are assigned letter symbols.

3. The truth table that defines the relationship between inputs and outputs is derived.
4. The simplified Boolean functis for each output are obtained.

5. The logic diagram is drawn.

1.4.1Half-Adder

The most basic digital arithmetic circuit is the addition of two binary digits. A combinational circuit
that performs the arithmetic addition of two bits is called adddfer. One that performs the addition

of three bits (two significant bits and a prews carry) is called a fulldder. The name of the former
stems from the fact that two haltlders are needed to implement a-&ater. The input variables of

a haltadder are called the augend and addend bits. The output variables the sum and sarry. It i
necessary to specify two output variables because the sum of 1 + 1 is binary 10, which has two
digits. We assign symbols x and y to the two input variables, and S (for sum) and C (for carry) to the
two output variables. The truth table for the kadfderis shown in Fig.-16(a). The C output is 0
unless both inputs are I. The S output represents the least significant bit of the sum. The Boolean
functions for the two outputs can be obtained directly from the truth table:

xﬁ—ﬁ
0 o0 0o 0
0 1 o 1
1 0 0o 1
1 1 1 0 D— C
(a) Truth table (b) Logic diagram

S :X'y+xy' =Xxey
C=xy
The logic diagram is shown in Figlb(b). It consists of an exclusi@R gate and an AND gate.

1.4.2 Full-Adder

A full-adder is a combinational circuit that forms the arithmetic sum of three input bits. It
consists of three inpsitand two outputs. Two of the input variables, denoted by x and vy, represent
the two significant bits to be added. The third input, z, represents the carry from the previous lower
significant position. Two outputs are necessary because the arithmeticf sbreeobinary digits
ranges in value from 0 to 3, and binary 2 or 3 needs two digits. The two outputs are designated by the
symbols S (for sum) and C (for carry). The binary variable S gives the value of the least significant
bit of the sum. The binary viable C gives the output carry. The truth table of the-ddHtler is
shown in the following Table.
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Inputs Outputs
x y 2 C 5
O 0 0 o0 0
0O o0 1 0 1
o 1 0 o0 1
0 1 1 1 0
1 0 0 0 1
1 0 1 1 0
1 1 0 1 0
1 1 1 1 1

The eight rows under the input variables designate all possible combinations that the binary
variables may have. The wa& of the output variables are determined from the arithmetic sum of the
input bits. When all input bits are 0, the output is 0. The S output is equal to 1 when only one input is

equal to 1 or when all three inputs are equal to I. The C output has afcarfytwo or three inputs
are equal to I.

x
ymD——s X T S
[ NED I
z , J c
N C
L/
(a) Logic diagram (b) Block diagram

The logic diagram of the fukdder is drawn in the above figure. Note that the fulladder
circuit consists of two hafidders and an OR gate. Realizing that x'y + xy' = xaly and including the
expression for aput S, we obtain the two Boolean expressions for theatider:

S=xey®z
C =xy + (x®y)z
1.5 Flip-Flops

The digital circuits considered thus far have been combinational, where the outputs at any
given time are entirely dependent on the inputs that are present at that time. Although every digital
system is likely to have a combinational circuit, most systeme®untered in practice also include
storage elements, which require that the system be described in terms of sequential circuits. The most
common type of sequential circuit is the synchronous type.

Synchronization is achieved by a timing device calletbek pulse generator that produces a
periodic train of clock pulses. The storage elements employed in clocked sequential circuits are
called flip-flops. A flip-flop is a binary cell capable of storing one bit of information. It has two

Dr. M. Kalpana Devi, Assoc. Profess&,TAMS 13



4R,  SREENIVASA INSTITUTE OF TECHNOLOGY AND MANAGEMENT STUDIES.

(B! (AUTONOMOUS)

" MCA DEPARTMENT
LECTURE NOTES

Computer Organization and Architecture

outputs, one fortte normal value and one for the complement value of the bit stored in it-#oflip
maintains a binary state until directed by a clock pulse to switch states. The difference among
various types of fliglops is in the number of inputs they possess antthenmanner in which the
inputs affect the binary state. The most common types efidlgs are presented below.

1.51. SR Flip-Flop

The graphic symbol of the SR flijop is shown in Figure. It has three inputs, labelled S (for
set), R (for reset), ah C (for clock). It has an output Q and sometimes thefltip has a
complemented output, which is indicated with a small circle at the other output terminal. There is an
arrowheaeshaped symbol in front of the letter C to designate a dynamic input. \ieenc
indicator symbol denotes the fact that the-flgp responds to a positive transition (from 0 to 1) of
the input clock signal.

S R t+ 1
S 0 Q( )
—_b 0 0 (04 0)) No change
0 1 0 Clearto 0
— R — 1 0 1 Setwo 1
1 | ? Indeterminate
(a) Graphic symbol (b) Characteristic table

The operation of the SR fliffop is as follows. If there is no signal at the clock input C, the
output of the circuitannot change irrespective of the values at inputs S and R. Only when the clock
signal changes from 0 to 1 can the output be affected according to the values in inputs Sand R. If S =
1 and R = 0 when C changes from 0 to 1, output Q is set to 1. If &d ® = 1 when C changes
from O to 1, output Q is cleared to 0. If both S and R are 0 during the clock transition, the output does
not change. When both 5 and R are equal to 1, the output is unpredictable and may go to either O or
1, depending on interniming delays that occur within the circuit.

The characteristic table shown above summarizes the operation of the-8&pfiip tabular
formThe S and R columns give the binary values of the two inputs. Q(t) is the binary state of the Q
output at a givetime (referred to as present state). Q(t + 1) is the binary state of the Q output after
the occurrence of a clock transition (referred to as next state).

1.52.D Flip-Flop

The D (data) fligflop is a slight modification of the SR fhffop. An SR flipflop is
converted to a D fliglop by inserting an inverter between S and R and assigning the symbol D to
the single input. The D input is sampled during the occurrence of a clock transition from 0 to 1. If D
=1, the output of the flflop goes to the $tate, but if D = 0, the output of the fiffpp goes to the O
state. The graphic symbol and characteristic table of the Hldjpare shown in Fig.-20. From the
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characteristic table we note that the next state Q(t + 1) is determined from the DTinput.
relationship can be expressed by a characteristic equation: Q(t+ 1) =D

—_— D Qo — D Qu+1)
—D C 0 0 Clearto 0
1 | Setto 1
D_
(a) Graphic symbol (b) Characteristic table

Although a D flipflop has the advantage of having only one input (excluding C), it has the
disadvantage that its characteristic table does not have a "no change" conditioh) @(Q(t). The
"no change" condition can be accomplished either by disabling the clock signal or by feeding the
output back into the input, so that clock pulses keep the state of Hieglipnchanged.

1.5.3 JK- Flip-Flop

A JK flip-flop is a refinement of the SR flftop in that the indeterminate condition of the SR
type is defined in the JK type. Inputs J and K behave like inputs S and R to set and cleafltie flip
respectively. When inputs J and K are both equal @ dock transition switches the outputs of the
flip-flop to their complement state. The graphic symbol and characteristic table of the-0&pflip
are shown in following figure. The J input is equivalent to the S (set) input of the SR flimnd
the K input is equivalent to the R (clear) input. Instead of the indeterminate condition, the-JK flip
flop has a complement condition Q(t + 1) = Q'(t) when both J and K are equal to 1.

J 0 J K Qu+1)
0 0 Qw No change
P € 0 1 0 Clearto 0
SE— OD— 1 0 1 Setto 1
11 Q' Complement
(a) Graphic symbol (b) Characteristic table

1.5.4 T-Flip-Flop

Another type of flipflop found in textbooks is the T @gle) flip-flop. This flip-flop, shown
in Fig. 1-:22, is obtained from a JK type when inputs J and K are connected to provide a single input
designated by T. The T flfioptherefore has only two conditions. When T =0 (J = K = 0) a clock
transition does rtochange the state of the fiffpp. When T = 1 (J = K = 1) a clock transition
complements the state of the flijpp. These conditions can be expressed by a characteristic
equation:
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(a) Graphic symbol (b) Characteristic table

1.5.5 Edge Triggered Flip-Flops

The most common type dfip-flop used to synchronize the state change during a clock pulse
transition is the edggiggered flipflop. In this type of flipflop, output transitions occur at a specific
level of the clock pulse. When the pulse input level exceeds this threshelldie inputs are locked

out so that the fliglop is unresponsive to further changes in inputs until the clock pulse returns to O
and another pulse occurs. Some ettiggered flipflops cause a transition on the rising edge of the
clock signal (positie-edge transition), and others cause a transition on the falling edge (negative
edge transition).

- D Qpr— Clock

C | | | Time
Output
Posilivc_T cannot
clock change

transition

(a) Positive-edge-triggered D flip-flop.

D Q p— Clock / \ / \ / \
—Cp C | | ‘ Time
Output
Negative_T cannot
clock change
transition
(b) Negative-edge-triggered D flip-flop.
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1.6 Sequential Circuits

A sequential circuit is an interconnection of fflpps and gates. The gates by themselves
constitute a combinational circuibut when included with the flifiops, the overall circuit is
classified as a sequential circuit. The block diagram of a clocked sequential circuit is shown in
following figure. It consists of a combinational circuit and a number of clockeddiys. In general,
any number or type of flflops may be included. As shown in the diagram,

Inputs ——1  Combinational -
- circuit . - Outputs
»| Flip-flops —
Clock —

The combinational circuit block receives binary signals from external inputs and from the
outputs of flipflops. The outputs of the combinational circuit go to exdeautputs and to inputs of
flip-flops. The gates in the combinational circuit determine the binary value to be stored in-the flip
flops after each clock transition. The outputs of-flgps, in turn, are applied to the combinational
circuit inputs and dermine the circuit's behavior. This process demonstrates that the external
outputs of a sequential circuit are functions of both external inputs and the present state of the flip
flops. Moreover, the next state of fiffpps is also a function of their ggent state and external
inputs. Thus a sequential circuit is specified by a time sequence of external inputs, external outputs,
and internal flipflop binary states.

An example of a sequential circuit is shown in Figure
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DIGITAL COMPONENTS

1.7 Integrated Circuits

Digital circuits are constructed with integrated circuits. An integrated circuit (abbreviated IC)
is a small silicon semiconductor crystal called chip containing the electronic components for the
digital gates. The various gates arenterconnected inside the chip to form the required circuit. The
chip is mounted on a ceramic or plastic container, and connections are welded by thin gold wines to
external pins to form the integrated circuit. The number of pins may range from 14 @ldGm
package to 100 or more in a larger package. Each IC has a numeric designation printed on the
surface of the package for identification.

As the technology of ICs has improved, the number of gates that can be put in a single chip
has increased congihbly.

Small-Scale integration (SSl)devices contain several independent gates in a single package. The
inputs and outputs of the gates are connected directly to the pins in the package. The number of gates
is usually less than 10 and is limited by theenter of pins available in the IC.

Medium-scale integration (MSI) devices have a complexity of approximately 10 to 200 gates in a
single package. They usually perform specific elementary digital functions such as decoders, adders,
and registers.
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Large-sale integration (LSI) devices contain between 200 and a few thousand gates in a single
package. They include digital systems, such as processors, memory chips, and programmable
modules.Very-large-scale integration (VLSI) devices contain thousands of gatgghin a single
package. Examples are large memory arrays and complex microcomputer chips. Because of their
small size and low cost, VLSI devices have revolutionized the computer system design technology,
giving designers the capability to create struegithat previously were not economical.

Digital integrated circuits are classified not only by their logic operation but also by digital
logic family. Each logic family has its own basic electronic circuit upon which more complex digital
circuits and funtions are developed. The basic circuit in each technology is either a NAND, a NOR,
or an inverter gate.Many different logic families of integrated circuits have been introduced
commercially. The following are the most popular.

1 TTL- Transistottransistodogic

1 ECL - Emittercoupled logic

1 MOS- Metaloxide semiconductor

1 CMOS- Complementary metadxide semiconductor

The transistor-transistor logic family was an evolution of a previous technology that used diodes
and transistors for the basic NAND gatéhisl technology was called DTL, for "diodeansistor

logic." Later the diodes were replaced by transistors to improve the circuit operation and the name of
the logic family was changed to "transistmansistor logic." This is the reason for mentioning the
word "transistor” twice.

The emitter-coupled logic (ECL) family provides the highespeed digital circuits in integrated
form. ECL is used in systems such as supercomputers and signal processors where high speed i
essential

The metal-oxide semiconductor(MOS) is a unipolar transistor that depends on the flow of only one
type of carrier, which may be electronsgmannel) or holes ¢phannel). This is in contrast to the
bipolar transistor used in TIL and ECL gates, where both carriers exist during ogenation.

The complementary MOS (CMOS) technology uses PMOS and NMOS transistors connected in a
complementary fashion in all circuits. The most important advantages of CMOS over bipolar are the
high packing density of circuits, a simpler processing teglniduring fabrication, and a more
economical operation because of low power consumption.

1.8 Decoders

Discrete quantities of information are represented in digital computers with binary codes. A
binary code of n bits is capable of representing up' tis2inct elements of the coded information. A
decoder is a combinational circuit that converts binary information from the n coded inputs to a
maximum of 2 unique outputs. If the-bit coded information has unused bit combinations, the
decoder may havess than 2outputs. The decoders presented in this section are caltechiine
decoders, where m <&2Their purpose is to generate tHg@ fewer) binary combinations of the n
input variables. A decoder has n inputs and m outputs and is alsodéfee an n x m decoder.

The logic diagram of a-8-8-line decoder is shown in Figure.
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The three data inputs,0AA1, and A are decoded into eight outputs, each outputrepresenting
one of the combinations of the three binary input variables. The thremtars provide the
complement of the inputs, and each of the eight AND gates generates one of the binary combination.
A particular application of this decoder is a birtmyoctal conversion. The input variables represent
a binary number and the outpuépresent the eight digits of the octal number system. However, a 3
to-8-line decoder can be used for decoding arlyitIode to provide eight outputs, one for each
combination of the binary code.

: >o
::; D>
DO——- 010

011

A

1}

Dy

¥

101
Ds

110
Dg

111

Enable (E)

Commercial decoders include one or more enable inputornirol the operation of the
circuit. The decoder of the above Figure has one enable input, E. The decoder is enabled when E is
equal to 1 and disabled when E is equal to 0. The operation of the decoder can be clarified using the
truth table listed in théollowing Table. When the enable input E is equal to 0, all the outputs are
equal to 0 regardless of the values of the other three data inputs. The three x's in the table designate
don'tcare conditions. When the enable input is equal to 1, the decoglategpin a normal fashion.
For each possible input combination, there are seven outputs that are equal to 0 and only one that is
equal to 1. The output variable whose value is equal to 1 represents the octal number equivalent of
the binary number that available in the input data lines.
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Enable Inputs Outputs
E A, A A D D¢ Ds Dy Dy D Di Do
0 X X X 0 0 0 0 0 0 0 0
1 0 0 0 0 0 0 0 0 0 0 1
1 0 0 1 0 0 0 0 0 0 1 0
1 0 1 0 0 0 0 0 0 1 0 0
1 0 1 1 0 0 0 0 1 0 0 0
1 1 0 0 0 0 0 1 0 0 0 0
1 1 0 1 0 0 1 0 0 0 0 0
1 1 1 0 0 1 0 0 0 0 0 0
1 1 1 1 1 0 0 0 0 0 0 0

1.8.1Decoder Expansion

There are occasions when a ceHsige decoder is needed but only smaller sizes are available. When
this occurs it is possible to combine two or more decoders with enable inputs to fargera
decoder. Thus if a-6-64-line decoder is needed, it is possible to construct it with fetorlb-line
decoders. The following figure shows how decoders with enable inputs can be connected to form a
larger decoder. Two-f-4-line decoders are cdimed to achieve a-®-8-line decoder. The two

least significant bits of the input are connected to both decoders. The most significant bit is
connected to the enable input of one decoder and through an inverter to the enable input of the other
decoder.tlis assumed that each decoder is enabled when its E input is equal to 1. When E is equal to
0, the decoder is disabled and all its outputs are in the Olevel. When A, = 0, the upper decoder is
enabled and the lower is disabled. The lower decoder outptsnbeinactive with all outputs at O.

The outputs of the upper decoder generate outputs Do through D3, depending on the values of Al
and AO (while A, = 0). When A, = 1, the lower decoder is enabled and the upper is disabled. The
lower decoder output geneeatthe binary equivalent D4 through D, since these binary numbers have

a 1in the A, position. The example demonstrates the usefulness of the enable input in decoders or
any other combinational logic component. Enable inputs are a convenient featuterfmminecting

two or more circuits for the purpose of expanding the digital component into a similar function but
with more inputs and outputs.
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2x4
decoder [~ Do
Ap | 20 — D
Ay 21 — D,
Az —-—DO— E —— Dj
2x4
decoder —— Dy
— 20 —— Ds
21 — Dp
E — D,

1.8.2NAND Gate Decoder

Some decoders are constructed with NAND instead of AND gates. Singdl@ Nate produces the

AND operation with an inverted output, it becomes more economical to generate the decoder outputs
in their complement form. A-Bb-4-line decoder with an enable input constructed with NAND gates

is shown in Figure. The circuit operatavith complemented outputs and a complemented enable
input E. The decoder is enabled when E is equal to 0. As indicated by the truth table, only one output
is equal to O at any given time; the other three outputs are equal to 1. The output whosesyakile is

to O represents the equivalent binary number in inputs A1 and A,. The circuit is disabled when E is
equal to 1, regardless of the values of the other two inputs.

D)——‘Dg E A Ay|Dy Dy Dy Dj
- 0 o oo 1 1 1
t+ 0o 0 1{1 0 1 1
o 1 ofl1 1 o 1
H o
o 1 1|1 1 1 0O
A — D
! -—-}3 1 x x|1 1 1 1
E DC

(a) Logic diagram (b) Truth table
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When the circuit is disabled, none of the outputs are selected and all outputsadte &qin
general, a decoder may operate with complemented or uncomplemented outputs. The enable input
may be activated with a O or with a 1 signal level.

1.9Encoders

An encoder is a digital circuit that performs the inverse operation of a deéodencoder
has 2" (or less) input lines and n output lines. The output lines generate the binary code
corresponding to the input value. An example of an encoder is thet@tialary encoder, whose
truth table is given in the following Table. It has dighputs, one for each of the octal digits, and
three outputs that generate the corresponding binary number. It is assumed that only one input has &
value of 1 at any given time; otherwise, the circuit has no meaning.

The encoder can be implemented witR @ates whose inputs are determined directly from
the truth table. Output = 1 if the input octal digit is 1 or 3 or 5 or 7. Similar conditions apply for
the other two outputs. These conditions can be expressed by the following Boolean functions:

Ao= D1 + D3+Ds+D7

A1=D2+ D3+ Dg+ D7

A2=Ds+ Ds+ Dg + D7

The encoder can be implemented with three OR gates.

D, D, Dy Dy Dg Dg Dy

2

m—— Ay=D, + D; + Ds + Dy

Sty  A=Dy+D;+Ds+ D,

s Y A =Dy + Ds + Dg + Dy
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Inputs Outputs

D, D¢ Ds Dy D3y D2 Dy Do A2 A Ao
0 0 0 0 0 0 0 1 0 0 0

0 0 0 0 0 0 1 0 0 0 1

0 0 0 0 0 1 0 0 0 1 0

0 0 0 0 1 0 0 0 0 1 1

0 0 0 1 0 0 0 0 1 0 0

0 0 1 0 0 0 0 0 1 0 1

0 1 0 0 0 0 0 0 1 1 0

1 0 0 0 0 0 0 0 1 1 1

1.10 Multiplexers

A multiplexer is a combinational circuit that receives binary information from onéiopat
data lines and directs b a single output line. The selection of a particular input data line for the
output is determined by a set of selection inputs™£02l multiplexer has 2input data lines and n
input selection lines whose bit combinations determine which input datsekected for the output.
A4-to-1-line multiplexer is shown in the following Figure. Each of the four data inpatsdugh
is applied to one input of an AND gate.

The two selection inputs;&nd S are decoded to select a particular AND gate. dinputs
of the AND gates are applied to a single OR gate to provide the single output. To demonstrate the
circuit operation, consider the case wheBS 10. The AND gate associated with inpubés two
of its inputs equal to 1. The third input of théeges connected te.IThe other three AND gates have
at least one input equal to 0, which makes their outputs equal to 0. The OR gate output is how equal
to the value of4, thus providing a path from the selected input to the output.

The 4to-1 line mutiplexer of Figure has six inputs and one output. A truth table describing
the circuit needs 64 rows since six input variables can hévainary combinations. A more
convenient way to describe the operation of multiplexers is by means of a functionTiaéle
function table for the multiplexer is shown in the following Table. The table demonstrates the
relationship between the four data inputs and the single output as a function of the selection inputs S
and $.When the selection inputs are equal to @@put Y is equal to inpubIWhen the selection
inputs are equal to 01, inputll has a path to output Y, and similarly for the other two combinations.
The multiplexer is also called a data selector, since it selects one of many data inputs and steers the
binary information to the output.

Dr. M. Kalpana Devi, Assoc. Profess&,TAMS 24



SREENIVASA INSTITUTE OF TECHNOLOGY AND MANAGEMENT STUDIES.

J '\
/]
O <2

o

(! (AUTONOMOUS)
-4 MCA DEPARTMENT

LECTURE NOTES
Computer Organization and Architecture

Iy

290
@#

AlA

Function Table for 4-to-1-Line Multiplexer

Select Output
S$i S Y
0 0 Io
0 1 L
1 0 L
1 1 Iy

The AND gates and inverters in the multiplexer resemble a decoder circuit, and indeed they
decode the input selection lines. In general,-#02Lline multiplexer is constructed from art@m?2"
decoder by adding to R" input lines, one from each data input. The size of the multiplexer is
specified by the number 2" of its data inputs and the single output. It is then implied that it also
contains n input selection lines. The multiplexer is often abbreviated as MUXn Ascoders,
multiplexers may have an enable input to control the operation of the unit. When the enable input is
in the inactive state, the outputs are disabled, and when it is in the active state, the circuit functions as
a normal multiplexer. The enablaput is useful for expanding two or more multiplexers to a
multiplexer with a larger number of inputs. In some cases two or more multiplexers are enclosed
within a single integrated circuit package. The selection and the enable inputs in rowitiple
construction are usually common to all multiplexers.
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Enable

Select
y V— Yo E § Y
Aj — Quadruple — Y, 0 X All0's

2x1

Ay — multiplexers Y 10 A
Ay —— — L B
By — |
0 (b) Function table
B — |
By ——s
By —

(a) Block diagram

1.11 Regqisters

A regqister is a group of fliflops with each fligflop capable of storing one bit of
information. An nbit register has a group of n flffops and is capable of storing any binary
information of n bits. In addition to the flfops, a register may haveombinational gates that
perform certain datprocessing tasks. In its broadest definition, a register consists of a group of flip
flops and gates that effect their transition. The-fligps hold the binary information and the gates
control when and howaw information is transferred into the register.

The simplest register is one that consists only otffops, with no external gates. The
following figure shows such a register constructed with four Dffips. The common clock input
triggers all flp-flops on the rising edge of each pulse, and the binary data available at the four inputs
are transferred into the-Bit register. The four outputs can be sampled at any time to obtain the
binary information stored in the register. The clear input goessjmecial terminal in each fliop.

When this input goes to 0, all fhibops are reset asynchronously. The clear input is useful for
clearing the register to all O's prior to its clocked operation. The clear input must be maintained at
logic 1 during ormal clocked operation. Note that the clock signal enables the D input but that the
clear input is independent of the clock. The transfer of new information into a register is referred to
as loading the register.
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Clock S C

Ao

1, D 0

fa D 0 | Az

Clear

If all the bitsof the register are loaded simultaneously with a commonclock pulse transition,
we say that the loading is done in parallel. A clock transition applied to the C inputs of the register of
Figure will load all four inputsolthrough § in parallel. In this cofiguration, the clock must be
inhibited from the circuit if the content of the register must be left unchanged.

1.11.1 Register with Parallel Load

Most digital systems have a master clock generator that supplies a continuous train of clock
pulses. Thelock pulses are applied to all flippps and registers in the system. The master clock
acts like a pump that supplies a constant beat to all parts of the system. A separate control signal
must be used to decide which specific clock pulse will have aateiffea particular register. Aldit
register with a load control input that is directed through gates and & thputs is shown in the
folowing Figure.

The C inputs receive clock pulses at all times. The buffer gate in the dock input reduces the
power requirement. With each clock pulse, the D input determines the next state of the output. To
leave the output unchanged, it is necessary to make the D input equal to the present value of the
output. Note that the clock pulses are applied to the C itk times. The load input determines
whether the next pulse will accept new information or leave the information in the register intact.
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The transfer of information from the inputs into the register is done simultaneously with all four bits
during a gngle pulse transition.

Clook

1.11.2 Shift Registers

A register capable of shifting its binary information in one or both directions is called a shift
register. The logical configuration of a shift register consists of a chain dfdfip in cascade, with
the output of one fliglop connected to the input of the next ffipp. All flip -flops receive common
clock pulses that initiate the shift from one stage to the next. The simplest possible shift register is
one that uses only flifiops, as shown in Figa. The output of a given fliflop is connected to the
D input of the flipflop at its right. The clock is common to all fiffpps. The serial input determines
what goes into the leftmost position during the shift. The serial output is taken from pgbé afuthe
rightmost flipflop. Sometimes it is necessary to control the shift so that it occurs with certain clock
pulses but not with others. This can be done by inhibiting the clock from the input of the register if
we do not want it to shift.

Serial Serial

input b Q b Q b 0 b e output
> C > C > C P c

Clock —*
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1.11.3 Bidirectional Shift Register with Parallel Load

A register capable of shifting in one direction only is called a unidirectional shift register. A
register that can shift in both directions is called a bidirectional shift register. The most ghiferal
register has all the capabilities listed below. Others may have some of these capabilities, with at least
one shift operation.

1. An input for clock pulses to synchronize all operations.

2. A shiftright operation and a serial input line assodateth the shiftright.

3. A shiftleft operation and a serial input line associated with the Ieffilift

4. A parallel load operation and n input lines associated with the parallel transfer.
5. n parallel output lines.

6. A control state that leavesetlinformation in the register unchanged even though clock
pulses are applied continuously.

A 4-bit bidirectional shift register with parallel load is shown in the following Figure. Each
stage consists of a D flfoop and a 4 x 1 multiplexer. The two sefien inputs $and S select one
of the multiplexer data inputs for the D fiffpp. The selection lines control the mode of operation of
the register according to the function table shown in the following Table. When the mode control
S1S = 00, data inpu0 of each multiplexer is selected. This condition forms a path from the output of
each flipflop into the input of the same fhflop. The next clock transition transfers into each-flip
flop the binary value it held previously, and no change of statg®cc

When S = 01, the terminal marked 1 in each multiplexer has a path to the D input of the
corresponding fliflop. This causes a shifight operation, with the serial input data transferred into
flip-flop Ao and the content of each flijpp Ai.1 transferred into fligflop Ai for i = 1, 2, 3. When
$1S = 10 a shiftleft operation results, with the other serial input data going intdléjpA, and the
content of flipflop Ai+1 transferred into flipflop Ai for i = 0, 1,2. When £ = 11, the binar
information from each inpub through % is transferred into the corresponding ftipp, resulting in a
parallel load operation. Note that the way the diagram is drawn, theightfioperation shifts the
contents of the register in the down directwanile the shift left operation causes the contents of the
register to shift in the upward direction.

Mode control

Si So Register operation

No change

Shift right (down)
Shift left (up)
Parallel load

— OO
—_—0 = O
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Shift registers are often used to interface digital systems situated remotely from each other.
For example, suppose that it is necessary to transmibiarquantity between two points. If the
distance between the source and the destination is too fail| he expensive to use n lines to
transmit the n bits in parallel. It may be more economical to use a single line and transmit the
information serially one bit at a time. The transmitter loads tié data inparallel into a shift
register and then tramits the data from the serial output line. The receiver accepts the data serially
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into a shift register through its serial input line. When the entire n bits are accumulated, they can be
taken from the outputs of the register in parallel. Thus, the tittesmperforms a parallebserial
conversion of data and the receiver converts the incoming serial data back to parallel data transfer.

1.12 Binary Counters

A register that goes through a predetermined sequence of states upon the application of input
pulses is called a counter. The input pulses may be clock pulses or may originate from an external
source. They may occur at uniform intervals of time or at random. Counters are found in almost all
equipment containing digital logic. They are used for cogntine number of occurrences of an event
and are useful for generating timing signals to control the sequence of operations in digital
computers. Of the various sequences a counter may follow, the straight binary sequence is the
simplest and most straigbtivard. A counter that follows the binary number sequence is called a
binary counter. An +bit binary counter is a register of n #ffpps and associated gates that follows a
sequence of states according to the binary count of n bits, fronT0 10 2

Going through a sequence of binary numbers such as 0000, 0001, 0010, 0011, and so on, we
note that the loweorder bit is complemented after every count and every other bit is complemented
from one count to the next if and only if all its low@der bitsare equal to 1. For example, the
binary count from 0111 (7) to 1000 (8) is obtained by

(a) complementing the lowrder bit,

(b) complementing the secowdder bit because the first bit of 0111 is 1,

(c) complementing the thirdrder bit because the firsvo bits of 0111 are 1's, and
(d) complementing the fourtbrder bit because the first three bits of 0111 are alll's.

Synchronous binary counters have a regular pattern, as can be seen frofitthendry
counter shown in Figure. The C inputs offafl -flops receive the common clock. If the count enable
is 0, all J and K inputs are maintainedat 0 and the output of the counter does not change. The first
stage A is complemented when the counter is enabled and the clock goes through a positive
transition. Each of the other three flljpps are complemented when all previous least significant
flip-flops are equal to 1 and the count is enabled. The chain of AN geerate the required logic
for the J and K inputs. Theoutput carry can be used to extend the counter to more stages, with each
stage having an additional flifpp and an AND gate.
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Count enable K

> C

> C

carry

Clock

1.13 Memory Unit

A memory unit is a collection of storage cells tibge with associated circuits needed to
transfer information in and out of storage. The memory stores binary information in groups of bits
called words. A word in memory is an entity ofbits that move in and out of storage as a unit. A
memory word is a grquof I's and 0's and may represent a number, an instruction code, one or more
alphanumeric characters, or any other biraged information. A group of eight bits is called a
byte. Most computer memories use words whose number of bits is a multipl&lofisa 1ébit
word contains two bytes, and a-BR word is made up of four bytes. The capacity of memories in
commercial computers is usually stated as the total number of bytes that can be stored.
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Two major types of memories are used in computer systandomaccess memory (RAM) and
readonly memory (ROM).

1.13.1 RandomAccess Memory

In randomaccess memory (RAM) the memory cells can be accessed for information transfer
from any desired random location. That is, the process of locating a word ioryisnthe same and
requires an equal amount of time no matter where the cells are located physically in memory: thus
the name "random access." Communication between a memory and its environment is achieved
through data input and output lines, addressctele lines, and control lines that specify the
direction of transfer. A block diagram of a RAM unit is shown in the following figure. The n data
input lines provide the information to be stored in memory, and the n data output lines supply the
information coming out of memory. The k address lines provide a binary number of k bits that
specify a particular word chosen among the 2' available inside the memory. The two control inputs
specify the direction of transfer desired. The two operations that a rascieas memory can
perform are the write and read operations. The write signal specifies a tiangberation and the
read signal specifies a transtaut operation. On accepting one of these control signals, the internal
circuits inside the memory prale the desired function.

n data input lines

l

Memory unit
Read ——» 2k words
n bits per word

!

n data output lines

k address lines ———=

Write =

The steps that must be taken for the purpose of transferring a new word to be stored into memory are
as follows:

1. Apply the binary address of the desired word into the address lines.
2. Apply the data bits that mube stored in memory into the data input lines.
3. Activate the write input.

The memory unit will then take the bits presently available in the input data lines and store them in
the word specified by the address lines. The steps that must be taken impttsef transferring a
stored word out of memory are as follows:

1. Apply the binary address of the desired word into the address lines.
2. Activate the read input.
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The memory unit will then take the bits from the word that has been selected agditess and
apply them into the output data lines. The content of the selected word does not change after reading.

1.13.2 Read-Only Memory

As the name implies, a reatly memory (ROM) is a memory unit that performs the read
operation only; it does ndtave a write capability. This implies that the binary information stored in
a ROM is made permanent during the hardware production of the unit and cannot be altered by
writing different words into it. Whereas a RAM is a gengrailpose device whose conterdan be
altered during the computational process, a ROM is restricted to reading words that are permanently
stored within the unit. The binary information to be stored, specified by the designer, is then
embedded in the unit to form the required inter@mtion pattern. ROMs come with special internal
electronic fuses that can be "programmed" for a specific configuration. Once the pattern is
established, it stays within the unit even when power is turned off and on again.

ROMs find a wide range of appéitons in the design of digital systems. Basically, a ROM
generates an inputoutput relation specified by a truth table. As such, it can implement any
combinational circuit with k inputs and n outputs. When employed in a computer system as a
memory unitthe ROM is used for storing fixed programs that are not to be altered and for tables of
constants that are not subject to change. ROM is also employed in the design of control units for
digital computers. As such, they are used to store coded infornthtibrepresents the sequence of
internal control variables needed for enabling the various operations in the computer. A control unit
that utilizes a ROM to store binary control information is called a microprogrammed control unit.

k address input lines

|

mx n ROM
(m=2%)

l

nt data output lines

1.13.3 Types of ROMs
The required paths in a ROM may be programmed in three different ways.

1. Mask programming, is done by the semiconductor company during the last fabrication process
of the unit. The procedure for fabricating a ROM requiihes the customeilf out the truth table
that he or she wishes the ROM to satisfy. The truth table may be submitted in a special form
provided by the manufacturer or in a specified format on a computer output medium. The
manufacturer makes the corresponding mask for ttiespga produce the I's and O's according to
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the customer's truth table. This procedure is costly because the vendor charges the customer a
special fee for custom masking the particular ROM. For this reason, mask programming is
economical only if a large auatity of the same ROM configuration is to be ordered.

2. Programmable readonly memory : For small quantities it is more economical to use a second
type of ROM called grogrammable read-only memory or PROM. When ordered. PROM
units contain all the fusestact, giving all 1' s in the bits of the stored words. The fuses in the
PROM are blown by application of current pulses through the output terminals for each address.
A blown fuse defines a binary 0 state, and an intact fuse gives a binary 1 stateloWsisiaérs
to program PROMs in their own laboratories to achieve the desired relationship between input
addresses and stored words. Special instruments called PROM programmers are available
commercially to facilitate this procedure. In any case, all puaresdfor programming ROMs are
hardware procedures even though the word "programming” is used. The hardware procedure for
programming ROMs or PROMs is irreversible, and once programmed, the fixed pattern is
permanent and cannot be altered. Once a bit pattas been established, the unit must be
discarded if the bit pattern is to be changed.

3. Erasable PROM or EPROM : A third type of ROM available is callegrasable PROM or
EPROM. The EPROM can be restructured to the initial value even though its fusebdmm
blown previously. When the EPROM is placed under a special ultraviolet light for a given period
of time, the shortwave radiation discharges the internal gates that serve as fuses. After erasure,
the EPROM returns to its initial state and can beagg@ammed to a new set of words. Certain
PROMSs can be erased with electrical signals instead of ultraviolet light. These PROMs are called
electrically erasable PROMor EEPROM.
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UNIT -2
Data Representation, Basic Computer Organization
Data Types

The data types found in the registers of digital computers may be classified as being one of the
following categories:

(1) Numbers used in arithmetic computations,
(2) Letters of the alphabet used in data processing. and
(3) Cther discrete symbols uséat specific purposes.

All types of data, except binary numbers, are represented in computer registers in binary
coded form. This is because registers are made up didpp and flipflops are twestate devises
that can store only I's and 0's. Theasjnnumber system is the most natural system to use in a digital
computer. But sometimes it is convenient to employ different humber systems, especially the
decimal number system, since it is used by people to perform arithmetic computations.

Number Systens

A number system of base, or radix, r is a system that uses distinct symbols for r digits.
Numbers are represented by a string of digit symbols. To determine the quantity that the number
represents, it is necessary to multiply each digit by an intexyeemof r and then form the sum of all
weighted digits. For example, the decimal number system in everyday use employs the radix 10
system. The 10 symbols are 0, 1, 2, 3, 4, 5, 6, 7, 8, and 9. The string of digits 724.5 is interpreted to
represent the quéty

7X10+2X10+4 X 10+ 5 X 10t

that is, 7 hundreds, plus 2 tens, plus 4 units, plus 5 tenths. Every decimal number can be similarly
interpreted to find the quantity it represents. The binary number system uses the radix 2. The two
digit symbds used are 0 and 1. The string of digits 101101 is interpreted to represent the quantity

1 XxP+0x2*+1x2B+1x22+0x 2+ 1x =45

To distinguish between different radix numbers, the digits will be enclosed in parentheses and
the radix of the number inserted asubscript. For example, to show the equality between decimal
and binary fortyfive we will write (101101) = (45)o.

Besides the decimal and binary number systems, the octal (radix 8) and hexadecimal (radix
16) are important in digital computer workhd eight symbols of the octal system are 0, 1, 2, 3, 4, 5,
6, and 7. The 16 symbols of the hexadecimal system are 0, 1, 2, 3,4,5,6,7,8,9,A,B, C, D, E, and
F. The last six symbols are, unfortunately, identical to the letters of the alphabet acausan
confusion at times. However, this is the convention that has been adopted. When used to represent
hexadecimal digits, the symbols A, B, C, D, E, F correspond to the decimal numbers 10, 11, 12, 13,
14, 15, respectively. A number in radix r can be ested to the familiar decimal system by forming
the sum of the weighted digits. For example, octal 736.4 is converted to decimal as follows:

(73643 =7 X E+3X8+6XP+4X8=7X64+3X8+6X1+4/8=(4785%)
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The equivalent decimalumber of hexadecimal F3 is obtained from the following calculation:
(F3ue=F X 16 +3=15 X 16 + 3 = (241)
Octal and Hexadecimal Numbers

The conversion fronDecimal to Bnary, Octal, and lxadecimal representation plays an
important part in digitatomputers. Since®2= 8 and 2 = 16, each octal digit corresponds to three
binary digits and each hexadecimal digit corresponds to four binary digits. The conversion from
binary to octal is easily accomplished by partitioning the binary number into gobupsee bits
each. The corresponding octal digit is then assigned to each group of bits and the string of digits so
obtained gives the octal equivalent of the binary number. Consider, for exampleit actfister.

Integer = 41 Fraction = 0.6875

41 0.6875
20 |1 2
10 |0 1.3750
510 x 2
2 11 0.7500
110 X 2
011 1.5000
X 2
1.0000

(41),0 =(101001), (0.6875),0 =(0.1011),

(41.6875),, = (101001.1011),

Conversion of decimal 416875 into binary.

,L 2 . 7 _ 5 4 3 Octal
10101171110110001 1 Binary
A F 6 3 Hexadecimal

Binary, octal, and hexadecimal conversion
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TABLE 3-1 Binary-Coded Octal Numbers

Octal Binary-coded Decimal

number octal equivalent

0 000 0 I
1 001 1
2 010 2 Code
3 011 3 for one
4 100 4 octal
5 101 5 digit
6 110 6
7 111 7 l
10 001 000 8

11 001 001 9

12 001 010 10

24 010 100 20

62 110 010 50

143 001 100 011 9

370 011 111 000 248

Dr. M. Kalpana Devi, Assoc. Profess&,TAMS



@ SREENIVASA INSTITUTE OF TECHNOLOGY AND MANAGEMENT STUDIES.

) (AUTONOMOUS)
N MCA DEPARTMENT

LECTURE NOTES
Computer Organization and Architecture

TABLE 3-2 Binary-Coded Hexadecimal Numbers

Hexadecimal Binary-coded Decimal

number hexadecimal  equivalent

0 0000 0

1 0001 1

2 0010 2

3 0011 3

4 0100 4

5 0101 5

6 0110 6 Code
7 0111 7 for one
8 1000 8 hexadecimal
9 1001 9 digit
A 1010 10

B 1011 11

C 1100 12

D 1101 13

E 1110 14

F 1111 15

14 0001 0100 20
32 0011 0010 50
63 0110 0011 99
F8 1111 1000 248

Decimal Representation

Binary Number System is the most natural system for a computer, but the people are
accustomed to the decimal syste@®ne way to solve thisonflict is to convert all input decimal
numbers into binary numbers, let the computer perform all the operations in binary and convert the
result into decimal. It is also possible for the computer to perform all arithmetic operations directly
with decimalnumbers provided they are placed in the registers in a coded form.

It is important to understand the difference between the conversion of decimal numbers into
binary and the binary coding of decimal numbers. For example when converted into binary number,
the decimal number 99 is represented as 1100011. But when represented in BCD it is

1001 1001
Few decimal numbers and their representation in BCD are as follows
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TABLE 3-3 Binary-Coded Decimal (BCD) Numbers

Decimal Binary-coded decimal

number (BCD) number
0 0000
1 0001 [
2 0010
3 0011 Code
4 0100 for one
5 0101 decimal
6 0110 digit
7 0111
8 1000 l
9 1001
10 0001 0000
20 0010 0000
50 0101 0000
99 1001 1001
248 0010 0100 1000

Alphanumeric Representation

Many applications of digital computers require handlingaif that consists of not only of numbers
but also letters and special characters. The standard alphanumeric binary code is ASCIl (American
Standard Code for Information Interchange) which uses 7 bits to code 128 characters.
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TABLE 3-4 American Standard Code for Information [nterchange (ASCII)

Binary Binary
Character code Character code

A 100 0001 0 011 0000
B 100 0010 1 011 000N
C 100 0011 2 011 0010
D 100 0100 3 011 0011
E 100 0101 4 011 0100
F 100 0110 5 011 0101
G 100 0111 6 011 0110
H 100 1000 7 011 0111
I 100 1001 g 011 1000
J 100 1010 9 011 1001
K 100 1011
L 100 1100
M 100 1101 space 010 0000
N 100 1110 ' 010 1110
L8] 100 1111 { 010 1000
P 101 0000 + 010 1011
Q 101 0001 b3 010 0100
R 101 0010 - 010 1010
5 101 0011 ) 010 1001
T 101 0100 - 010 110
u 101 0101 ! 010 1111
Vv 101 0110 . 010 1100
W 101 0111 = 011 1101
x 101 1000
Y 101 1001
Z 101 1010

Complements

Complements & used in digital computers for simplifying the subtraction operation and for logical
manipulation. There are two types of complements for each base r system: the r's complement and
the (r- I)'s complement.

9' s complement ,10's complement
I's complemen,2's complement

When the value of the base r is substituted in the name, the two types are referred to as the 2's and 1'
complement for binary numbers and the 10's and 9's complement for decimal numbers.

(r - 1)'s Complement

Given a number N in baséhaving n digits, the (1)'s complement of N is defined as
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(r'-1)-N.
For decimal numbers r = 10 andt = 9, so the 9's complement of N is
(10'- 1) - N.

Now, 10" represents a number that consists of a single 1 followed by n 0'4.i48' number
represented by n 9's.

For example, with n = 4 we have*#® 10000 and 10- 1 = 9999. It follows that the 9' s
complement of a decimal number is obtained by subtracting each digit from 9.

For example, the 9's complement of 546700 is
999999- 546700 = 453299
and the 9's complement of12389 is 99999 12389 = 876I0.
For binary numbers, r=2 and t = 1, so the 1's complement of N is
(2'-1)- N.

Again, 2'is represented by a binary number that consists of a 1 followed by n-@'Is2 binary
number represented by n 1's.

For example, with n = 4, we havé 2 (10000), and 2- 1 = (1111). Thus the 1's complement of a
binary number is obtaigeby subtracting each digit from 1. However, the subtraction of a binary
digit from 1 causes the bit to change from 0 to 1 or from 1 to 0. Therefore, the 1's complement of a
binary number is formed by changing 1's into 0's and 0's into 1's. For exaraplés domplement of
1011001 is 0100110 and the 1' s complement of 0001111 is 1110000. ThEs(complement of

octal or hexadecimal numbers are obtained by subtracting each digit from 7 or F (decimal 15)
respectively.

(r's) Complement

The r's complen# of an ndigit number N in base ris definedasN  f or N | 0 an
= D. Comparing with the (r1)'s complement, we note that the r's complement is obtained by adding
1 to the (- 1)'s complement since
r-N=[(r-1)-N]+1.
Thusthe 10's complement of the decimal 2389 is 7610 + 1 = 7611 and is obtained by adding 1 to the
9' s complement value.
The 2's complement of binary 101100 is
010011 + 1 =010100

and is obtained by adding 1 to the 1's complement value. Since 10' is a maprbeented by a 1
followed by n O's, then 10'N, which is the 10's complement of N, can be formed also be leaving all
least significant 0's unchanged, subtracting the first nonzero least significant digit from 10, and then
subtracting all higher signdant digits from 9.

The 10's complement of 246700 is 753300 and is obtained by leaving the two zeros
unchanged, subtracting 7 from 10, and subtracting the other three digits from 9. Similarly, the 2's
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complement can be formed by leaving all least sicgnit 0's and the first 1 unchanged, and then
replacing 1's by 0's and O's by 1's in all other higher significant bits. The 2's complement of 1101100
is 0010100 and is obtained by leaving the two-tower O's and the first 1 unchanged, and then
replacingl's by 0's and 0's by 1's in the other four most significant bits.

Subtraction of Unsigned Numbers

The direct method of subtraction taught in elementary schools uses the borrow concept. In
this method we borrow a 1 from a higher significant position viherminuend digit is smaller than
the corresponding subtrahend digit. This seems to be easiest when people perform subtraction with
paper and pencil. When subtraction is implemented with digital hardware, this method is found to be
less efficient than thenethod that uses complements. The subtraction of tel@it unsigned
numbers MN (N I 0) in base r can be done as follo

1. Add the minuend M to the r's complement of the subtrahend N.
This performs M + (- N) = M-N +r".
2. If M > N, the sum willproduce an end carry r' which is discarded, and what is left is the result
M - N.
3. If M < N, the sum does not produce an end carry and is equal (fd ¥'M), which is the r's
complement of (N M).

To obtain the answer in a familiar form, take thes complement of the sum and place a
negative sign in front. Consider, for example, the subtraction 7258250 = 59282. The I0's
complement of 13250 is 86750. Therefore:

M= 72532
10’s complement of N = +86750
Sum = 159282

Discard end carry 10° = =100000
Answer = 59282

Now consider an example with M < N. The subtraction 13250 - 72532
produces negative 59282. Using the procedure with complements, we have

M= 13250
10’s complement of N = +27468
Sum = 40718

There is no end carry
Answer is negative 59282 = 10's complement of 40718

Since we are dealing with unsigned numbers, there is really no way to get an unsigned result for the
second example. When working with paper and pencil, we recognize that the answer must be
changed to a signed negative number. When subtracting with coergkenthe negative answer is

recognized by the absence of the end carry and the complemented result. Subtraction with
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complements is done with binary numbers in a similar manner using the same procedure outlined
above. Using the two binary numbers X = 1000 and Y = 1000011, we perform the subtraction X
-'Y and Y-X using 2's complements:

X = 1010100

2’s complement of Y = +0111101
Sum = 10010001

Discard end carry 27 = —10000000
Answer: X — Y = 0010001

Y = 1000011

2’s complement of X = +0101100
Sum = 1101111

There is no end carry

Answer is negative 0010001 = 2’s complement of 1101111

Fixed-Point Representation

Positive integers, including zero, can be represented as unsigned numbers. However, to
represent negative integers, we needtation for negative values. In ordinary arithmetic, a negative
number is indicated by a minus sign and a positive number by a plus sign. Because of hardware
limitations, computers must represent everything with 1's and 0's, including the sign of a Msnmber.

a consequence, it is customary to represent the sign with a bit placed in the leftmost position of the
number. The convention is to make the sign bit equal to O for positive and to 1 for negative. In

addition to the sign, a number may have a binargléoimal) point. The position of the binary point

is needed to represent fractions, integers, or mixed infegion numbers. The representation of

the binary point in a register is complicated by the fact that it is characterized by a position in the

register. There are two ways of specifying the position of the binary point in a register: by giving it a

fixed position or by employing a floatiAgpint representation.

The fixedpoint method assumes that the binary point is alweysl in one positionThe two
positions most widely used are

(1) a binary point in the extreme left of the register to make the stored number a fraction, and
(2) a binary point in the extreme right of the register to make the stored number an integer.

In either case, thbinary point is not actually present, but its presence is assumed from the
fact that the number stored in the register is treated as a fraction or as an integer. Thepfiazting
representation uses a second register to store a number that designpétesstithre of the decimal
point in the first register. Floatingoint representation is discussed further in the next section.

Integer Representation

When an integer binary number is positive the sign is represented with 0, when the number is
negative theign is represented by 1 but the rest of the number is represented in one of three possible
ways:
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2. Signed 16 Compl ement representation.

1. Signed Magnitude representation.
s
3. Signed 26s Compl ement representation.

Signed Magnitude representation of negative Inemmconsists of the magnitude and negative

number . I n the other t wo representations,
compl ement or 206s complement of i1its positive
For example,

+ 14is represented in the 8 bit register as 00001110
There are three different ways to represént

In Signed Magnitude representation: 1 0001110
I n Signed 16s Compl ement representation
I n Signed 26s Compl ement representation

The Signed Magnitude representationbfis obtained fromt+14 by complementing signed bit.

Signed magnitude method is employed in ordinary arithmetic but it is not suitable for
computer arithmetic. Signed 16s compl ement me
forO(+0and0). The si gned binary arithmetic entirely d

Arithmetic Addition

Addition of two numbes in signed magnitude system follows the rules of ordinary arithmetic. For
example

(+32) + ¢ 45) =- (45-32) =- 13

This process requires compam of signs and magnitudes and then performing addition or
subtraction. I n Signed 26s compl ement met hod,
addition and complementation.

+6 00000110 -6 11111010
+13 00001101 +13 00001101
+19 00010011 +7 00000111
+6 00000110 -6 11111010
-13 11110011 -13 11110011
-7 11111001 -19 11101101

In each of the above four cases, the operation performed is onljoaddiy carry out of the sign
bit position is discarded and negative resul t:

Arithmetic Subtraction

Subtraction of two signed binary numbers i s a
add it to theminuend, a carry out of the sign bit position is discarded. Therefore computers need only
one common circuit to handle both types of operations.

Dr. M. Kalpana Devi, Assoc. Profess&,TAMS 45



N SREENIVASA INSTITUTE OF TECHNOLOGY AND MANAGEMENT STUDIES.
0% 0 (AUTONOMOUS)

Bl MCA DEPARTMENT

LECTURE NOTES

Computer Organization and Architecture

Consider the subtraction §)1 (- 13) = +7
11111010 11110011 =11111010 + 00001101 = 100000111
Discard carry, which is equivalent to +7

Overflow

When two digits of length n digits, each are added and the sumiegcuofi) digits, we say that an
overflow occurredAn overflow is a problem in digital computers, because the length of the register
isfixed. The result of (n+1) bits candét be accom

Many computers detect the occurrence of the overflow and when it occurs, a corresponeiog Flip
is set, which can then be used for other processing.

The detection of overflow after the addition of two binary numbers depends on whether the numbers
are considered as signed or unsigned.

1 When the two numbers added are unsigned, an overflow is detected from the end carry out of
the most significant digit.

1 Whenthe numbers arsigned, the left most bit is represented for sign and negative numbers
ar e complenZited form. When they are added, the sign bit is considered as part of the
number and the end carry does not indicate an overflow.

An overflow cannot oaar if one number is positive and one number is negative. Since adding a
positive number to negative number produces a result that is smaller than the larger of the two
umbers. An overflow occur when two numbers both are positive or negative.

carries: 0 1 carries: 1 0
+70 0 1000110 =70 1 0111010
+80 0 1010000 —80 1 0110000
+150 1 0010110 =150 0 1101010

If two carries are applied to EXOR gate, an over flow can be detected, when it gives 1 as output.

Floating Point Representation

A Floating Pointrepresentation of aumberhas two parts, the first part represents a signed
fied point number calleMantissa The secongbart designates the position of the decimal point and
is called as areExponent The fixed point mantissa may be fraction or integer. For example the
decimal number +6132.789 is represented in floating point with a fraction and an exponent as
follows:

Mantissa Exponent
+0.6132789 +04

The value of the exponent indicates that the actual position of the decimal point if four
positions to the right of the indicated decimal point in the fraction. This representation is equivalent
to the scientific notéon; 0.6132789 X 1¢
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ieintheformat M X IF

Only the mantissa and exponent are physically represented in the refiteradix and
radix point position of mantissa are always assumed. Floating point binary number is represented in a
similar manner except that it uses base 2 for the exponent. For example a binary number +1001.11 is
represented with 8 bit mantissa and 6 bit exponent is as follows:

Mantissa Exponent
01001110 000100
Left most O represent positive number, this is equintate
+(.10011102 X 2

Normalization

A Floating point number is said to be normalized if the most significant digit of the mantissa
is non zero. For example the number 350 is normalized but 00035 is not. Regardless of where the
radix point isassumed to be in the mantissa, the number is normalized only when its left most digit is
non zero.

For example the numb&0010110 is nohormalized,this humber can be normalized by
shifting thethree position left and discarding tleading zeroe$o obtain 10110000. The three shift
multiply the number with 2 Normalized numbers provide the maximum possible precision for the
floating point numbers.

Other Binary Codes

Some of the commonly used Binary Codes. The following is the list:

8421 Codes
2421Codes
5211 Codes
Excess3 Codes
Gray Codes

=A =4 =4 =4 4

In the above list, the first three i.e. 8421, 2421 and 5211 are Weighted codes while the other two are
nonweighted binary codes.

8421 Code or BCD Code

The decimal numbers 0, 1, 2, 3, 4, 5, 6, 7, 8, 9 caaxpeessed in Binary numbers as shown below.

All these binary numbers again expressed in the last column by expanding into 4 bits. As per the
weighted binary digits, the 4 Bit binary numbers can be expressed according to their place value
fromlefttorightas 8421 (2] 2] 2717 2 = 8421) .
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DECIMAL BINARY 4 BIT
NUMBER NUMBER EXPRESSION(8421)

0 0 0000
1 1 0001
2 10 0010
3 11 0011
4 100 0100
5 101 0101
6 110 0110
7 111 0111
8 1000 1000
9 1001 1001

As per the above expression all the decimal numivéatten in the 4 Bit binary code in the form of
8421 and this is called as 8421 Code and also as Binary coded decimal BCD.

As this is a straight code, any Decimal number can be expressed easily because the weights of the
positions are straight for easy e@nsion into this 8421 code.

There are other forms of codes which are not so popular but rather confusing. They are 2421 code,
5211 code, reflective code, sequential code,- megighted coded, exceSscode and Grey code.

They are having their own importeas for some of the exclusive applications and may be useful for
some of the typical applications.

2421 Code

This code also a 4 bit application code where the binary weights carry 2, 4, 2, 1 from left to right.

DECIMAL BINARY

NUMBER NUMBER 2421 CODE

0 0 0000

Dr. M. Kalpana Devi, Assoc. Profess&,TAMS 48



o

[@‘1 SREENIVASA INSTITUTE OF TECHNOLOGY AND MANAGEMENT STUDIES.
ﬁﬁ@g (AUTONOMOUS)
b/ MCA DEPARTMENT

LECTURE NOTES

Computer Organization and Architecture

N

DECIMAL BINARY

NUMBER  NUMBER 2421 CODE
1 1 0001
2 10 0010
£ 11 0011
4 100 0100
5 101 1011
6 110 1100
7 111 1101
8 1000 1110
9 1001 1111

Excess3 Code

As mentioned above, some of the codes will not follow the binary weights, Bxcede is an
example of it and it is an importa#tbit code. The exce$s3 code of a decimal number is achieved
by adding the number 3 to the 8421 code.

For example to convert 15 to an exe8s0de, first 3 to be added to each digit as shown below.

1 5
+ 3 +3
a4 8

This has to be converted into BCD form as:

4 8
0100 1000

So, 0100 1000 is the excess-3 code stands for decimal 15.

BACKTO TOP
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Excess-3 Code Examples
1. Find the exces8 code 0f(237.75)0
2. Find the decimal number of excedsiumber 110010100011.01110101.
Sol:
1) The exces8 code for (237 is obtained by adding 3 to all the digits individually, tisa?, 3 an

d 7 will become 5, 6 and 10 respectively. These 5, 6 and 10 decimals have to be converted into
binary form and the result 310101101010.

The excesS code for (.75)p is obtained by replacing 7 and 5 with 10 and 8 respectively by adding 3
to each digit. That is, theexce8s code for (. 75) is.10101000.

Combining the results of the integral and fractional parts, the e@oesde fof 2 3 7. 75) i S
010101101010.10101000.

2) The exces8 code is 110010100011.01110101
By separating 4 bits asa@ip the equivalent exce8scode is given as100 1010 0011.0111 0101.

Subtracting 0011 from each febit group, we obtain the new number 2801 0111 0000.0100
0010.

Therefore, the decimal equivalent is (970:42)

Gray Code

The gray code is the code are one bit will be differed to the preceding number. For
example, decimal numbers 13 and 14 are represented by gray code numbers 1011 and 1001, thes
numbers differ only in single position that is the second position from the right. In the same way first
position on the left changes for 7 and 8 which are 0100 and 1100 and this is also calthstahce
code. The gray code has very special place in digital electronics.

DECIMAL BINARY GRAY
NUMBER CODE CODE
0 0000 0000
1 0001 0001
2 0010 0011
3 0011 0010
4 0100 0110
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DECIMAL BINARY GRAY
NUMBER CODE CODE
5 0101 0111
6 0110 0101
7 0111 0100
8 1000 1100
9 1001 1101
10 1010 1111
11 1011 1110
12 1100 1010
13 1101 1011
14 1110 1001
15 1111 1000

EBCDIC Code

EBCDIC stands for Extended Binary Coded Decimal Interchange Code. IBM invented this
code to extend the Binary Coded Decimal which existed at that time. All the IBM computers and
peripherals use this code. It is ai8 code and therefore can accommoddi& eharacters. Below

are given some characterseEBCDIC codeto get familiar with it.

Error Detection Codes

The binary information is transferred from one location to another location through some
communication medium. The external noise can change bits from 1 to 0 or O to 1.This changes in

values are called errors. For efficient data transfer, there shouldh berrar detection and
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correction codes. An error detection code is a binary code that detects digital errors during

transmission. A famous error detection code is a Parity Bit method.
Parity Bit Method :

A parity bit is an extra bit included in biname s sage to make tot al |

odd or even. Parity word denotes number -of 1
even and odd. I n even parity system 1 i s appe
in string otherwis 0 i s appended to make total even nunm

Il n odd parity system, 1 is appended to bin
an odd number of 106s. The receiver knows t hat
parity generatarSuppose if sender is an odd parity generator then there must be an odd number of
16s in received binary string. I f an error oc

or O to 1, received binary tiwilindicatd dnertorave an e

The limitation of this method is that only error in a single bit would be identified.

Message (XYZ) [P(Odd) P(Even)
000 1 0
001 0 1
010 0 1
011 1 0
100 0 1
101 1 0
110 1 0
111 0 1
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Source Destination

X X

Error
Indiaction
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7/

Parity Generator Parity Checker

Fig: Parity Checker

Basic ComputerQOrganization

Instruction code

A Program, as we all know, is a set of instructions that specify the operations, operands, and the
sequence by which processing has to occurin8tmuction codeis a group of bits that tells the
computer to perform specific operation part.

The operation code of an instruction is a group of bits that define operations such as add, subtract,
multiply, shift and compliment. The number of bits required for the operation code depends upon the
total number of operations alable on the computer. The operation code must consist of ahleast

bits for a given2”*n operations. The operation part of an instruction code specifies the operation to
be performed.

The operation must be performed on the data stored in registersis&oction code therefore
specifies not only operations to be performed but also the registers where the operands(data) will be
found as well as the registers where the result has to be stored.
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Stored Program Organization

The simplest way to organize aroputer is to haverocessor Registeand instruction code with

two parts. The first part specifies the operation to be performed and second specifies an address. The
memory address tells where the operand in memory will be fdostiuctions are storedhione

section of memory and data in another.

Memory
Instruction
Opcode address
Instruction Format Operands
Binary Operand AC

Computers with a single processor register is knowAcasmulator (AC). The operation is

performed with the memory operand and the content of AC.

Addressing Modes

The operation field of an instructi@pecifies the operation to be performed. This operation will be
executed on some data which is stored in computer registers or the main memory. The way any
operand is selected during the program execution is dependent on the addressing mode of the

instructon.

Types of Addressing Modes

Below we have discussed different types of addressing modes one by one:

1. Immediate Mode

In this mode, the operand is specified in the instruction itself. An immediate mode instruction has an
operand field rather than tlaeldress field.
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2. Register Mode

In this mode the operand is stored in the register and this register is present in CPU. The instruction
has the address of the Register where the operand is stored.

Instruction

Opcode Register Address R

Register, in CPU

Operand

3. Register Indirect Mode

In this mode, the instruction speeidi the register whose contents give us the address of operand
which is in memory. Thus, the register contains the address of operand rather than the operand

itself.

Instruction Memory

Opcode Register Address R

l &—» Operand
Register, in CPU

Pointer to
Operand

—
<
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4. Direct Addressing Mode
In this mode, effective address of operand is present in insinutself.

1 Single memory reference to access data.
T No additional calculations to find the effective address of the operand.

Instruction
Memory

Cpcode Address A

l » Operand

5. Indirect Addressing Mode
In this, the address field of instruction gives the address where the effective address is stored in
memory. This slows down the execution, as this includes multiple memory lookups to find the

operand.
Instruction
Memo
Opcode Address A 24
1 Pointer to
¥  Operand

Operand €=
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6. Displacement Addressing Mode
In this the contents of the indexed register is added to the Address part of the instruction, to obtain
the effective addresof operand.

EA = A + (R), In this the address field holds two values, A(which is the base value) and R(that holds
the displacement), or vice versa.

Instruction
i , Memory
Opcode Register R | el
1 £ Operand
2
Register, in CPU
Pointer to
“eouep  Operand

_—

7. Relative Addressing Mode
It is a version of Displacement addressing mode.

In this the contents dPC(Program Counter) is added to address part of instruction to obtain the
effective address.

EA = A + (PC) where EA is effective address and PC is program counter.

The operand is A cells away from the current cell(the one pointed to by PC)

8. Base Register Aldressing Mode

It is again a version of Displacement addressing mode. This can be deftbed=as + (R), where
A is displacement and R holds pointer to base address.

9. Stack Addressing Mode

In this mode, operand is at the top of the stack. For exaple; this instruction willPOPtop two
items from the stack, add them, and will ti8SHthe result to the top of the stack.
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Computer Registers

Registers are a type of computer memory used to quickly accept, store, and transfer data and
instructions that arbeing used immediately by the CPU. The registers used by the CPU are often
termed as Processor registers.

A processor register may hold an instruction, a storage address, or any data (such as bit sequence o
individual characters).

The computer needs pressor registers for manipulating data and a register for holding a memory
address. The register holding the memory location is used to calculate the address of the next
instruction after the execution of the current instruction is completed.

Following isthe list of some of the most common registers used in a basic computer:

Register Symbol  Number Function
of bits
Data register DR 16 Holds memory operanc
Address register AR 12 Holds address for the
memory
Accumulator AC 16 Processor register
Instruction IR 16 Holds instruction code
register
Program counter PC 12 Holds address of the
instruction
Temporary TR 16 Holds temporary data
register
Input register INPR 8 Carries input character
Output register OUTR 8 Carries output
character
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Thefollowing image shows the register and memory configuration for a basic computer.

Register and Memory Configuration of a basic computer:

1 0
PC
1 0
AR
Memory
4096 words
16 bits per word
15 0 S
IR
15 0
15 0 DR
TR
15 0
AC
7 0 7 0
QUTR INPR

The Memory unit has a capacity of 4096 words, and each word contains 16 bits.

The Data Register (DR) contains 16 bits which hold the operand read from the memory
location.

The Memory Address Register (MAR) contains 12 bits which hold the address for the
memory location.

The Program Counter (PC) also contains 12 bits which hold the address of the next
instruction to be read from memory after the current instruction is eccut

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 the temporary data during the processing.
The InputRegisters (IR) holds the input characters given by the user.

The Output Registers (OR) holds the output after processing the input data.

Dr. M. Kalpana Devi, Assoc. Profess&,TAMS 59



o=
N
A}

SREENIVASA INSTITUTE OF TECHNOLOGY AND MANAGEMENT STUDIES.

:“H\w (AUTONOMOUS)
Vg MCA DEPARTMENT

Pt

LECTURE NOTES
Computer Organization and Architecture

Common Bus System

The basic computer has 8 registers, a memory unit and a control unit. Paths must be provided
to transfer data from one register to another. An efficient method for transferring data in a system is
to use &ommon Bus SystemThe output of registers and memory are connected to the common
bus.

Paths must be provided t@nsfer information from oneegister to another and between
memory and register§he number of wires will be excessive if connections are made between the
outputs of each register and the inputs of the other registers. A more efficient scheme for transferring
information in a systenwith many registers is to use a common bus. We can construct a bus
systemusing multiplexers or threstate buffer gateswe just have to connect thegisters and
memoryof the basic computer to a common bus system.

Theoutputsof seven registers and mery are connected to the common .blise specific
output that is selected for the bus lines at any given time is determined from the binary value of the
selection variables S2, S1, and $Be number along each output shows the decimal equivalent of
the required binary selectiofor example the number along the output of DR is 3. Thebit6
outputs of DR are placed on the bus lines when S2S1S0 = 011 since this is the binary value of
decimal 3.

Thelines from the common bus are connected to the inputsadh register and the data
inputs of the memorylhe particular register who&d® (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 activatedhe memory places its it output onto the bus when the read
input is activated and S2S1S0 = 111.

Four registersDR, AC, IR, and TRhave 16 bits each. Two registers, ARd PC, have 12
bits each since they hold a memory address. When the conté&iRsarfPC are applied to the <t
common bus, the four most significant bits are set to O's. When AR or PC receive information from
the bus, only the 12 least significant bits are transferred into the register.

The input register INPR and the output stgiOUTR have 8 bits each and
communicataevith the eight least significant bits in the biUMPR is connected to provide
information to the bus b@UTR can only receive infaration from the buslhis is becaustNPR
receives a character from an inpi@vice which is then transferred to AC

The 16 inputs of AC come from an adder and logic cir@iiis circuit has three sets of
inputs One set of 14it inputs come from the outputs of AC . They are used to implement register
rnlcrooperations such as colement AC and shift AC . Another set of-bé inputscome from the
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data register DRThe inputs from DR and AC are used for arithmetic and logic microoperations
such as add DR to AC or AND DR to AC . The result of an addition is transferred to AC adithe
carry-out of the addition is transferred to fiffop E (Extended AC bit)A third set of 8bit inputs

come from the input register INPR.
Memory Unit 4096*16 r_ 7

I write I read

H AR
| o e Joir T
H PC )_“
o LT T
H DR N
Tve lor e
AC ¥
g |c:_%,r

74
74

IQ &
TR > 3
[0 Tnr Jor oa
OUTR W LD

16 bit common bus

Computer Instructions

Computer instructions are a set of machine language instructions that a pajimdassor
understands and executes. A computer performs tasks on the basis of the instruction gkovided.
instruction comprises of groups called fields. These fields include:
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o The Operation code (Opcode) field which specifies the operation to be performed.

o The Address field which contains the location of the operand, i.e., register or memory
location.

o The Mode field which specifies how the operand will be located.

~

L Mode Opcode Operand/ address of Operand J

A basic computer has three instruction code formats which are:

1. Memory- reference instructio
2. Register- reference instruction

3. Input-Output instruction
Memory- reference instruction

15 14 12 1 0

[ | Opcode Address J

{Opcode = 000 through 110)

In Memoryreference instruction, 12 bits of memory is used to specify an address and one bit to
specify the addressing mode 'I'.

Register- reference instruction
15 12 1 0

[ 0 1 1 1 Register Operation J

(Opcode =111, 1=0)

The Registereference instructions are represented by the Opcode 111 with a O in the leftmost bit
(bit 15) of the instruction.

A Registefreference instruction specifies an operation on or a test of the AC (Accumulator) register.
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Input-Output instruction
15 12 11 0

1 1 1 1 1/O Operation

(Opcode = 111,1=1)

Just like the Registaeference instruction, an Inp@utput 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 bfibe inputoutput operation or test performed.

Instruction Set Completeness
A set of instructions is said to be complete if the computer includes a sufficient number of

instructions in each of the following categories:

o Arithmetic, logical and shift instictions

o A set of instructions for moving information to and from memory and processor registers.

o Instructions which controls the program together with instructions that check status

conditions.

o Input and Output instructions
In order to specify the microperations needed for the execution of each operation, it is necessary
that the function intended to perform be defined precisely.

Memory- Reference Instructions
In order to specify the micro operations needed for the execution of each operatiorecidsary

that the function intended to perform be defined precisely. The decoded output=D,1,2,3,4,5,6
from the operation decoder that belongs to each instruction is included in the following table.

Operation
Symbol decoder Symbolic description
AND Do AC<—AC N\ M[AR]
ADD D, AC<AC + M[AR], E«Coun
LDA D; AC < M[AR]
STA D, M[AR] < AC
BUN D, PC+< AR
BSA Ds M[AR)«PC, PC+«~AR +1
ISZ D¢ M[AR) < M[AR] + 1,

If M[AR] + 1 =0then PC«PC + 1
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AND to AC

This is an instaruction that perfortime AND logic operation on pairs of bits in AC and the memory
word specified by the effective address. The resulh@foperation is transferred to AC . The micro
operations that exeate this instruction are:

DOT4:DR<-M[AR]
DOT5:AC<-AC/\DR, SC<--0

The control function for this instruction uses the operation decoder DO since this output of the
decoder is active when the instruction has an AND operation whose binary code vallie’®00.
timing signals are needed to execute the instmcflde clock transition associated withming
signalT4 transfers the operand from memory into DR . The clock transition associated with the next
timing signal T5 transfers to AC the result of the AND logic operation between the contents of DR
and AC. Tle same clock transition clears SC to 0, tramgfgrcontrol to timing signal TO to start a

new instruction cycle.

ADD to AC

This instruction adds the content of the memory word specified by the effective address to the value
of AC . The sum igransferred into AC and the output carry.@ transferred to the E (extended
accumulator) flipflop. The rnicrooperions needed to execute this instruction are

DiT4aDRY M[ AR]
DiTss ACYAC + DReu, ESO Y

Same Two timing signald,, and T5, araised again but with operatiolecoder D1 instead of DO,

which was used for the AND instruction. After the instruction is fetched from memory and decoded,
only one output of the operation decoder will be active, and that output determines the sequence of
microoperations that the control follows during the execution of a merat@sence instruction.

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

D2T4 D R YM[AR]
D2Ts: ACYDR YO
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Looking back at the bus system shown inufgwe note that there is no direct path from the bus
into AC . The adder and logic circuit receive information from DR which can be transferred into
AC. Therefore, it is1ecessary to read tineemory word into DR first and then transfer the content of
DR into AC . The reason for not connecting the bus to the inputs of AC is the delay encountered in
the adder and logic circuit. It is assumed that the time it takes to madrfemory and transfer the

word through the bus as well as the adder and logic circuit is more than the time of one clock cycle.
By not connecting the bus to the inputs of AC we can maintain one clock cycle per microoperation.

STA: Store AC

This instructiom stores the content of AC into the memory word specified by the effective address.
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:

D3T4:M [ ARAC,Y SC Y O©
BUN: Branch Unconditionally

This instruction transfers the program to the instruction specified by the effective address.
Remember that PC holds the address of the instruction to be read from memory in the next
instruction cycle. PC is incremesat at time T1 to prepare it for the address of the next instruction in
the program sequence. The BUN instruction allows the programmer to specify an instruction out of
sequence and we say that the program branches (or jumps) unconditionally. The insisuctio
executed with one microoperation:

D4AT4:PC Y AR, SC Y O

The effective addressdm ARis transferred through the common bus to PC .Resetting SC to 0
transfers control to TOA The next instruction
given by the new value in PC .

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 s€gunctt 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 in Tablel ith the following register transfer:

M[AR] <-- PC, PC < AR + |
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A numerical example that demonstrates how this instruction is used with a subroutine is shown in
Fig. 510. The BSA instruction is assumed to be in memory at address 20. The | bit is @ and th
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. Ehshown in part (a) of the figure. The BSA
instruction performs the following numerical operation:

M[135] <-- 21, PC <- 135 + 1 = 136

Memory Memory
20 0 BSA 135 20 0 BSA 135
PC=21 Next instruction 21 Next instruction
AR =135 135 21
136 Subroutine PC =136 Subroutine
1 BUN 135 1 BUN 135
(a) Memory, PC, and AR at time T, (b) Memory and PC after execution

The result of this operation is shown in part (b) of the figure. The return address 21 is stored in
memory locatiorl35 and control continues with the subroutine program starting from address 136.
The return to the original program (at address 21) is accomplished by means of an indirect BUN
instruction placed at the end of the subroutine. When this instruction is @xecantrol 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 R@th the value 21, so control continues to execute the instruction

at the return address.

ISZ: Increment and Skip if Zero

This instruction increments the word specified by the effective address, and if the incremented
value is equal to 0, PC is incremeshiey 1. The programmer usually stores a negative number (in
2's complement) in the memory word. As this negative number is repeatedly incremented by one, it
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eventually reaches the value of zero. At that time PC is incremented by one in order to skip the ne
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:

D6T4: DR<--M[AR]
D6T5: DR<--DR+1
D, T,: M[AR]<--DR, i f (DR = 0) then (PC Y PC + 1) .

Registeri Reference Instructions

Registerreference instructions are recognized by the control when 07 = 1 and | = 0. These
instructions use bits 0 through 11 of thetruction code to specify one of 12 instructions. These 12
bits are availableinIR(@ 1) . They were also transferred to

The control functions and microoperations for the registirence istructions are. listed in
the following Talte. These instructions are executed with the clock transitiortiassad with timing
variable T3.Each control function needs the Boolean relation D7I'T3, which we designate for
convenience by the symbol r. The control function is distinguished by ome diits in IR(G11).
By assigning the symbol B, to bit i of IR, all control functions can be simply denoted by rB;.

For example, the instruction CLA has the hexadecimal code 7800 (see Tahlavltich
gives the binary equivalent 0111 1000 0000 0000. fiflse bit is a zero and is equivalent to I'. The
next three bits constitute the operation code and amgnized from decoder output DBit 11 in
IR is | and is recognized from 81The control function that initiates the rnicrooperation for this
instrwction is D7I'T3B11 = rB11The execution of a registeeference instrction is completed at
time T3. The sequence counter SC is cleared to 0 and the control goes back to fetch the next
instruction with timing signal TO.
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D;I'T; = r (common to all register-reference instructions)
IR(i) = B; [bit in TR(0-11) that specifies the operation]

r: SC<«0 Clear SC
CLA 7rBy: AC<«0 Clear AC
CLE rBy: E<0 __ Clear E
CMA rBy: AC<«AC Complement AC
CME rBg: E<«E Complement E

CIR rByi: AC<«shr AC, AC(15)«E, E<« AC(0) Circulate right
CIL rBy: AC<shl AC, AC(0)«<E, E<AC(15) Circulate left
INC rBs: AC<AC+1 Increment AC
SPA rBy: If (AC(15) = 0) then (PC < PC + 1) Skip if positive
SNA rB;: If (AC(15) = 1) then (PC < PC + 1) Skip if negative

SZA rB;: If (AC = 0) then PC« PC + 1) Skip if AC zero
SZE rBy: If (E =0) then (PC«PC + 1) Skip if E zero
HLT rB,: S <0 (Sis a start-stop flip-flop) Halt computer

Timing and Control

The timingfor all registers in the basic computer is controlled by a master clock generator. The
clock pulses are applied to all fiffpps and registers in the system, including the-filjps and
registers in the control unit. The clock pulses do not changedteedfta register unless the register

is enabled by 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 #accumulator.

There are two major types of control organization:

1. hardwired control and
2. microprogrammed control.

In the hardwired organization, the control logic is implemented with gates, flipps, decoders,

and other digital circuits. It has tlaglvantage that it can be optimized to produce a fast mode of
operation. In the microprogrammed organization, the control information is stored in a control
memory. The control memory is programmed to initiate the required sequence of microoperations.
A hardwired control, as the name implies, requires changes in the wiring among the various
components if the design has to be modified or changed.
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Control Unit of a Basic Computer:

Instruction register (IR)

[ 15 |14 13 12 1-0 J Other Inputs
Y Y Y l
3x8
v decider I / \
I T6 543 210
l i li l l Do Control
N ——
- Control Logic Outputs
D7 > Gates
T15 :
T
1 < o

1514 . 2 1 0

4 %16
decoder

A A A A

«——— Increment (INR)

4 Bit Sequence |g ____ glear (CLR)
Counter

(SC)

<J¢— Clock

In the microprogrammed control, any required changes or modifications can be done by updating
the microprogramn control memory.

Instruction Cycle

A program residing in the memory unit of a computer consists of a sequence of instructions. These
instructions are executed by the processor by going through a cycle for each instruction.

In a basic computer, eagafstruction cycle consists of the following phases:

Fetch instruction from memory.

Decode the instruction.

Read the effective address from memory.
Execute the instruction.

P wnNn R
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Upon the completion of step the control goes back to step 1 to fetch, decodegrecute the next
instruction. This process continues indefinitely unless a HALT instruction is encountered.

Fetch and Decode

Initially, the program counter P8 loaded with the address of the first instruction in the
program.The sequence counter $Xleared to 0, providing a decoded timing signal TO. After each
clock pulse, SC is incremented by one, so that the timing signals go through a sequence TO, T1, T2,
and so onThe mcrooperationdor the fetch and decode phases can be specified bipltbeiing
register transfer statements.

TO: AR Y PC
T1: IR Y M[AR], PC Y PC + 1
T2: DO, .... ,-1&8)7, YAREX)OJdAR( OR(IIR( 15)
Since only ARis connected to the address inputs of memory, it is necessary to transfer the
address from PC tAR during the clock transition associated with timing signal TO. The instruction

read from memory is then placed in the instruction register IR with the clock transition associated
with timing signal T1.
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Common bus

Figure Register transfers for the ferch phase,

At the same timePC is incremented by one poepare it for the address of the next instruction in the
program. At time T2, the operation code in IR is decoded, the indirect bit is transferreefltpflip
and the address part of thesiruction is transferred to ARlote that SGs incremented &r each
clock pulse to produce the sequence TO, T1, and-ifRire aboveshows how the first two register
transfer statements are implemented in the bus sy3temrovidethe data path for the transfer of
PC to AR we must apply timing signal TO to aclaekie following connection:

1. Place the content of PC onto the bus by making the bus selection inputs
$S1S equal to 010.
2. Transfer the content of the bus to AR by enabling the LD input of AR .
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The next clock transitiomitiates the transfer from P© AR since TO = 1. In order to implement the
second statement : T1: IR Y M[AR], PC Y PC +
the following connections in the bus system.

1. Enable the read input of memory.

2. Place the content of memomto the bus by making:$1So = 111.

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

4. Increment PC by enabling the INR input of PC.
The next clock transitiomitiates the read and increment operations since T1 =Fidure
aboveduplicates a portion of the bus system and shows how TO and T1 are connected to the control

inputs of the registers, the memory, and the bus selection inputs. Multiple input OR gates are
included in the diagram because there are other control functiongilthaitiate similar operations.

Determine the Type of Instruction

The timing signathat is active after the decoding is. During time &, the control unit determines

the type of instruction that was just read from memdiye flowchart of Fig. belowresents an
initial configuration for the instruction cycle and shows how the control determines the instruction
type after the decodinglhe three possibl@struction types available in the basic computer are
specified in Fig. on basic computer formats.

Figure Basic computer instruction formats.

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

(a) Memory — reference instruction

15 12 11 0

o 1 1 1 Register operation (Opcode =111, [=0)

(b) Register — reference instruction

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

(c) Input — output instruction
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Decoder output bis equal to if the operation code is equal to binary 111. From Fig. on basic
computer formats we determine that it £ 1, the instruction must be ragisterreference or

input-output type.

START
' 3
| SC0 |T1-0
-
{ ARePC
, l »
FETCH IR =M [AR],PC=PC+1 | T-1
, ; )
DECODE OPCODE In(12-14)
AR R(0-11),1 <R(15)
| !

Register OR 1/0 If D7=1 /D 7 Memory Reference If D7=0

\‘\.\v'/l/'
Input /Output If | = },,.-f'"""a.;_\Regislerlf 120 indrectf =1\ Diectf 10
- \ 4 ~} ' \ \
1-3 73 i V13
Y R ‘ { | [ . |
becte | [ Brecute ) (AREM[AR]] ~ Nothing |
Input / Output Register Reference l l
Instruction Instruction [ Execute Memory Reference |
\ _ T-4
\. €«0 / \ X0 J | Instruction, SC« 0

e i e l

If D7 = 0, the operation code must bae of the other seven values 000 through 110, specifying a

memoryreference instructionControl then inspects the valoéthe first bit of the instruction,
which is now available in fliglop I. If D7 = 0 and | = 1, we have a memory reference instractio

with an indirect address.
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It is then necessatyp read the effective address from memory. The microoperation for the
indirect address condition can be symbo.li zec
Initially, AR holds the address part dfet instruction This address is used during the memory

read operation. The word at the address given by AR is read from memory and placed on the
common bus. The LD input of AR is then enabled to receive the indirect address that resided in
the 12 least sigficant bits of the memory word.

The three instruction typese subdivided into four separate paths. The selected operation is
activated with the clock transition associated with timing sigrallhis can be symbolized as
follows:

D7ITss AR Y M[ AR]
D'z I'Tz: Nothing
D7 I'T3: Execute a registaeference instruction

D-IT3: Execute an inpubutput instruction

When a memoryeference instructiowith | = 0 is encountered, it is not necessary to do anything
since the effective address is already in ARdowever, the sequence counter ®0st be
incremented when BX3= 1, so that the execution of the memogference instruction can be
continued with timing variable T

A registerreference or inpubutput instructiorcan be executed with the clock agated with

timing signal &. After the instruction is executed, SC is cleared to 0 and control returns to the fetch
phase with T= 1. Note that the sequence counter iS@ither incremented or cleared to 0 with
every positive clock transition. We waldopt the convention that if SC is incremented, we will not
write the statement SC Y SC + 1, but it wildl

signal i n sequence. When SC is to be&hergistenr ed,
transfermeeded for the execution of the regigtfierence instructions are presented in this section.

Input-Output and Interrupt

A computer can serve no useful purpose unless it communicates with the external environment.
Instructions and data stored nmemory must come from some input device. Computational results
must be transmitted to the user through some output device. Commercial computers include many
types ofinput and output devices. Taemonstrate the most basic regments for input and output
communication, we will use as an illustration a terminal unit with a keyboard and printer.
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Input -Output Configuration

The terminal sends and receives serial information. Each quantity of information has eight bits of an
alphanumeric code. The serial infwaition 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. Theounput
configuration is shown in Fige The transmitter interface receives serial information from the
keyboard and transmits it to INPR. The receiver interface receives information from OUTR and
sends it to the printer serially.

Input - Output Configuration:

Input - Output Terminal Serial Communication Computer registers
Interface &
Flip Flops

Printer }1—{ e }(—{ OUTR <
) ~Interface \ )

—> AC

Keyboard }—>‘ Tlrﬁfesﬁn;f:r }—>{ INPR  ———
The input register INR consists of eight bits and holds an alphanumeric input information.

The bit input flag FGI is a control fliglop. The flag bit isset to 1 when new information is
available in the input device and is cleared to 0 when the information is accepteddmyrihuter.
The flag is needed to synchronize the timing rate difference between the input device and the
computer. The process of information transfer is as follows. Initially, the input flag FGI is cleared to
0. When a key is struck in the keyboard, abit8alphanumeric code is shifted into INPR and the
input flag FGI is set to 1. As long as the flag is set, the information in INPR cannot be changed by
striking another key. The computer checks the flag bit; if it is 1, the information from INPR is

transerred in parallel into AC and FGI is cleared to 0. Once the flag is cleared, new information can
be shifted into INPR by striking another key.

{
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Input -Output Reference Instructions

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

p: SC«0 Clear SC
INP  pB.i: AC(0-7)«INPR, FGI«0 Input character
OUT pBw: 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 pBs.  IEN «1 Interrupt enable on
IOF pBs: IEN <0 Interrupt enable off

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 thé input
output device makes this type of transfer inefficient. An alteremdo 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 compter 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 thenmetto the current
program to continue what it was doing before the interrupt.

The interrupt enable flfflop IEN can be set and cleared with two instructions. When IEN is
cleared to O (with the I0OF instruction), the flags cannot interrupt the compuben VEN 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.

An interrupt flipflop R is included in the computer. When R = 0, the coempgbes through
an instruction cycle. During the execute phase of the instruction cycle IEN is checked by the
control. If it is O, it indicates that the programmer does not want to use the interrupt,so control
continues with the next instruction cyclé.IEN 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 sethdel1EN = 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.

Dr. M. Kalpana Devi, Assoc. Profess&,TAMS 76




TR

<

=y

e

e
%
G-ty
"
<
~

SREENIVASA INSTITUTE OF TECHNOLOGY AND MANAGEMENT STUDIES.
(AUTONOMOUS)
MCA DEPARTMENT

LECTURE NOTES
Computer Organization and Architecture

Instruction cycle =0 /Rk =1 Interrupt cycle

I |

=

L

Fetch and decode Store return address
instruchion in location O
M [0] « PC

b

Execute 1
instruction
Branch to location 1
PC |
'
IEN 0
Re0

Interrupt cycle

The interrupt cycle is a hardware implertsgion 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 durinthe interrupt cycle is shown in the following Figure.
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Memory Memory
] 0 256
110 BUMN 1120 PC=1]0 BUN 1120
255 , 255 .
PC =256 Main 256 Main
program program
1120 1120
/o [f{e]
program program
1 BLUN 0 1 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 irputd output service program in memory starting from address 1120 and a BUN 1120
instruction at address 1. This is shown in Figure(a). When control reaches timing signal TOand
finds that R = 1, it proceeds with the interrupt cycle. The content of PCi@58yred in memory
location 0, PC is set to 1, and R is cleared to 0. The branch instruction at address 1 causes the
program to transfer to the in@ubutput service program at address 1120. This program checks the
flags, determines which flag is set, athebn 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 Figure(b).
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UNIT -2
Data Representation, Basic Computer Organization
Data Types

The data types found in the registers of digital computers may be classified as being one of the
following categories:

(1) Numbers used in arithmetic computations,
(2) Letters of the alphabet used in data processing. and
(3) Cther discrete symbols used for specific purposes.

All types of data, except binary numbers, are represented in computer registers in binary
coded form. This is because registers are made uppdidps and flipflops are twestate devises
that can store only I's and 0's. The binary number system is the most natural system to use in a digital
computer. But sometimes it is convenient to employ different humber systems, especially the
decimal numbesystem, since it is used by people to perform arithmetic computations.

Number Systems

A number system of base, or radix, r is a system that uses distinct symbols for r digits.
Numbers are represented by a string of digit symbols. To determine thetygtizatithe number
represents, it is necessary to multiply each digit by an integer power of r and then form the sum of all
weighted digits. For example, the decimal number system in everyday use employs the radix 10
system. The 10 symbols are 0, 1, 2435, 6, 7, 8, and 9. The string of digits 724.5 is interpreted to
represent the quantity

7X10+2X10+4 X 10+ 5 X 10t

that is, 7 hundreds, plus 2 tens, plus 4 units, plus 5 tenths. Every decimal number can be similarly
interpreted to find the quantity it represents. The binary number system uses the radix 2. The two
digit symbols used are 0 and 1. The string of digitsL0Q1is interpreted to represent the quantity

1 XxP+0x2*+1x2B+1x22+0x 2+ 1x =45

To distinguish between different radix numbers, the digits will be enclosed in parentheses and
the radix of the number inserted as a subscript. For example, to show théydaptaleen decimal
and binary fortyfive we will write (101101) = (45)o.

Besides the decimal and binary number systems, the octal (radix 8) and hexadecimal (radix
16) are important in digital computer work. The eight symbols of the octal system aiz @, 4, 5,
6, and 7. The 16 symbols of the hexadecimal system are 0, 1, 2, 3,4,5,6,7,8,9,A,B, C, D, E, and
F. The last six symbols are, unfortunately, identical to the letters of the alphabet and can cause
confusion at times. However, this isetisonvention that has been adopted. When used to represent
hexadecimal digits, the symbols A, B, C, D, E, F correspond to the decimal numbers 10, 11, 12, 13,
14, 15, respectively. A number in radix r can be converted to the familiar decimal system Iogformi
the sum of the weighted digits. For example, octal 736.4 is converted to decimal as follows:

(73643 =7 X E+3X8+6XP+4X8=7X64+3X8+6X1+4/8=(4785%)
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The equivalent decimal number of hexadecimal F3 is obtained frofolkneing calculation:
(F3ue=F X 16 +3=15 X 16 + 3 = (241)
Octal and Hexadecimal Numbers

The conversion fronDecimal to Bnary, Octal, and lxadecimal representation plays an
important part in digital computers. Sincé=28 and 2 = 16, each octal digit corresponds to three
binary digits and each hexadecimal digit corresponds to four binary digits. The conversion from
binary to octal is easily accomplished by partitioning the binary number into groups of three bits
each. The corrg®nding octal digit is then assigned to each group of bits and the string of digits so
obtained gives the octal equivalent of the binary number. Consider, for exampleit actfister.

Integer = 41 Fraction = 0.6875

41 0.6875
20 |1 2
10 |0 1.3750
510 x 2
2 11 0.7500
110 X 2
011 1.5000
X 2
1.0000

(41),0 =(101001), (0.6875),0 =(0.1011),

(41.6875),, = (101001.1011),

Conversion of decimal 41.6875 into binary

,L 2 . 7 _ 5 4 3 Octal
10101171110110001 1 Binary
A F 6 3 Hexadecimal

Binary, octal, and hexadecimal conversion
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TABLE 3-1 Binary-Coded Octal Numbers

Octal Binary-coded Decimal

number octal equivalent

0 000 0 I
1 001 1
2 010 2 Code
3 011 3 for one
4 100 4 octal
5 101 5 digit
6 110 6
7 111 7 l
10 001 000 8

11 001 001 9

12 001 010 10

24 010 100 20

62 110 010 50

143 001 100 011 9

370 011 111 000 248
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TABLE 3-2 Binary-Coded Hexadecimal Numbers

Hexadecimal Binary-coded Decimal

number hexadecimal  equivalent

0 0000 0

1 0001 1

2 0010 2

3 0011 3

4 0100 4

5 0101 5

6 0110 6 Code
7 0111 7 for one
8 1000 8 hexadecimal
9 1001 9 digit
A 1010 10

B 1011 11

C 1100 12

D 1101 13

E 1110 14

F 1111 15

14 0001 0100 20
32 0011 0010 50
63 0110 0011 99
F8 1111 1000 248

Decimal Representation

Binary Number System is the most natural system for a computer, but the people are
accustomed to the decimal syste@ne way to solve this conflict is to convert all inglgcimal
numbers into binary numbers, let the computer perform all the operations in binary and convert the
result into decimal. It is also possible for the computer to perform all arithmetic operations directly
with decimal numbers provided they are pthoethe registers in a coded form.

It is important to understand the difference between the conversion of decimal numbers into
binary and the binary coding of decimal numbers. For example when converted into binary number,
the decimal number 99 is repeeded as 1100011. But when represented in BCD it is

1001 1001
Few decimal numbers and their representation in BCD are as follows
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TABLE 3-3 Binary-Coded Decimal (BCD) Numbers

Decimal Binary-coded decimal

number (BCD) number
0 0000
1 0001 [
2 0010
3 0011 Code
4 0100 for one
5 0101 decimal
6 0110 digit
7 0111
8 1000 l
9 1001
10 0001 0000
20 0010 0000
50 0101 0000
99 1001 1001
248 0010 0100 1000

Alphanumeric Representation

Many applications of digital computers require handling of data that consists of natf anignbers
but also letters and special characters. The standard alphanumeric binary code is ASCIl (American
Standard Code for Information Interchange) which uses 7 bits to code 128 characters.
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TABLE 3-4 American Standard Code for Information [nterchange (ASCII)

Binary Binary
Character code Character code

A 100 0001 0 011 0000
B 100 0010 1 011 000N
C 100 0011 2 011 0010
D 100 0100 3 011 0011
E 100 0101 4 011 0100
F 100 0110 5 011 0101
G 100 0111 6 011 0110
H 100 1000 7 011 0111
I 100 1001 g 011 1000
J 100 1010 9 011 1001
K 100 1011
L 100 1100
M 100 1101 space 010 0000
N 100 1110 ' 010 1110
L8] 100 1111 { 010 1000
P 101 0000 + 010 1011
Q 101 0001 b3 010 0100
R 101 0010 - 010 1010
5 101 0011 ) 010 1001
T 101 0100 - 010 110
u 101 0101 ! 010 1111
Vv 101 0110 . 010 1100
W 101 0111 = 011 1101
x 101 1000
Y 101 1001
Z 101 1010

Complements

Complements are used in digital computerssiorplifying the subtraction operation and for logical
manipulation. There are two types of complements for each base r system: the r's complement and
the (r- I)'s complement.

9' s complement ,10's complement
I's complement ,2's complement

When the vala of the base r is substituted in the name, the two types are referred to as the 2's and 1's
complement for binary numbers and the 10's and 9's complement for decimal numbers.

(r - 1)'s Complement

Given a number N in base r having n digits, thel(fs complement of N is defined as
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(r'-1)-N.
For decimal numbers r = 10 andt = 9, so the 9's complement of N is
(10'- 1) - N.

Now, 10" represents a number that consists of a single 1 followed by n 8'4.i4@ number
represented by n 9's.

For example, with n = 4 we have*#® 10000 and 10- 1 = 9999. It follows that the 9' s
complement of a decimal number is obtained by subtracting each digit from 9.

For example, the 9's complement of 546700 is
999999- 546700 = 453299
and the 9's complement of12389 is 99999 12389 = 876I0.
For binary numbers, r=2 and t = 1, so the 1's complement of N is
(2'-1)- N.

Again, 2'is represented by a binary number that consists of a 1 followed by n-@'Is2 binary
number represented by n 1's.

For example, with n = 4, we havé 2 (10000), and 2- 1 = (1111). Thus the 1's complement of a
binary number is obtained by subtracting each digit from 1. However, the subtraction of a binary
digit from 1 causes the bit @hange from O to 1 or from 1 to 0. Therefore, the 1's complement of a
binary number is formed by changing 1's into 0's and 0's into 1's. For example, the 1's complement of
1011001 is 0100110 and the 1' s complement of 0001111 is 1110000. ThEs(compement of

octal or hexadecimal numbers are obtained by subtracting each digit from 7 or F (decimal 15)
respectively.

(r's) Complement

The r's complement of andigit number N in base ris definedasN f or N | 0 an
= D. Comparing with ther( 1)'s complement, we note that the r's complement is obtained by adding
1 to the (- 1)'s complement since
r-N=[(r-1)-N]+1.
Thus the 10's complement of the decimal 2389 is 7610 + 1 = 7611 and is obtained by adding 1 to the
9' s comptment value.
The 2's complement of binary 101100 is
010011 + 1 =010100

and is obtained by adding 1 to the 1's complement value. Since 10' is a number represented by a 1
followed by n 0's, then 10'N, which is the 10's complement of N, can be formed &k leaving all

least significant 0's unchanged, subtracting the first nonzero least significant digit from 10, and then
subtracting all higher significant digits from 9.

The 10's complement of 246700 is 753300 and is obtained by leaving the two zeros
unchanged, subtracting 7 from 10, and subtracting the other three digits from 9. Similarly, the 2's
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complement can be formed by leaving all least significant O's and the first 1 unchanged, and then
replacing 1's by 0's and O's by 1's in all other highmrifstant bits. The 2's complement of 1101100

is 0010100 and is obtained by leaving the two-tower O's and the first 1 unchanged, and then
replacing 1's by 0's and 0's by 1's in the other four most significant bits.

Subtraction of Unsigned Numbers

The direct method of subtraction taught in elementary schools uses the borrow concept. In
this method we borrow a 1 from a higher significant position when the minuend digit is smaller than
the corresponding subtrahend digit. This seems to be easiest whee pedorm subtraction with
paper and pencil. When subtraction is implemented with digital hardware, this method is found to be
less efficient than the method that uses complements. The subtraction ofdigid unsigned
numbers MN ( N [ 0 )an be donéas ®llewsr ¢

2. Add the minuend M to the r's complement of the subtrahend N.
This performs M + (- N) = M-N +r".
2. If M > N, the sum will produce an end carry r' which is discarded, and what is left is the result
M - N.
3. If M <N, the sum does not produce an end carry and is equal @ ¥ M), which is the r's
complement of (N M).

To obtain the answer in a familiar form, take the r' s complement of the sum and place a
negative sign in front. Consider, for example, thétaction 72532- 13250 = 59282. The I0's
complement of 13250 is 86750. Therefore:

M= 72532
10’s complement of N = +86750
Sum = 159282

Discard end carry 10° = =100000
Answer = 59282

Now consider an example with M < N. The subtraction 13250 - 72532
produces negative 59282. Using the procedure with complements, we have

M= 13250
10’s complement of N = +27468
Sum = 40718

There is no end carry
Answer is negative 59282 = 10's complement of 40718

Since we are dealing with unsigned numbers, there is really no way to get an unsignedrrésailt f
second example. When working with paper and pencil, we recognize that the answer must be
changed to a signed negative number. When subtracting with complements, the negative answer is
recognized by the absence of the end carry and the complemesieitl [Subtraction with
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complements is done with binary numbers in a similar manner using the same procedure outlined
above. Using the two binary numbers X = 1010100 and Y = 1000011, we perform the subtraction X
-'Y and Y-X using 2's complements:

X = 1010100

2’s complement of Y = +0111101
Sum = 10010001

Discard end carry 27 = —10000000
Answer: X — Y = 0010001

Y = 1000011

2’s complement of X = +0101100
Sum = 1101111

There is no end carry

Answer is negative 0010001 = 2’s complement of 1101111

Fixed-Point Representation

Positive integers, including zero, can be represented as unsigned numbers. However, to
represent negative integers, we need a notation for negative values. In ordinary arithmetic, a negative
number is indicated by a mingsgn and a positive number by a plus sign. Because of hardware
limitations, computers must represent everything with 1's and 0's, including the sign of a number. As
a consequence, it is customary to represent the sign with a bit placed in the leftntiost pbthe
number. The convention is to make the sign bit equal to O for positive and to 1 for negative. In
addition to the sign, a number may have a binary (or decimal) point. The position of the binary point
is needed to represent fractions, integersnixed integeffraction numbers. The representation of
the binary point in a register is complicated by the fact that it is characterized by a position in the
register. There are two ways of specifying the position of the binary point in a registérinigyitga
fixed position or by employing a floatiAgpint representation.

The fixedpoint method assumes that the binary point is alwiysl in one position. The two
positions most widely used are

(1) a binary point in the extreme left of the registemake the stored number a fraction, and
(2) a binary point in the extreme right of the register to make the stored number an integer.

In either case, the binary point is not actually present, but its presence is assumed from the
fact that the numbestored in the register is treated as a fraction or as an integer. The Hoaiting
representation uses a second register to store a number that designates the position of the decime
point in the first register. Floatingoint representation is discusdadher in the next section.

Integer Representation

When an integer binary number is positive the sign is represented with 0, when the number is
negative the sign is represented by 1 but the rest of the number is represented in one of three possible
ways:
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5. Signed 16 Compl ement representation.

4. Signed Magnitude representation.
s
6. Signed 26s Compl ement representation.

Signed Magnitude representation of negative number consists of the magnitude and negative

number. In the other two representations, the gat i ve number i's repr
compl ement or 206s complement of i1its positive
For example,

+ 14is represented in the 8 bit register as 00001110
There are three different ways to represént

In Signed Magnitude representation: 1 0001110
I n Signed 16s Compl ement representation
I n Signed 26s Compl ement representation

The Signed Magnitude representationbfis obtained from+14 by complementing signed bit.
Signed magnitude method is employed imioary arithmetic but it is not suitable for

computer arithmetic. Signed 16s compl ement me
forO(+0and0) . The signed binary arithmetic entirel
Arithmetic Addition

Addition of two numbes in signed magnitude system follows the rules of ordinary arithmetic. For
example

(+32) + ¢ 45) =- (45-32) =- 13

This process requires comparisof signs and magnitudes and then performing addition or
subtraction. plemenSmethade b cAnPasisoncamdnno subtraction requires only
addition and complementation.

+6 00000110 -6 11111010
+13 00001101 +13 00001101
+19 00010011 +7 00000111
+6 00000110 -6 11111010
-13 11110011 -13 11110011
-7 11111001 -19 11101101

In each of the above four cases, the operation performed is only addiiprcarry out of the sign
bit position is discarded and negative resul t:

Arithmetic Subtraction

Subtraction of two signed binary numbers i s a
add it to the minuad, a carry out of the sign bit position is discarded. Therefore computers need only
one common circuit to handle both types of operations.
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Consider the subtraction §)1 (- 13) = +7
11111010 11110011 =11111010 + 00001101 = 100000111
Discardcarry, which is equivalent to +7

Overflow

When two digits of length n digits, each are added and the sumiegcuofi) digits, we say that an
overflow occurredAn overflow is a problem in digital computers, because the length of the register
is fixed. The result of (n+1) bits canb6t be a

Many computers detect the occurrence of the overflow and whenuitspeccorresponding Fhijbop
is set, which can then be used for other processing.

The detection of overflow after the addition of two binary numbers depends on whether the numbers
are considered as signed or unsigned.

1 When the two numbers added are gnsd, an overflow is detected from the end carry out of
the most significant digit.

1 Whenthe numbers arsigned, the left most bit is represented for sign and negative numbers
ar e complenZited form. When they are added, the sign bit is consideredt & the
number and the end carry does not indicate an overflow.

An overflow cannot occur if one number is positive and one number is negative. Since adding a
positive number to negative number produces a result that is smaller than the larger of the two
umbers. An overflow occur when two numbers both are positive or negative.

carries: 0 1 carries: 1 0
+70 0 1000110 =70 1 0111010
+80 0 1010000 —80 1 0110000
+150 1 0010110 =150 0 1101010

If two carries are applied to ERR gate, an over flow can be detected, when it gives 1 as output.

Floating Point Representation

A Floating Pointrepresentation of aumberhas tw parts, the first part represents a signed
fied point number calleMantissa The second part designates the position of the decimal point and
is called as areExponent The fixed point mantissa may be fraction or integer. For example the
decimal number +B632.789 is represented in floating point with a fraction and an exponent as
follows:

Mantissa Exponent
+0.6132789 +04

The value of the exponent indicates that the actual position of the decimal point if four
positions to the right of the indicatei@cimal point in the fraction. This representation is equivalent
to the scientific notatian 0.6132789 X 1¢
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ieintheformat M X IF

Only the mantissa and exponent are physically represented in the refiteradix and
radix point position of mantissa are always assumed. Floating point binary number is represented in a
similar manner except that it uses base 2 for the exponent. For example a binary number +1001.11 is
represented with 8 bit mantissa andtéelkponent is as follows:

Mantissa Exponent
01001110 000100
Left most O represent positive number, this is equivalent to:
+(.10011102 X 2

Normalization

A Floating point number is said to be normalized if the most significant digit ohémissa
is non zero. For example the number 350 is normalized but 00035 is not. Regardless of where the
radix point is assumed to be in the mantissa, the number is normalized only when its left most digit is
non zero.

For example the numb&0010110 is nohormalized,this humber can be normalized by
shifting thethree position left and discarding tleading zeroe$o obtain 10110000. The three shift
multiply the number with 2 Normalized numbers provide the maximum possible precisiornéor t
floating point numbers.

Other Binary Codes

Some of the commonly used Binary Codes. The following is the list:

8421 Codes
2421 Codes
5211 Codes
Excess3 Codes
Gray Codes

=A =4 =4 =4 4

In the above list, the first three i.e. 8421, 2421 and 5211 are Weighted codethevbileer two are
nonweighted binary codes.

8421 Code or BCD Code

The decimal numbers 0, 1, 2, 3, 4, 5, 6, 7, 8, 9 can be expressed in Binary numbers as shown below.
All these binary numbers again expressed in the last column by expanding into 4 lgts. the
weighted binary digits, the 4 Bit binary numbers can be expressed according to their place value
from |l eft to right as 8421 (2] 2] 271 2 = 842
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DECIMAL BINARY 4 BIT
NUMBER NUMBER EXPRESSION(8421)

0 0 0000
1 1 0001
2 10 0010
3 11 0011
4 100 0100
5 101 0101
6 110 0110
7 111 0111
8 1000 1000
9 1001 1001

As per the above expression all the decimal numbers written in the 4 Bit binary code in the form of
8421 and this is called as 8421 Code and also as Binary coded decimal BCD.

As this is astraight code, any Decimal number can be expressed easily because the weights of the
positions are straight for easy conversion into this 8421 code.

There are other forms of codes which are not so popular but rather confusing. They are 2421 code,
5211 code reflective code, sequential code, naveighted coded, exceSscode and Grey code.

They are having their own importance for some of the exclusive applications and may be useful for
some of the typical applications.

2421 Code
This code also a 4 bit appéition code where the binary weights carry 2, 4, 2, 1 from left to right.

DECIMAL BINARY

NUMBER NUMBER 2421 CODE

0 0 0000
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DECIMAL BINARY

NUMBER  NUMBER 2421 CODE
1 1 0001
2 10 0010
£ 11 0011
4 100 0100
5 101 1011
6 110 1100
7 111 1101
8 1000 1110
9 1001 1111

Excess3 Code

As mentionedabove, some of the codes will not follow the binary weights, E8ceede is an
example of it and it is an important 4 bit code. The extéssode of a decimal number is achieved
by adding the number 3 to the 8421 code.

For example to convert 15 to axcess3 code, first 3 to be added to each digit as shown below.

1 5
+ 3 +3
a4 8

This has to be converted into BCD form as:

4 8
0100 1000

So, 0100 1000 is the excess-3 code stands for decimal 15.

BACKTO TOP
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Excess-3 Code Examples
3. Find the exces8 code 0f(237.75)0
4. Find the decimal number of exce3$iumber110010100011.01110101.
Sol:
1) The exces8 code for (237%) is obtained by adding 3 to all the digits individually, that is 2, 3 an

d 7 will become 5, 6 and 10 respectively. These 5, 6 and 10 decimals have to be converted into
binary form and the resul 010101101010.

The excesS code for (.75)p is obtained by replacing 7 and 5 with 10 and 8 respectively by adding 3
to each digit. That is, theexce3s code f or (. 75) is.10101000.

Combining the results of the integral and fractional parts, the €8cesde fof 2 37 . 75) i S
010101101010.10101000.

2) The exces8 code is 110010100011.01110101
By separating 4 bits as group the equivalent ex8asxle is given as100 1010 0011.0111 0101.

Subtracting 0011 from each febit group, we obtain the new mier as1001 0111 0000.0100
0010.

Therefore, the decimal equivalent is (970:42)

Gray Code

The gray code is the code where one bit will be differed to the preceding number. For
example, decimal numbers 13 and 14 are represented by gray code numbesdl@001, these
numbers differ only in single position that is the second position from the right. In the same way first
position on the left changes for 7 and 8 which are 0100 and 1100 and this is also caltidtahae
code. The gray code has vergsial place in digital electronics.

DECIMAL BINARY GRAY
NUMBER CODE CODE
0 0000 0000
1 0001 0001
2 0010 0011
3 0011 0010
4 0100 0110
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DECIMAL BINARY GRAY
NUMBER CODE CODE
5 0101 0111
6 0110 0101
7 0111 0100
8 1000 1100
9 1001 1101
10 1010 1111
11 1011 1110
12 1100 1010
13 1101 1011
14 1110 1001
15 1111 1000

EBCDIC Code

EBCDIC stands for Extended Binary Coded Decimal Interchange Code. IBM invented this
code to extend the Binary Coded Decimal which existed at that time. All the IBM computers and
peripherals use this code. It is ai8 code and therefore can accommoddi& eharacters. Below

are given some characterseEBCDIC codeto get familiar with it.

Error Detection Codes

The binary information is transferred from one location to another location through some
communication medium. The external noise can changerbits 1 to O or O to 1.This changes in
values are called errors. For efficient data transfer, there should be an error detection and
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correction codes. An error detection code is a binary code that detects digital errors during

transmission. A famous erroetection code is a Parity Bit method.

Parity Bit Method :

A parity bit i's an extra bit i ncluded i n
odd or even. Parity word denotes number -of 1
even anc d d . I n even parity system 1 is appended
in string otherwise 0 is appended to make tot

Il n odd parity system, 1 is appended to bin
anodd number of 106s. The receiver knows that
parity generator. Suppose if sender is an odd parity generator then there must be an odd number of
16s in received binary sttrthatisgeitherlbifis chamnge@to 1to® o cC

or O to 1, received binary bit wil!/l have an e

The limitation of this method is that only error in a single bit would be identified.

Message (XYZ) [P(Odd) P(Even)
000 1 0
001 0 1
010 0 1
011 1 0
100 0 1
101 1 0
110 1 0
111 0 1
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Parity Generator Parity Checker

Fig: Parity Checker

Basic Computer Organization

Instruction code

A Program, as we all know, is a set of instructions that specify the operations, operands, and the
sequence by whicprocessing has to occur. Amstruction codeis a group of bits that tells the
computer to perform a specific operation part.

The operation code of an instruction is a group of bits that define operations such as add, subtract,
multiply, shift and complimet. The number of bits required for the operation code depends upon the
total number of operations available on the computer. The operation code must consist ohat least
bits for a given2”n operations. The operation part of an instruction code spethigesperation to

be performed.

The operation must be performed on the data stored in registers. An instruction code therefore
specifies not only operations to be performed but also the registers where the operands(data) will be
found as well as the regess where the result has to be stored.
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Stored Program Organization

The simplest way to organize a computer is to liRreeessor Registeand instruction code with

two parts. The first part specifies the operation to be performed and second speciiigess. dhe

memory address tells where the operand in memory will be fdostiuctions are stored in one
section of memory and data in another.

Memory
Instruction
Opcode address
Instruction Format Operands
Binary Operand AC

Computers with a single processor register is knowAcasmulator (AC). The operation is

performed with thenemory operand and the content of AC.

Addressing Modes

The operation field of an instruction specifies the operation to be performed. This operation will be
executed on some data which is stored in computer registers or the main memory. The way any
operand is selected during the program execution is dependent on the addressing mode of the

instruction.

Types of Addressing Modes

Below we have discussed different types of addressing modes one by one:

10.Immediate Mode

In this mode, the operandspecified in the instruction itself. An immediate mode instruction has an
operand field rather than the address field.
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11.Register Mode

In this mode the operand is stored in the register and this register is present in CPU. The instruction
has the address tife Register where the operand is stored.

Instruction

Opcode Register Address R

Register, in CPU

Operand

12 Reqister Indirect Mode

In this mode, the instruction specifies the register whose contents give us the address of operand
which is in memory. Thus, the register contains the address of operand rather thanahe ope
itself.

Instruction Memory

Opcode Register Address R

l &—» Operand
Register, in CPU

Pointer to
Operand

—
<
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13.Direct Addressing Mode
In this mode, effective address of operand is present in instruction itself.

1 Single memory reference to access data.
T No additional calculations to find the effective address of the operand.

Instruction
Memory

Cpcode Address A

l » Operand

14 Indirect Addressing Mode
In this, the address field of instruction gives the address where the effective address is stored in
memory. This slows down the execution, as this includes multiple memory lookups to find the

operand.
Instruction
Memo
Opcode Address A 24
1 Pointer to
¥  Operand

Operand €=
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15 Displacement Addressing Mode

In this the contents dhe indexed register is added to the Address part of the instruction, to obtain
the effective address of operand.

EA = A + (R), In this the address field holds two values, A(which is the base value) and R(that holds
the displacement), or vice versa.

Instruction
i , Memory
Opcode Register R | el
1 £ Operand
2
Register, in CPU
Pointer to
“eouep  Operand

_—

16 Relative Addressing Mode
It is a version of Displacement addressing mode.

In this the contents of PC(Program Counter) is added to address part of instruction to obtain the
effective address.

EA = A + (PC) where EA is effective address and PC is programmtes.

The operand is A cells away from the current cell(the one pointed to by PC)

17 Base Register Addressing Mode

It is again a version of Displacement addressing mode. This can be deftbed=as + (R), where
A is displacement and R holds pointer to badéress.

18.Stack Addressing Mode

In this mode, operand is at the top of the stack. For exaple; this instruction willPOPtop two
items from the stack, add them, and will ti8SHthe result to the top of the stack.

Dr. M. Kalpana Devi, Assoc. Profess&,TAMS 100



@ SREENIVASA INSTITUTE OF TECHNOLOGY AND MANAGEMENT STUDIES.
S (AUTONOMOUS)
MCA DEPARTMENT

LECTURE NOTES
Computer Organization and Architecture

Computer Registers

Registers are @ype of computer memory used to quickly accept, store, and transfer data and
instructions that are being used immediately by the CPU. The registers used by the CPU are often
termed as Processor registers.

A processor register may hold an instruction, aagfe address, or any data (such as bit sequence or
individual characters).

The computer needs processor registers for manipulating data and a register for holding a memory
address. The register holding the memory location is used to calculate the addigssnext
instruction after the execution of the current instruction is completed.

Following is the list of some of the most common registers used in a basic computer:

Register Symbol  Number Function
of bits
Data register DR 16 Holds memory operanc
Address register AR 12 Holds address for the
memory
Accumulator AC 16 Processor register
Instruction IR 16 Holds instruction code
register
Program counter PC 12 Holds address of the
instruction
Temporary TR 16 Holds temporary data
register
Inputregister INPR 8 Carries input character
Output register OUTR 8 Carries output
character
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The following image shows the register and memory configuration for a basic computer.

Register and Memory Configuration of a basic computer:

1 0
PC
1 0
AR
Memory
4096 words
16 bits per word
15 0 S
IR
15 0
15 0 DR
TR
15 0
AC
7 0 7 0
QUTR INPR

The Memory unit has a capacity of 4096 words, and each word contains 16 bits.

The Data Register (DR) contains 16 bits which hold the operand read from the memory
location.

The Memory Address Register (MAR) contains 12 bits which hold the address for the
memory location.

The Program Counter (PC) also contains 12 bits which holddtiess of the next
instruction to be read from memory after the current instruction is executed.

The Accumulator (AC) register is a general purpose processing register.

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

TheTemporary Register (TR) is used for holding the temporary data during the processing.
The Input Registers (IR) holds the input characters given by the user.

The Output Registers (OR) holds the output after processing the input data.
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Common Bus System

Thebasic computer has 8 registers, a memory unit and a control unit. Paths must be provided
to transfer data from one register to another. An efficient method for transferring data in a system is
to use &ommon Bus SystemThe output of registers and memange connected to the common
bus.

Paths must be provided t@nsfer information from one register to another and between
memory and register§he number of wires will be excessive if connections are made between the
outputs of each register and the inputs of the other registers. A more efficient scheme for transferring
information in a system with many registers is to use a common bus. Weogsinuct a bus
systemusing multiplexers or threstate buffer gateswe just have to connect thegisters and
memoryof the basic computer to a common bus system.

Theoutputsof seven registers and memory are connected to the commoiiHmispecific
output that is selected for the bus lines at any given time is determined from the binary value of the
selection variables S2, S1, and $Be number along each output shows the decimal equivalent of
the required binary selectioRor example the number alog the output of DR is 3. The 4t
outputs of DR are placed on the bus lines when S2S1S0 = 011 since this is the binary value of
decimal 3.

Thelines from the common bus are connected to the inputs of each register and the data
inputs of the memorylhe particular register whodeD (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 itbil®utput onto the bus whethe read
input is activated and S2S1S0 = 111.

Four registersDR, AC, IR, and TRhave 16 bits each. Two registers, ARd PC, have 12
bits each since they hold a memory address. When the contents of AR or PC are applied-tt the 16
common bus, the to most significant bits are set to O's. When AR or PC receive information from
the bus, only the 12 least significant bits are transferred into the register.

The input register INPR and the output regi®&TR have 8 bits each and
communicatevith the eght least significant bits in the budlPR is connected to provide
information to the bus b@UTR can only receive infaration from the buslhis is becaustNPR
receives a character from an inpliglvice which is then transferred to AC

The 16 inputsof AC come from an adder and logic circtihis circuit has three sets of
inputs One set of 14it inputs come from the outputs of AC . They are used to implement register
rnlcrooperations such as complement AC and shift AC . Another setlut iffputscome from the
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data register DRThe inputs from DR and AC are used for arithmetic and logic microoperations
such as add DR to AC or AND DR to AC . The result of an addition is transferred to AC and the end
carry-out of the addition is transferred to fiffop E (Extended AC bit)A third set of 8bit inputs

come from the input register INPR.
Memory Unit 4096*16 r_ 7

I write I read

H AR
| o e Joir T
H PC )_“
o LT T
H DR N
Tve lor e
AC ¥
g |c:_%,r

74
74

IQ &
TR > 3
[0 Tnr Jor oa
OUTR W LD

16 bit common bus

Computer Instructions

Computer instructions are a set of machine language instructions that a particular processor
understands and executes. A computer perfaasiss on the basis of the instruction provided.
instruction comprises of groups called fields. These fields include:
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o The Operation code (Opcode) field which specifies the operation to be performed.

o The Address field which contains the location of thgerand, i.e., register or memory
location.

o The Mode field which specifies how the operand will be located.

~

L Mode Opcode Operand/ address of Operand J

A basic computer has three instruction code formats which are:

4. Memory- reference instruction
5. Register- reference instruction

6. Input-Output instration
Memory- reference instruction

15 14 12 1 0

[ | Opcode Address J

{Opcode = 000 through 110)

In Memoryreference instruction, 12 bits of memory is used to specify an address and one bit to
specify the addressing mode 'I'.

Register- reference instruction
15 12 1 0

[ 0 1 1 1 Register Operation J

(Opcode =111, 1=0)

The Registereference instructions are representgdhie Opcode 111 with a 0 in the leftmost bit
(bit 15) of the instruction.

A Registefreference instruction specifies an operation on or a test of the AC (Accumulator) register.
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Input-Output instruction
15 12 11 0

1 1 1 1 1/O Operation

(Opcode = 111,1=1)

Just like the Registaeference instruction, amput-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 the-oydput operation or test performed.

Instruction Set Completeness
A set of instructions is 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 A set of instructions for moving informatido and from memory and processor registers.
o Instructions which controls the program together with instructions that check status
conditions.
o Input and Output instructions
In order to specify the micro operations needed for the execution of each opetasarecessary
that the function intended to perform be defined precisely.

Memory- Reference Instructions
In order to specify the micro operations needed for the execution of each operation, it is necessary

that the function intended to perform tefined precisely. The decoded outpufdd i=0,1,2,3,4,5,6
from the operation decoder that belongs to each instruction is included in the following table.

Operation
Symbol decoder Symbolic description
AND Do AC<—AC N\ M[AR]
ADD D, AC<AC + M[AR], E«Coun
LDA D; AC < M[AR]
STA D, M[AR] < AC
BUN D, PC+< AR
BSA Ds M[AR)«PC, PC+«~AR +1
ISZ D¢ M[AR) < M[AR] + 1,

If M[AR] + 1 =0then PC«PC + 1
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AND to AC

This is an instaruction that perform tA&ID logic operation on pairs of bits in AC atfie memory
word specified by the effective address. The resulh@foperation is transferred to AC . The micro
operations that exeate this instruction are:

DOT4:DR<-M[AR]
DOT5:AC<-AC/\DR, SC<--0

The control function for this instaion uses the operation decoder DO since this output of the
decoder is active when the instruction has an AND operation whose binary code valliez@00.
timing signals are needed to execute the instruction. The clock transition associateammith

signal T4 transfers the operand from memory into DR . The clock transition associated with the next
timing signal T5 transfers to AC the result of the AND logic operation between the contents of DR
and AC. The same clock transition clears SC to 0, tramsfecontrol to timing signal TO to start a

new instruction cycle.

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 castyi€transferredo the E (extended
accumulator) flipflop. The rnicrooperions needed to execute this instruction are

DiT4aDRY M[ AR]
DiTss ACYAC + DReu, ESO Y

Same Two timing signald,, and T5, are used again but with operatienoder D1 instead of DO,
whichwas used for the AND instruction. After the instruction is fetched from memory and decoded,
only one output of the operation decoder will be active, and that output determines the sequence of
microoperations that the control follows during the executfamemoryreference instruction.

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

D2T4 D R YM[AR]
D2Ts: ACYDR YO
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Looking back at the busystem shown in Fige we note that there is no direct path from the bus
into AC . The adder and logic circuit receive information from DR which can be transferred into
AC. Therefore, it is necessary to read temory word into DR first and then transfiee content of

DR into AC . The reason for not connecting the bus to the inputs of AC is the delay encountered in
the adder and logic circuit. It is assumed that the time it takes to read from memory and transfer the
word through the bus as well as the exdand logic circuit is more than the time of one clock cycle.

By not connecting the bus to the inputs of AC we can maintain one clock cycle per microoperation.

STA: Store AC

This instruction stores the content of AC into the memory word specified byfdotivee address.
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:

D3T4:M [ AR] Y AC, SC Y o
BUN: Branch Unconditionally

This instruction transferghe program to the instruction specified by the effective address.
Remember that PC holds the address of the instruction to be read from memory in the next
instruction cycle. PC is incremented at time T1 to prepare it for the address of the next ingtructio

the program sequence. 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:

D4AT4:PC Y AR, SC Y O

The effective address dm ARis transferred through the common bus to PC .Resetting SC to 0
transfers control to TOA The next instruction
given by the new value in PC .

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 bg 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 in Tablel svith the following register transfer:

M[AR] <-- PC, PC < AR + |
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A numerical example that demonstrates how this instruction is used with a subroutine is shown in
Fig. 510. The BSA instruction is assumed to be in memory at address 20. The | bit is O and the
address part of the instruction has the binary equivalent of Af8& 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 performshe following numerical operation:

M[135] <-- 21, PC <- 135 + 1 = 136

Memory Memory
20 0 BSA 135 20 0 BSA 135
PC=21 Next instruction 21 Next instruction
AR =135 135 21
136 Subroutine PC =136 Subroutine
1 BUN 135 1 BUN 135
(a) Memory, PC, and AR at time T, (b) Memory and PC after execution

The result of this operation is shown in part (b) of the figure. The return address 21 is stored in
memory location 135 and control continues with the subroutine program startingddress 136.

The return to the original program (at address 21) is accomplished by means of an indirect BUN
instruction placed at the end of the subroutine. When this instruction is executed, control goes to the
indirect phase to read the effective addras 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.

ISZ: Increment and Skip if Zero

This instruction increments the word specified by the effective address, and if the incremented
value is equal to 0, PC is incremented by 1. The programmer usually stores a negative number (in
2's conplement) in the memory word. As this negative number is repeatedly incremented by one, it
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eventually reaches the value of zero. At that time PC is incremented by one in order to skip the next
instruction in the program.

Since it is not possible to incremtea 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:

D6T4: DR<--M[AR]
D6T5: DR<--DR+1
D,T,M[AR]<--DR, if(DR=0)then(® Y PC + 1), SC Y O

Registeri Reference Instructions

Registerreference instructions are recognized by the control when 07 = 1 and | = 0. These
instructions use bits 0 through 11 of the instruction code to specify one of 12 instructions. These 12
bits ae availableinIR@ 1) . They were also transferred to

The control functions and microoperations for the registirence istructions are. listed in
the following Table These instructions are executed with the clock transitiortiasss with timing
variable T3.Each control function needs the Boolean relation D7I'T3, which we designate for
convenience by the symbol r. The control function is distinguished by one of the bits ih1)R(0
By assigning the symbol B, to bit i of IR, albntrol functions can be simply denoted by rB;.

For example, the instruction CLA has the hexadecimal code 7800 (see Tahlavltich
gives the binary equivalent 0111 1000 0000 0000. The first bit is a zero and is equivalent to I'. The
next three bits anstitute the operation code and areognized from decoder output DBit 11 in
IR is | and is recognized from 81The control function that initiates the rnicrooperation for this
instruction is D7I'T3B11 = rB11IThe execution of a registeeference istruction is completed at
time T3. The sequence counter SC is cleared to 0 and the control goes back to fetch the next
instruction with timing signal TO.
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D;I'T; = r (common to all register-reference instructions)
IR(i) = B; [bit in TR(0-11) that specifies the operation]

r: SC<«0 Clear SC
CLA 7rBy: AC<«0 Clear AC
CLE rBy: E<0 __ Clear E
CMA rBy: AC<«AC Complement AC
CME rBg: E<«E Complement E

CIR rByi: AC<«shr AC, AC(15)«E, E<« AC(0) Circulate right
CIL rBy: AC<shl AC, AC(0)«<E, E<AC(15) Circulate left
INC rBs: AC<AC+1 Increment AC
SPA rBy: If (AC(15) = 0) then (PC < PC + 1) Skip if positive
SNA rB;: If (AC(15) = 1) then (PC < PC + 1) Skip if negative

SZA rB;: If (AC = 0) then PC« PC + 1) Skip if AC zero
SZE rBy: If (E =0) then (PC«PC + 1) Skip if E zero
HLT rB,: S <0 (Sis a start-stop flip-flop) Halt computer

Timing and Control

The timing for all registers in the basic computer is controlled by a melstek generator. The

clock pulses are applied to all fiffpps and registers in the system, including the-filjps and
registers in the control unit. The clock pulses do not change the state of a register unless the register
is enabled by control sigal. 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:

3. hardwired control and
4. microprogrammed control.

In the hardwired organization, the control logic is implemented with gates, flipps, decoders,

and other digital circuits. It has the advantage that it can be optimized to produce a fast mode of
operation.In the microprogrammed organization, the control information is stored in a control
memory. The control memory is programmed to initiate the required sequence of microoperations.
A hardwired control, as the name implies, requires changes in the wiringgathenvarious
components if the design has to be modified or changed.
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Control Unit of a Basic Computer:

Instruction register (IR)

[ 15 |14 13 12 1-0 J Other Inputs

Y Y Y l

3x8 / \
W decoder

Y

Do Control

———
Outputs

Y

Control Logic
Gates

D7

Y

T15

T0

t 11 < 7

1514 . 2 1 0

4 %16
decoder

Y Y Y

A A A A

«——— Increment (INR)

4 Bit Sequence |g ____ glear (CLR)
Counter

(SC)

<J¢— Clock

In the microprogrammed control, any required changes or modifications can be done by updating
the microprogram in control memory.

Instruction Cycle

A program residing in the memouyit of a computer consists of a sequence of instructions. These
instructions are executed by the processor by going through a cycle for each instruction.

In a basic computer, each instruction cycle consists of the following phases:

Fetch instruction fronmemory.

Decode the instruction.

Read the effective address from memory.
Execute the instruction.

© N o O
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Upon the completion of step the control goes back to step 1 to fetch, decode, and execute the next
instruction. This process continues indefinitely unleBRA&T instruction is encountered.

Fetch and Decode

Initially, the program counter P8 loaded with the address of the first instruction in the
program.The sequence counter $Ccleared to 0, providing a decoded timing signal TO. After each
clock pulse SC is incremented by one, so that the timing signals go through a sequence TO, T1, T2,
and so onThe mcrooperationdor the fetch and decode phases can be specified by the following
register transfer statements.

TO: AR Y PC
T1: IR Y M[AR], PC Y PC + 1
T2: DO, .... ,-1&8)7, YAREX)OJdAR( OR(IIR( 15)
Since only ARis connected to the address inputs of memory, it is necessary to transfer the
address from PC to AR during the clock transition associated with timing signal TO. The instruction

read from memory is then placed in the instruction register IR with the clock transition associated
with timing signal T1.
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Figure Register transfers for the ferch phase,

At the same timePC is incremented by one to prepare it for the address of the next instruction in the
program. At time T2, theperation code in IR is decoded, the indirect bit is transferred tddpp,

and the address part of thesiruction is transferred to ARlote that SGs incremented after each
clock pulse to produce the sequence TO, T1, and-ifRire aboveshows howthe first two register
transfer statements are implemented in the bus sy3temrovidethe data path for the transfer of

PC to AR we must apply timing signal TO to achieve the following connection:

1. Place the content of PC onto the bus by makingubesélection inputs
$S1S equal to 010.
2. Transfer the content of the bus to AR by enabling the LD input of AR .
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The next clock transitiomitiates the transfer from PC to AR since TO = 1. In order to implement the
second statement Y AQ:+ 1R iVt M[ARjecPLsary to
the following connections in the bus system.

1. Enable the read input of memory.

2. Place the content of memory onto the bus by makiSgss= 111.

3. Transfer the content of the bus to IR bylding the LD input of IR.

4. Increment PC by enabling the INR input of PC.
The next clock transitiomitiates the read and increment operations since T1 =Fidure
aboveduplicates a portion of the bus system and shows how TO and T1 are connectezbtdrtte

inputs of the registers, the memory, and the bus selection inputs. 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

The timingsignalthat is active after the decoding is. During time &, the control unit determines
the type of instruction that was just read from memdiye flowchart of Fig. belowresents an
initial configuration for the instruction cycle and shows how dbetrol determines the instruction
type after the decodinglhe three possibl@struction types available in the basic computer are
specified in Fig. on basic computer formats.

Figure Basic computer instruction formats.

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

(a) Memory — reference instruction

15 12 11 0

o 1 1 1 Register operation (Opcode =111, [=0)

(b) Register — reference instruction

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

(c) Input — output instruction
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Decoder output bis equal to if the operation code is equal to binaryl1From Fig. on basic
computer formats we determine that it £ 1, the instruction must be ragisterreference or

input-output type.

START
' 3
| SC0 |T1-0
-
{ ARePC
, l »
FETCH IR =M [AR],PC=PC+1 | T-1
, ; )
DECODE OPCODE In(12-14)
AR R(0-11),1 <R(15)
| !

Register OR 1/0 If D7=1 /D 7 Memory Reference If D7=0

\‘\.\v'/l/'
Input /Output If | = },,.-f'"""a.;_\Regislerlf 120 indrectf =1\ Diectf 10
- \ 4 ~} ' \ \
1-3 73 i V13
Y R ‘ { | [ . |
becte | [ Brecute ) (AREM[AR]] ~ Nothing |
Input / Output Register Reference l l
Instruction Instruction [ Execute Memory Reference |
\ _ T-4
\. €«0 / \ X0 J | Instruction, SC« 0

e i e l

If D7 = 0, the operation code must be one of the other seven values 000 through 110, specifying a

memoryreferenceanstruction.Control then inspects the valoéthe first bit of the instruction,
which is now available in fliglop I. If D7 = 0 and | = 1, we have a memory reference instruction

with an indirect address.
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It is then necessatyp read the effective adeks from memory. The microoperation for the
indirect address condition can be symbo.li zec
Initially, AR holds the address part of the instructidimis address is used during the memory

read operation. The wo at the address given by AR is read from memory and placed on the
common bus. The LD input of AR is then enabled to receive the indirect address that resided in
the 12 least significant bits of the memory word.

The three instruction typese subdividd into four separate paths. The selected operation is
activated with the clock transition associated with timing sigrallhis can be symbolized as
follows:

D7ITss AR Y M[ AR]
D'z I'Tz: Nothing
D7 I'T3: Execute a registaeference instruction

D-ITs: Execute an inpubutput instruction

When a memoryeference instructiowith | = 0 is encountered, it is not necessary to do anything
since the effective address is already in ARdowever, the sequence counter ®0st be
incremented when BX3= 1, so tlat the execution of the memergference instruction can be
continued with timing variable T

A registerreference or inpubutput instructiorcan be executed with the clock associated with
timing signal &. After the instruction is executed, SC is cleare 0 and control returns to the fetch
phase with T= 1. Note that the sequence counter iS@ither incremented or cleared to 0 with
every positive clock transition. We will adopt the convention that if SC is incremented, we will not
write the statemer8C Y SC + 1, but Pt owi | be implied

signal i n sequence. When SC is to be&hergistenr ed,
transfermeeded for the execution of the regigtefierence instructions are pesnted in this section.

Input-Output and Interrupt

A computer can serve no useful purpose unless it communicates with the external environment.
Instructions and data stored in memory must come from some input device. Computational results
must betransmitted to the user through some output device. Commercial computers include many
types ofinput and output devices. Taemonstrate the most basic regments for input and output
communication, we will use as an illustration a terminal unit withybé&ard and printer.
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Input -Output Configuration

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 erial 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. Theounfpuit
configuration is shown in Fige The transmitter interface rewes serial information from the
keyboard and transmits it to INPR. The receiver interface receives information from OUTR and
sends it to the printer serially.

Input - Output Configuration:

Input - Output Terminal Serial Communication Computer registers
Interface &
Flip Flops

Printer }1—{ e }(—{ OUTR <
Interface \ )

—> AC

Keyboard }—>‘ Tlrﬁfesﬁn;f:r }—>{ INPR  ———

The input register INPR consists of eight bits and holds an alphanumeric input information.
The bit input flag FGI is a control fliglop. The flag bit isset 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 flag is needed to synchronize the timing rate diffexdoetween the input device and the
computer. The process of information transfer is as follows. Initially, the input flag FGI is cleared to
0. When a key is struck in the keyboard, abit8alphanumeric code is shifted into INPR and the
input flag FGI is st to 1. As long as the flag is set, the information in INPR cannot be changed by
striking another key. The computer checks the flag bit; if it is 1, the information from INPR is

transferred in parallel into AC and FGl is cleared to 0. Once the flagaisedlenew information can
be shifted into INPR by striking another key.

{
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Input -Output Reference Instructions

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

p: SC«0 Clear SC
INP  pB.i: AC(0-7)«INPR, FGI«0 Input character
OUT pBw: 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 pBs.  IEN «1 Interrupt enable on
IOF pBs: IEN <0 Interrupt enable off

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 thé input
output device makes this type of transfer inefficient. An alteremdo 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 compter 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 thenmetto the current
program to continue what it was doing before the interrupt.

The interrupt enable flfflop IEN can be set and cleared with two instructions. When IEN is
cleared to O (with the I0OF instruction), the flags cannot interrupt the compuben VEN 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.

An interrupt flipflop R is included in the computer. When R = 0, the coempgbes through
an instruction cycle. During the execute phase of the instruction cycle IEN is checked by the
control. If it is O, it indicates that the programmer does not want to use the interrupt,so control
continues with the next instruction cyclé.IEN 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 sethdel1EN = 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.

Dr. M. Kalpana Devi, Assoc. Profess&,TAMS 119




TR

<

=y

e

e
%
G-ty
"
<
~

SREENIVASA INSTITUTE OF TECHNOLOGY AND MANAGEMENT STUDIES.
(AUTONOMOUS)
MCA DEPARTMENT

LECTURE NOTES
Computer Organization and Architecture

Instruction cycle =0 /Rk =1 Interrupt cycle

I |

=

L

Fetch and decode Store return address
instruchion in location O
M [0] « PC

b

Execute 1
instruction
Branch to location 1
PC |
'
IEN 0
Re0

Interrupt cycle

The interrupt cycle is a hardware implertsgion 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 durinthe interrupt cycle is shown in the following Figure.
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Memory Memory
] 0 256
110 BUMN 1120 PC=1]0 BUN 1120
255 , 255 .
PC =256 Main 256 Main
program program
1120 1120
/o [f{e]
program program
1 BLUN 0 1 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 irputd output service program in memory starting from address 1120 and a BUN 1120
instruction at address 1. This is shown in Figure(a). When control reaches timing signal TOand
finds that R = 1, it proceeds with the interrupt cycle. The content of PCi@58yred in memory
location 0, PC is set to 1, and R is cleared to 0. The branch instruction at address 1 causes the
program to transfer to the in@ubutput service program at address 1120. This program checks the
flags, determines which flag is set, athebn 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 Figure(b).
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UNIT -4

Micro Programmed Control And Central Processing Unit
Introduction
U The function of the control unit in a digital computer is to initiate sequence of

microoperations.
U Control unit can be implemented in two ways
1. Hardwired control
2. Microprogrammed control

Hardwired Control:
U When the control signals are generated by hardware using conventional logic design

techniques, the control unit is said to be hardwired.
U The key characteristics are
B High speed of operation
B Expensive
B Relatively complex
B No flexibility of adding new instructions

Examples of CPU with hardwired control unit are
B Intel 8085,

B Motorola 6802,
B Zilog 80,
B and any RISC CPUs.

Microprogrammed Control:
U Control information is stored in control memory.

U Control memory is programmed to initiate the required sequence of rooations.
U The key characteristics are

B Speed of operation is low when compared with hardwired

B Less complex

B Less expensive

B Flexibility to add new instructions
U Examples of CPU with microprogrammed control unit are
B Intel 8080,
B Motorola 68000
B and any CISC CPUs.
1. Control Memory:
1 A control memory is a part of the control unit. Any computer that involves microprogrammed
control consists of two memories. They are thain memory and the control memory.
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1 Programs are usually stored in the main memory by the users. Whenever the programs
change, the data is also modified in the main memory. They consist of machine instructions
and data.

1 The control memory consists of ecnoprograms that are fixed and cannot be modified
frequently. They contain microinstructions that specify the internal control signals required to
execute register microperations.

1 The machine instructions generate a chain of microinstructions in th®lco@mory. Their
function is to generate micimperations that can fetch instructions from the main memory,
compute the effective address, execute the operation, and return control to fetch phase and
continue the cycle.

1 The control function that specifi@smicrooperation is called asntrol variable.

1 When control variable is in one binary state, the corresponding microoperation is executed.
For the other binary state the state of registers does not change.

1 The active state of a control variable mayeither 1 state or the O state, depending on the
application.

ControlWord: The control variables at any given ti

O's called a control word. All control words can be programmed to perform various operations on
the components of the system.

Microprogram control unit : A control unit whose binary control variables are stored in memory is
called a microprogram control unit.

T

= =4 4 -4

i

The control word in control memory contains a microinstruction.

The microinstruction specifies one or more mioperations for the system.

A sequence of microinstructions constitutes a microprogram.

The control unit consists of control memory used to store the microprogram.

Control memory is a permanent i.e., resdy memory (ROM).

The general configuration of a mieppogrammed control unit organization is shown as
block diagram below.

Eﬁcmﬂ_* aljziés-s Control Control Control C;E‘S'
P enerator [ address  Lp) memory g data
(sgequencer) register (ROM) tegister

Next-address information

The control memory is ROM so all control information is permanently stored.
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U The control memory address register (CAR) spesifhe address of the microinstruction and
the control data register (CDR) holds the microinstruction read from memory.

U The next address generator is sometimes called a microprogram sequencer. It is used to
generate the next micro instruction address.

U The location of the next microinstruction may be the one next in sequence or it may be
located somewhere else in the control memory.

U Soitis necessary to use some bits of the present microinstruction to control the generation of
the address of the microtnsction.

U Sometimes the next address may also be a function of external input conditions.

U The control data register holds the present microinstruction while next address is computed
and read from memory. The data register is times called a pipelingeregis

2. Address Sequencing:

1 Microinstructions are stored in control memory in groups, with each group specifying a
routine.

1 Each computer instruction has its own microprogram routine to generate the microoperations.

1 The hardware that controls the addre=sgugncing of the control memory must be capable of
sequencing the microinstructions within a routine and be able to branch from one routine to
another

1 Control must undergo the following steps during the execution of a single computer
instruction:

1 Load an initial address into the CAR when power is turned on in the computer. This address
is usually the address of the first microinstruction that activates the instruction fetch routine
IR holds instruction

1 The control memory then goes through thatiree to determine the effective address of the
operand AR holds operand address

1 The next step is to generate the microoperations that execute the instruction by considering
the opcode and applying a mapping process.

1 The transformation of the instructi@ode bits to an address in control memory where the
routine of instruction located is referred tonagpping process.

1 After execution, control must return to the fetch routine by executing an unconditional
branch.

1 The below figure shows a block diagrafa control memory and the associated hardware
needed for selecting the next microinstruction address.
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Instruction code i

Mapping
logie

Stanus
bits

Branch
logic

MUX

—

select

Clock =——

Select a status

Multiplexers

Subroutine
register
(SBR)

. Control address register

(CAR)

[ 1
p—

Control memory

Branch address

|

Microoperations

U The microinstruction in control memory contains a set of bits to initiate microoperations in
computer registers and other bits to specify the mdtlgaghich the next address is obtained.
U In the figure four different paths form which the control address register (CAR) receives the

address.

x  The incrementer increments the content of the control register address register by one,
to select the next micistruction in sequence.

x  Branching is achieved by specifying the branch address in one of the fields of the
microinstruction.

x Conditional branching is obtained by using part of the microinstruction to select a
specific status bit in order to determing ¢ondition.
An external address is transferred into control memory via a mapping logic circuit.
The return address for a subroutine is stored in a special register, that value is used
when the micoprogram wishes to return from the subroutine.

Conditional Branching:

U Conditional branching is obtained by using part of the microinstruction to select a specific
status bit in order to determine its condition.
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The status conditions are special bits in the system that provide parameter information such
as thecarry-out of an adder, the sign bit of a number, the mode bits of an instruction, and i/o
status conditions.

The status bits, together with the field in the microinstruction that specifies a branch address,
control the branch logic.

The branch logic tests the condition, if met then branches, otherwise, increments the CAR.

If there are 8 status bit conditions, then 3 bits in the microinstruction are used to specify the
condition and provide the selection variables for the multiplexer.

For unconditional branching, fix the value of one status bit to be one load the branch address
from control memory into the CAR.

Mapping of Instruction:

u

A special type of branch exists when a microinstruction specifies a branch to the first word in
control memory where a microprogram routine is located.

The status bits for this type of branch are the bits in the opcode.

Assume an opcode of four bits amdontrol memory of 128 locations. The mapping process
converts the -bit opcode to a-bit address for control memory shown in below figure

Opcode

Computer instruction; 1011 address

Mapping bits: 0| x x x x[0 0

Microinstructionaddress: |0 1 0 1 1 0 0

Mapping consists of placing a 0 in the most significant bit of the address, transferring the four
operation codeéits, and clearing the two least significant bits of the control address register.
This provides for each computer instruction a microprogram routine with a capacity of four
microinstructions.

Subroutines:

u

i

Subroutines are programs that are used by othwtines to accomplish a particular task and
can be called from any point within the main body of the microprogram.

Frequently many microprograms contain identical section of code.

Microinstructions can be saved by employing subroutines that use cosatimns of
microcode.

Microprograms that use subroutines must have a provision for storing the return address
during a subroutine call and restoring the address during a subroutine return.

A subroutine register is used as the source and destinatithefaddresses
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3. Microprogram Example:
U The process of code generation for the control memory is called microprogramming.

U The block diagram of the computer configuration is shown in the figure.
0 Two memory units:

1. Main memoryi stores instructions and data

2. Control memoryi stores microprogram
U Four processor registers

1. Program counter PC

2. Address register AR

3. Data registef DR

Accumulator registeir AC
U Two control unit registers

1. Control address registerCAR
2. Subroutine registér SBR
U Transfer of information among registers in the processor is through MUXs rather than a bus.

Microprogram Example

| MUX I
10 r 0
Computer [ ar_|
Configuration Address,| Memory
+ 2048 x 16
PC
MU X |
15 1]
5] 0 6 0
DR
SBR | CAR I I__l
c I '
ontrol memory Arithmetic
128 x 20 logic and
shift unit
Control unit
15 0
| AC |

U The computer instruction format is shown in below figure.
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15 14 11 10 0
I Opcode Address

(a) Instruction format
U Three fields for an instruction:
1. 1-bitfield for indirect addressing
2. 4-bit opcode
3. 11-bit address field
U The example will only consider the following 4 of the possible 16 memory instructions

Symbol Opcode Description
ADD 0000 AC « AC + M [EA]
BRANCH 0001 If (AC < 0) then (PC « EA)
STORE 0010 M [EA] « AC
EXCHANGE 0011 AC « M[EA), M[EA} « AC
EA is the effective address

(b) Four computer instructions
The microinstruction format for the control memory is shown in below figure.

3 3 3 2 2 7

Fl F2 F3 CD BR AD

F1, F2, F3: Microoperation fields
CD: Condition for branching
BR: Branch field

AD: Address field

The microinstruction format is composed of 20 kit four parts to it

Three fields F1, F2, and F3 specify microoperations for the computer [3 bits each]
The CD field selects status bit conditions [2 bits]

The BR field specifies the type of branch to be used [2 bits]

The AD field contains a branclddress [7 bits]

Each of the three microoperation fields can specify one of seven possibilities.

No more than three microoperations can be chosen for a microinstruction.

R o B e S o A o A A o
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U If fewer than three are needed, the code 000 = NOP.
U The three bits in each fieldeaencoded to specify seven distinct microoperations listed in

below table
F1 Microoperation Symbol F2  Microoperation Symbol
000 None NOP 000 None NOP
001 AC<AC+ DR ADD 001 AC<AC-DR SUB
010 AC<0 CLRAC 010 AC<AC\VDR OR
011 AC<AC+1 INCAC 011 AC«ACADR AND
100 AC<DR DRTAC 10 DR —M[AR] READ
101 AR «— DR(0-10) DRTAR 101 DR «AC ACTDR
110 AR «— PC PCTAR
110 DR<DR+1 INCDR
111  M[AR]<DR WRITE 111  DR(0-10)«PC  PCTDR
F3 Microoperation Symbol
000  None NOP
001 AC<AC®DR XOR
010 AC<AC COM
011 AC «shl AC SHL
100 AC<shr AC SHR
1 101 PC«PC+1 INCPC
110 PC<«AR ARTPC
111 Reserved
U Five letters to specify a transfipe microoperation
U First two designate the source register
O Third is a O06TO0
0O Last two designate the destination registe

F1 =100 = DRTAC
U The condition field (CD) is two bits to specify four status bit conditions shown below
U The branch field (BR) consists of two bits and is used with the address field to choose the
address of the next microinstruction
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CD  Condition  Symbol Comments

00 Always=1 U Unconditional branch

01 DR(15) I Indirect address bit

10  AC(15) S Sign bit of AC

11  AC=0 Z Zero value in AC
BR  Symbol Function

00 IMP CAR «AD if condition = 1
CAR «CAR + 1if condition = 0

01 CALL CAR<«AD, SBR«CAR + 1if condition = 1
CAR «CAR + 1 if condition = 0

10 RET CAR < SBR (Return from subroutine)

11 MAP CAR(2-5) < DR(11-14), CAR(0,1,6) <0

Fetch Routine:
U The control memory has 128 locations, each one is 20 bits.

U The first 64 locations are occupied by the routines for the 16 instructions, addré8ses 0
U Can start the fetch routine at address 64.
U The fetch routine requires the following three micrammstions (locations 6466).
U The microinstructions needed for fetch routine are:
AR<PC
DR<M[AR], PC«PC+1
AR DR(0-10), CAR(-5)<DR(11-14) CAR(0,1,6)<0
0 ltds Symbolic microprogram:
0RG E4
FETCH:  PCTAR U JHMP  NEXT
READ, INCBC U  JNP  NEXT
DRTAR U MAP

U 1tds Binary microprogr am:

Binary
Address F1 F2 F3 CD BR AD

1000000 110 000 000 00 00 1000001
1000001 000 100 101 00 00 1000010
1000010 101 000 000 00 11 0000000

4. Design of control Unit:
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1 The control memory out of each subfield must be decoded to provide the distinct
microoperations.

1 The outputs of the decoders are connected to the appropriate inputs in the processor
unit.

1 The below figure shows the three decoders and some of the consdbtt must be
made from their outputs.

1 The three fields of the microinstruction in the output of control memory are decoded
with a 3x8 decoder to provide eight outputs.

1 Each of the output must be connected to proper circuit to initiate the corragpondi
microoperation as specified in previous topic.

Fl F2 F3
3 x B decoder 3 x B decoder 3 x B decoder
76543210 76543210 76 543210
RAR RRARRR RERRER
AND
ADD
DRTAC i) Arithmetic
il logic shift
umnat
HRE
gl | e RGO {

Tl e

0 1

Select

Multiplexers

Y
s Ty =< oz

U When F1 =101 (binary 5), the next pulse transition transfers the content of IR tOAR.

U Similarly, when F1= 110 (binary 6) there is a transfer from PC to AR (symbolized by
PCTAR). As shown in Figoutputs 5 and 6 of decoder F1 are connected to the load input of
AR so that when either one of these outputs is active, information from the multiplexers is
transferred to AR.

U The multiplexers select the information from DR when output 5 is active amdHC when
output 5 is inactive.

U The transfer into AR occurs with a clock transition only when output 5 or output 6 of the
decoder is active.
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U For the arithmetic logic shift unit the control signals are instead of coming from the logical
gates, now thesaputs will now come from the outputs of AND, ADD and DRTAC
respectively

Microprogram Sequencer:
U The basic components of a microprogrammed control unit are the control memory and the

circuits that select the next address.

U The address selection part &lled a microprogram sequencer.

U The purpose of a microprogram sequencer is to present an address to the control memory so
that a microinstruction may be read and executed.

U The nextaddress logic of the sequencer determines the specific address sdertesided
into the control address register.

U The block diagram of the microprogram sequencer is shown in below figure.

External
(MAP)
e
=11, Input 3 2 10 o
L logic S mux1 SBR |e—nd
r."[ o
1 > | |Incremanler|
Is-—.- MUX2 '
Z—+| select b4
5 oo oan ]
v
Control memory
Microops CD BR AD

U The control memory is included in the diagram to show the interaction between the sequencer
and the memory attached to it.
U There are two multiplexers in the circuit.
C The first multiplexer selects an address from one of four sources and routes it into
control address register CAR.
C The second multiplexer tests the value of a selected status bit and the result of the test
is applied to an input logic circuit.
U The output from CAR provides the address for the control memory.
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The content of CAR is incremented and applied to one of the multiplexer inputs and to the
subroutine register SBR.
The other three inputs to multiplexer cerfnom

C The address field of the present microinstruction

C From the out of SBR

C From an external source that maps the instruction
The CD (condition) field of the microinstruction selects one of the status bits in the second
multiplexer.
If the bit seleatd is equal to 1, the T variable is equal to 1; otherwise, it is equal to 0.
The T value together with two bits from the BR (branch) field goes to an input logic circuit.
The input logic in a particular sequencer will determine the type of operatidres¢ha
available in the unit.
The input logic circuit in above figure has three inputs 10, 11, and T, and three outputs, SO,
S1,and L.
Variables SO and S1 select one of the source addresses for CAR. Variable L enables the load
input in SBR.
The binary values of the selection variables determine the path in the multiplexer.
For example, with S1,S0 = 10, multiplexer input number 2 is selected and establishes transfer
path from SBR to CAR.
The truth table for the input logic circuit is shownTiable below.

BR Input MUX 1 Load SBR
Field In In T 51 So L

00 0 0 0 0 0 0

00 0 0 1 0 1 0

01 0 1 0 0 0 0

01 0 1 1 0 1 1

10 1 0 «x 1 0 0

11 1 1 x 1 1 0

Inputs I1 and 10 are identical to the bit values in the BR field.
The bit values for S1 and SO are determined from the stated function and the path in the
multiplexer that establishes the required transfer.
The subroutine register isdded with the incremented value of CAR during a call
microinstruction (BR = 01) provided that the status bit condition is satisfied (T = 1).
The truth table can be used to obtain the simplified Boolean functions for the input logic
circuit:

S1=I1

SO=I10+1 6 1T
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Central Processing Unit

Introduction:
U The main part of the computer that performs the bulk ofplateessing operations is called

the central processing unit and is referred to as the CPU.
U The CPU is made up of three major paatsshown in Figure

- Register set

Control L

Arithmetic
- logic unit
(ALU)

U The register set stores intermediate data used during the execution of the instructions.

U The arithmetic logic unit (ALU) performs the required microoperations for executing the
instructions.

U The control unit supervises the transfer of information among the registers and instructs the
ALU as to which operation to perform

General Register organization
U0 Generally CPU has seven general registers.

U Register organization show how registers atecsed and how data flow between register

and ALU.

A decoder is used to select a particular register.

The output of each register is connected to two multiplexers to form the two buses A and B.
The selection lines in each multiplexer select the inpta tbr the particular bus.

The A and B buses form the two inputs of an ALU.

The operation select lines decide the micro operation to be performed by ALU.

The result of the micro operation is available at the output bus.

The output bus connected to thputs of all registers, thus by selecting a destination register
it is possible to store the result in it.

[ et et ent A et O et N ot N et
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EXAMPLE:

To perform the operatioR3 = R1+R2 We have to provide following binary selection
variable to the select inputs.

1. SEL A: 001-To place the contents of R1 into bus A.

2. SEL B: 010-to place the contents of R2 into bus B

3. SEL OPR: 100107 to perform the arithmetic addition A+B

4. SEL REGorSELD: 0117 to place the result available on output bus in R3.

Binary
Code SELA SELB SELD

000 Input Input None
001 R1 R1 R1
010 R2 R2 R2
011 R3 R3 R3
100 R4 R4 R4
101 R5 R5 R5
110 R6 R6& Ré
111 R7 R7 R7
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OPR

Select Operation Symbol

00000 Transfer A TSFA

00001 Increment A INCA

00010 Add A + B ADD

00101 Subtract A — B SUB

00110 Decrement A DECA

01000 AND A and B AND

01010 OR A and B OR

01100 XOR A and B XOR

01110 Complement A COMA

10000 Shift right A SHRA

11000 Shift left A SHLA

CONTROL WORD?
U The combined value of a binary selection inputs specifies the control word.

U It consist of four fields SELA, SELB,and SELD or SELREG contains three bit each and
SELOPR field contains four bits thus the total bits in the control wordabsdts.
U Control Word For Operation R2 = R1+r3

Field: SELA SELB SELD OPR
Symbol: R2 R3 R1 SUB
Control word: 010 011 001 00101

1. Stack Organization:
U Stack A stack is a storage device that stores information in such a manner that the
item stored last is the first item retrieved.
U In the computer stack is a memory unit with an addregister that can count the
address only.
U The register that holds the address for the stack is called a stack pointer (SP). It
always points at the top item in the stack
The two operations that are performed on stack are the insertion and deletion.
The operation of insertion is called PUSH.
The operation of deletion is called POP.
These operations are simulated by incrementing and decrementing the stack pointer register
(SP)
Register Stack:
U A stack can be placed in a portion of a large memory or it can be organized as a collection of
a finite number of memory words or registers.
U The below figure shows the organization of awagtd register stack

cC:
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Address
Y
63
[ FuiL | [EM’I":’ ]
4
2280 |
B 2
A i
0

U The stack pointer register SP containsreaby number whose value is equal to the address of
the word is currently on top of the stack. Three items are placed in the stack: A, B, C, in that
order.

U In above figure C is on top of the stack so that the content of SP is 3.

U For removing the top itenthe stack is popped by reading the memory word at address 3 and
decrementing the content of stack SP.

U Now the top of the stack is B, so that the content of SP is 2.

U Similarly for inserting the new item, the stack is pushed by incrementing SP and wariting
word in the next higher location in the stack.

U In a 64word stack, the stack pointer contains 6 bits because 26 = 64.

U Since SP has only six bits, it cannot exceed a number greater than 63 (111111 in binary).

U When 63 is incremented by 1, the resuld since 111111 + 1. = 1000000 in binary, but SP
can accommodate only the six least significant bits.

U Then the ondit register FULL is set to 1, when the stack is full.

U Similarly when 000000 is decremented by 1, the result is 111111, and then-thie one
register EMTY is set 1 when the stack is empty of items.

U DR is the data register that holds the binary data to be written into or read out of the stack

U Initially, SP is cleared to 0, EMTY is setto 1, and FULL is cleared to 0O, so that SPtpoints
the word at address 0 and the stack is marked empty and not full.

U If the stack is not full (if FULL = 0), a new item is inserted with a push operation.

U The push operation is implemented with the following sequence of microoperations
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SP«SP +1 Increment stack pointer
M|[SP]<DR Write item on top of the stack

If (SP = 0) then (FULL «~1)  Check if stack is full
EMTY «0 Mark the stack not empty

U The stack pointer is incremented so that it points to the address dfiglet word.

A memory write operation inserts the word from DR the top of the stack.

The first item stored in the stack is at address 1.

The last item is stored at address 0.

If SP reaches 0, the stack is full of items, so FULL is to 1.

This condition is reached if the top item prior to the last push way location 63 and, after

incrementing SP, the last item is stored in location 0.

U Once an item is stored in location O, #hare no more empty registers in the stack, so the
EMTY is cleared to O.

POP:
U A new item is deleted from the stack if the stack is not empty (if EMTY = 0).

U The pop operation consists of the following sequence of min operations:

cC:.

DR «M]SP] Read item from the top of stack
SP«S5P -1 Decrement stack pointer

If (SP = 0) then (EMTY «1)  Check if stack is empty

FULL <0 Mark the stack not full

U The top item is readdm the stack into DR.

U The stack pointer is then decremented. If its value reaches zero, the stack is empty, so EMTY
is set 1.

U This condition is reached if the item read was in location 1. Once this it is read out, SP is
decremented and reaches the v@uehich is the initial value of SP.

U If a pop operation reads the item from location 0 and then is decremented, SP changes to
111111, which is equivalent to decimal 63 in above configuration, the word in address O
receives the last item in the stack.

Memory Stack:
U Inthe above discussion a stack can exist as a-sland unit.

U Butin the CPU implementation of a stack is done by assigning a portion of memory to a
stack operation and using a processor register as stack pointer.

U The below figure shows@ortion computer memory partitioned into three segments:
program, data, and stack.
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1000

Program
(instructions)

Y

PC

Data
(operands)

AR >

] 3000

L 3

5P

3997
3998
3995

4000
4001

The progra_m‘ counter PC points at the address of the next instruction in program.
The address register AR points at an array of data.
The stack pointer SP points at toe of the stack.
The three registers are connected to a common address bus, and either one can provide an
address for memory.

A PC is used during the fetch phase to read an instruction.

A AR is used during the exec phase to read an operand.

A SP is used toysh or pop items into or from stack.
As shown in Fig. 81, the initial value of SP is 4001 and the stack grows with decreasing
addresses.
Thus the first item stored in the stack is at address 4000, the second item is stored at address
3999, and the lastddress that can be used for the stack is 3000.
No provisions are available for stack limit checks.
The items in the stack communicate with a data register DR. A new item is inserted with the
push operation as follows:

SR1 M [SP]

DR
i
i

The stack poiter is decremented so that it points at the address of the next word.
A memory write operation inserts the word from DR into the top of stack. A new item is
deleted with a pop operation as follows:

DR

M [SP] SP

SP+1
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U The top item is read from the staicko DR. The stack pointer is then decremented to point at
the next item in the stack.

U Most computers do not provide hardware to check for stack overflow (full stack) or
underflow (empty stack)

U The stack limits can be checked by using processor registers:
A One to hold the upper limit (3000 in this case)
A Other to hold the lower limit (4001 in this case).
U After a push operation, SP compared with the wlipet register and after a pop operation,
SP is a compared with the lowlénit register.
U The two microoperations needed for either the push or pop are
A An access to memory through SP
A Updating SP.
U The advantage of a memory stack is that the CPU can refer to it without having specify an
addresssince the address is always available and automatically updated in the stack pointer.

Reverse Polish Notation:
- A stack organization is very effective for evaluating arithmetic expressions.

The common arithmetic expressions are written in infix notation, with each operator written
between the operands.

Consider the simple arithmetic expression. A*B+C*D

For evaluating the above expression it is necessary to compute the product A*B, store thi
product result while computing C*D, and then sum the two products.

For doing this type of infix notation, it is necessary to scan back and forth along the
expression to determine the next operation to be performed.

The Postfix notation, referred to ss/erse Polish notation (RPN), places the operator after
the operands.

The following examples demonstrate the three representations

Eg: A+B -----> Infix notation
+AB ------ > Prefix or Polish notation
AB+ ------- >  Post or reverse Polish notation
The reverse Polish notation is in a form suitable for stack manipulation.

The expression A*B+C*D Is written in reverse polish notation as AB* CD* + And it is
evaluated as follows

Scan the expression from left tght. When operator is reached, perform the operation with
the two operands found on the left side of the operator.

Remove the two operands and the operator and replace them by the number obtained from
the result of the operation.

Continue to scan the epgssion and repeat the procedure for every operation encountered
until there are no more operators.
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For the expression above it find the operator * after A and B. So it perform the operation

A*B and replace A, B and * with the result.

The next operatosia * and it previous two operands are C and D, so it perform the operation
C*D and places the result in places C, D and *.

The next operator is + and the two operands to be added are the two products, so we add the
two quantities to obtain the result.

The conversion from infix notation to reverse Polish notation must take into consideration the
operational hierarchy adopted for infix notation.

This hierarchy dictates that we first perform all arithmetic inside inner parentheses, then
inside outer pareheses, and do multiplication and division operations before addition and
subtraction operations.

Evaluation of Arithmetic Expressions:
- Reverse Polish notation, combined with a stack arrangement of registers, is the most efficient

way known for evaluatig arithmetic expressions.
This procedure is employed in some electronic calculators and also in some computer.
The following numerical example may clarify this procedure. Consider the arithmetic
expression

(3*4) + (5*6)

In reverse polish notatioit,is expressed as

34 * 56* +
Now consider the stack operations shown in Figure.

- 6

- 4 > 5 s | = 30
- 3 3| =12 12 12 12| = 42
4 . 5 6 . +

Each box represents one stack operation and the arrow always points to the top of the stack.

Scanning the expression from left to right, we encounter two operands.

First the number 3 is pushed into the stack, then the number 4.

The next symbol is the multiplication operator *.

This causes a multiplication of the two top most items the stack.

The stack is then popped and the product is placed on top of the sfdaking the two

original operands.

U Next we encounter the two operands 5 and 6, so they are pushed into the stack. The stack
operation results from the next * replaces these two numbers by their product.

U The last operation causes an arithmetic additidhetwo topmost numbers in the stack to

produce the final result of 42.

| enta et A xS e i an B e
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Computer Instruction Formats
U Computers may have instructions of several different lengths containing varying number of

addresses.
U The number of address fields in the instruct fdrofaa computer depends on the internal
organization of its registers.
U Most computers fall into one of three types of CPU organizations:
1. Single accumulator organization.
2. General register organization.
3. Stack organization.

Slngle Accumulator Organization:
In an accumulator type organization all the operations are performed with an implied

accumulator register.

The instruction format in this type of computer uses one address field.

For example, the instruction that spezsfian arithmetic addition defined by an assembly
language instruction as

ADD X

Where X is the address of the operand. The ADD instruction in this case results in the
operation AC

AC +M[X]. AC is the accumulator register and M[X] symbolizes the memomdvacated
at address X.

General register organization:
U The instruction format in this type of computer needs three register address fields.

U Thus the instruction for an arithmetic addition may be written in an assembly language as
ADD R1, R2, R3 to derte the operation R1

U R2 + R3. The number of address fields in the instruction can be reduced from three to two if
the destination register is the same as one of the source registers.

U Thus the instruction ADD R1, R2 would denote the operation R1

U R1+ R2. Oly register addresses for R1 and R2 need be specified in this instruction.

General registetype computers employ two or three address fields in their instruction

format.

Each address field may specify a processor register or a memory word.

An instructon symbolized by ADD R1, X would specify the operation R1

R1 + M[X].

U It has two address fields, one for register R1 and the other for the memory address X.

Stack organization:
U The stackorganized CPU has PUSH and POP instructions which require ansatidiegs

U Thus the instruction PUSH X will push the word at address X to the top of the stack.
U The stack pointer is updated automatically.

et e

cC: o C
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U Operationtype instructions do not need an address field in stag&nized computers.
U This is because the operation is performed on the two items that are on top of the stack.
U The instruction ADD in a stack computer consists of an operation code only with no address
field.
U This operation has the effect of popping the two top numbersthrerstack, adding the
numbers, and pushing the sum into the stack.
U There is no need to specify operands with an address field since all operands are implied to
be in the stack.
U Most computers fall into one of the three types of organizations.
U Some compters combine features from more than one organizational structure.
U The influence of the number of addresses on computer programs, we will evaluate the
arithmetic statement X= (A+B) * (C+D)
U Using zero, one, two, or three address instructions and usisgrtiimls
i ADD, SUB, MUL and DIV for four arithmetic operations;
U MOV for the transfer type operations; and
U LOAD and STORE for transfer to and from memory and AC register.
U Assuming that the operands are in memory addresses A, B, C, and D and the resdt mus
stored in memory ar address X and also the CPU has general purpose registers R1, R2, R3
and R4.

Instruction Formats:

Three Address Instructions:
U Threeaddress instruction formats can use each address field to specify either a processor

registeror a memory operand.
U The program assembly language that evaluates
X = (A+B) * (C+D)
U is shown below, together with comments that explain the register transfer operation of each
instruction

ADD R1, R, B RL<M[A] + M[B]
ADD R2,C,D RE2<M[C] + M[D]
MUL X, Rl, R2  M[X]<R1=*RZ

U The symbol M [A] denotes the operand at memory address symbolized by A.
U The advantage of the thraeldress format is that it results in short programs when evaluating
arithmetic expressions.
U The disadvantage is that the binagded instructions requiteo many bits to specify three
addresses.
Two Address Instructions:
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Two-address instructions formats use each address field can specify either a processor
register or memory word.
The program to evaluate X = (A+B) * (C+D) is as follows

MOV R1, A R1«<M[A]

ADD R1, B Rl «<R1l + M[B]
MOV Re, C REe«M[C]

ADD RE, D Re<«R2 + M[D]
MUL R1l,ReE Rl <Rl *R2
MOV X, R1 M{X] <Rl

U The MOV instrietion moves or transfers the operands to and from memory and processor
registers.

U The first symbol listed in an instruction is assumed be both a source and the destination
where the result of the operation transferred

One Address Instructions:

- Oneaddress instructions use an implied accumulator (AC) register for all data manipulation.
For multiplication and division there is a need for a second register. But for the basic
discussion we will neglect the second register and assume that the AC conteassilthef
all operations.

The program to evaluate X=(A+B) * (C+D) is

LOAD A AC <« M[A]
ADD B AC <« AC + M[B]
STORE T M[T] «—AC
LOAD C AC <« M[C]
ADD D AC<«AC + M[D]
MUL T AC<«— AC*M[T]
STORE X M[X] <—AC

U All operations are done between the AC register and a memory operand.
U Tis the address of a temporary memory location required for storing the intermediate result
Zero Address Instuctions:

- A stackorganized computer does not use an address field for the instructions ADD and
MUL.
The PUSH and POP instructions, however, need an address field to specify the operand that
communicates with the stack.
The following program shows how X = (A+B) * (C+D) will be written for a stacganized
computer. (TOS stands for top of stack).
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PUSH A TOS «—A

PUSH B TOS<B

ADD TOS« (R + B)

PUSH C TOS «C

PUSH D TOS <D

ADD TOS<« (C + D)

MUL TOS«—(C+D)=*(A+ B)

POP X M[X] < TOS

To evaluate arithmetic expressions in a stack computer, it is necessary to convert the
expression into reverse Polish natati

Thename'"zeraddr esso i s given to this type of «coc
address field in the computational instructions.

RISC Instructions:
- The instruction set of a typical RISC processor is used to only load and store instructions fo

communicating between memory and CPU.

All other instructions are executed within the registers of CPU without referring to memory.
LOAD and STORE instructions that have one memory and one register address, and
computational type instructions that halieee addresses with all three specifying processor
registers.

The following is a program to evaluate X=(A+B)*(C+D)

LOAD R1, A RL<—M[A]
LOAD R2, B R2 <« M[B)
LOAD R3, C R3 <« M[C]
LOAD R4, D R4 «—M([D]
ADD Rl, R1, R2 RL <Rl + R2
ADD R3, R3, R2 R3I <R3 + R4
MUL Rl, R1, R3  R1l <« R1*R3
STORE X, Rl M[{X]<R1

Data Transfer and Manipulation

Data Transfer Instructions:
- Data transfer instructions move data from one place in the computer to another without

changing the data content.

The most common transfers are between memory and processor registers, between processor
registers and input or output, and between the psocesgisters themselves.

The following table gives a list of eight data transfer instructions used in many computers.
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MName Mnemonic
Load LD
Store ST
Move MO
Exchange MCH
Input 1IN
Output OouT
Push PUSH
Pop POP

U The load instruction has been used mostly to designate a transfer from memory to a processor
register, usually an accumulator.

U The store instruction designates a transfer from a processor register into memory.

U The move instruction has been used in computers with multiple CPU registers to designate a
transfer from one register to another and also between CPU registers and nelnedmeen
two memory words.

U The exchange instruction swaps information between two registers or a register and a
memory word.

U The input and output instructions transfer data among processor registers and input or output
terminals.

U The push and pop insictions transfer data between processor registers and a memory stack.

U Different computers use different mnemonics symbols for differentiate the addressing modes.

U As an example, consider the load to accumulator instruction when used with eight different
addressing modes.

U The following table shows the recommended assembly language convention and actual
transfer accomplished in each case

Assembly
Mode Convention Register Transfer
Direct address LD ADR AC — M[ADR]

Indirect address LD @ADR AC +— M[M[ADR]
Relative address LD $ADR AC — M[PC + ADR)
Immediate operand LD #NBR AC — NBR

Index addressing LD ADR(X) AC+«— M[ADR + XR]

Register LD RI AC — Rl
Register indirect LD (R1) AC — MIR1]
Autoincrement LD (RD)+ AC — M[R1], Rl — Rl +1

ADR stands for an address.
NBA a number or operand.
Xis an index register.

R1 is a processor register.
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AC is theaccumulator register.

The @ character symbolizes an indirect addressing.

The $ character before an address makes the address relative to the program counter PC.
The # character precedes the operand in an immediade instruction.

An indexed mode ingiction is recognized by a register that placed in parentheses after the
symbolic address.

The register mode is symbolized by giving the name of a processor register.

In the register indirect mode, the name of the register that holds the memory agldress i
enclosed in parentheses.

The auteincrement mode is distinguished from the register indirect mode by placing a plus
after the parenthesized register.

The autedecrement mode would use a minus instead.

Data Manipulation Instructions:

cC: C |—\

Data manipulation instructions perform operations on data and provide the computational
capabilities for the computer.
The data manipulation instructions in a typical computer are usually divided into three basic
types:

1. Arithmetic instructions

2. Logical and bit manipulation instructions

3. Shift instructions
Arithmetic instructions
The four basic arithmetic operations are addition, subtraction, multiplication and division.
Most computers provide instructions for all four operations.
Some small computetgave only addition and possibly subtraction instructions. The
multiplication and division must then be generated by mean software subroutines.
A list of typical arithmetic instructions is given in Table.

MName Mnemonic
Increment INC
Decrement DEC
Add ADD
Subtract SUB
Multiply MUL
Divide DIV
Add with carry ADDC
Subtract with borrow SUBB
MNegate (2's complement) NEG

The increment instruction adds 1 to the valweest in a register or memory word.
A number with all 1's, when incremented, produces a number with all 0's.
The decrement instruction subtracts 1 from a value stored in a register or memory word.
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A number with all 0's, when decremented, produces numitie@ll 1's.
The add, subtract, multiply, and divide instructions may be use different types of data.
The data type assumed to be in processor register during the execution of these arithmetic
operations is defined by an operation code.
An arithmetic instruction may specify fixgmbint or floatingpoint data, binary or decimal
data, singleorecision or doublgrecision data.
The mnemonics for three add instructions that specify different data types are shown below.
ADDI - Add two binay integer numbers
ADDF - Add two floatingpoint numbers
ADDD - Add two decimal numbers in BCD
A special carry flipflop is used to store the carry from an operation.
The instruction "add carry" performs the addition on two operands plus the vaheesoairry
the previous computation.
Similarly, the "subtract with borrow" instruction subtracts two words and borrow which may
have resulted from a previous subtract operation.
The negate instruction forms the 2's complement number, effectively revimsisign of an
integer when represented it sigrgd complement form.

2. Logical and bit manipulation instructions
- Logical instructions perform binary operations on strings of bits store, registers.

They are useful for manipulating individual bits agraup of that represent binacpded
information.

The logical instructions consider each bit of the operand separately and treat it as a Boolean
variable.

By proper application of the logical instructions it is possible to change bit values, to clear a
group of bits, or to insert new bit values into operands stored in register memory words.
Some typical logical and bit manipulation instructions are listed in Table

Name Mnemonic
Clear CLR
Complement COM
AND AND
OR OR
Exclusive-OR XOR
Clear carry CLRC
Set carry SETC
Complement carry COMC
Enable interrupt EI
Disable interrupt DI

There are three bit manipulation operations possible:
1. a selected bit can cleared to 0,

2. orcan besetto 1,
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3. or can be complemented.

3. Shift Instructions:

[ en I e B e B e

Shifts are operations in which the bits of a word are moved to the left or right.
The bit shifted in at the end of the word determines the type of shift used.

Shift instructions may specify logical shifts, arithmetic shifts, or retigie operations.
In either case the shift may be to the right or to the left.

The following table lists four types of shift instructions.

MName Mnemonic
Logical shift right SHR
Logical shift left SHL
Arithmetic shift right SHRA
Arithmetic shift left SHLA
R.otate right ROR
R.otate left ROL
Rotate right through carry RORC
R.otate left through carry ROLC

The logical shift insert O to the elit position.

The end position is the leftmost bit position for shift rights the rightmost bit position for the
shift left.

Arithmetic shifts usually conform to the rules for sigri2sl complement numbers.

The arithmetic shiftight instruction must @serve the sign bit in the leftmost position.

The sign bit is shifted to the right together with the rest of the number, but the sign bit itself
remains unchanged.

This is a shifiright operation with the end bit remaining the same.

The arithmetic shifteft instruction inserts 0 to the end position and is identical to the logical
shift-instruction.

The rotate instructions produce a circular shift. Bits shifted out at one of the word are not lost
as in a logical shift but are circulated back into threeoend.

The rotate through carry instruction treats a carry bit as an extension of the register whose
word is being rotated.

Thus a rotatéeft through carry instruction transfers the carry bit into the rightmost bit
position of the register, transfdaise leftmost bit position into the carry, and at the same time,
shift the entire register to the left.

6. Reduced Instruction Set Computer (RISC):

i

i

A computer with large number instructions is classified as a complex instruction set
computer, abbreviateas CISC.

The computer which is having the fewer instructions is classified as a reduced instruction set
computer, abbreviated as RISC.
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RISC Characteristics:
U Relatively few instructions

Relatively few addressing modes

Memory access limited to load and store instructions

All operations done within the registers of the CPU
Fixedlength, easily decoded instruction format
Singlecycle instruction execution

Hardwired rather than microprogrammed control

A relatively large number of registers in the processor unit
Efficient instruction pipeline

CISC Characteristics:
U A large number of instructionsypically from 100 to 250 instructions.

(I B i I < < I O I

U Some instructions that perform specialized tasks and are used infrequently.

U A large variety of addressing modesypically from 5 to 20 differ modes.
U Variablelength instruction formats
Instructions that manipulate operands in memory
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UNIT -4

Micro Programmed Control And Central Processing Unit
Introduction
U The function of the control unit in a digital computer is to initiate sequence of

microoperations.
U Control unit can be implemented in two ways
1. Hardwired control
2. Microprogrammed control

Hardwired Control:
U When the control signals are generated by harelwaing conventional logic design

techniques, the control unit is said to be hardwired.
U The key characteristics are
B High speed of operation
B Expensive
B Relatively complex
B No flexibility of adding new instructions

Examples of CPU with hardwired control unit are
B Intel 8085,

B Motorola 6802,
B Zilog 80,
B and any RISC CPUs.

Microprogrammed Control:
U Control information is stored in control memory.

U Control memory is programmed to initiate the required sequence of-operations.
U The key characteristics are

B Speed of operation is low when compared with hardwired

B Less complex

B Less expensive

B Flexibility to add new instructions
U Examples of CPU with microprogrammed control unit are
B Intel 8080,
B Motorola 68000
B and anyCISC CPUs.
3. Control Memory:
1 A control memory is a part of the control unit. Any computer that involves microprogrammed
control consists of two memories. They are the main memory and the control memory.
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1 Programs are usually stored in the main memorythey users. Whenever the programs
change, the data is also modified in the main memory. They consist of machine instructions
and data.

1 The control memory consists of microprograms that are fixed and cannot be modified
frequently. They contain microinstruatis that specify the internal control signals required to
execute register microperations.

1 The machine instructions generate a chain of microinstructions in the control memory. Their
function is to generate micr@perations that can fetch instructionenfr the main memory,
compute the effective address, execute the operation, and return control to fetch phase and
continue the cycle.

1 The control function that specifies a microoperation is callembasol variable.

1 When control variable is in one binasyate, the corresponding microoperation is executed.

For the other binary state the state of registers does not change.

1 The active state of a control variable may be either 1 state or the 0 state, depending on the
application.

1 Control Word: Thecontrolar i abl es at any given time can
and O's called a control word.

1 All control words can be programmed to perform various operations on the components of
the system.

Microprogram control unit : A control unit whose binary ctmol variables are stored in memory is
called a microprogram control unit.
1 The control word in control memory contains a microinstruction.

The microinstruction specifies one or more mioperations for the system.

A sequence of microinstructions comstes a microprogram.

The control unit consists of control memory used to store the microprogram.

Control memory is a permanent i.e., read only memory (ROM).

The general configuration of a mieppogrammed control unit organization is shown as
block diggram below.

= =4 =4 -4

Eﬁcrl?tal'* arjziés-s Control Control Control C‘t:rr;trrdol
P enerator [ address |l memory g dala
(sgequencer) L (ROM) register

Next-address information

U The control memory is ROM so all control information is permanently stored.
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The control memory address register (CAR) specifies the address of the microinstruction and
the control data register (CDR) holds the microinstruction read from memory.

The next address generator is sometimes called a microprogram sequencer. It is used to
generate the next micro instruction address.

The location of the next microinstruction may be the one next in sequence or it may be
located somewhere else in the control memory.

So it is necessary to use some bits of the present microinstruction ol tdoetgeneration of

the address of the microinstruction.

Sometimes the next address may also be a function of external input conditions.

The control data register holds the present microinstruction while next address is computed
and read from memory.hE data register is times called a pipeline register.

. Address Sequencing:

Microinstructions are stored in control memory in groups, with each group specifying a
routine.

Each computer instruction has its own microprogram routine to generate the miatiooger
The hardware that controls the address sequencing of the control memory must be capable of
sequencing the microinstructions within a routine and be able to branch from one routine to
another

Control must undergo the following steps during thecatien of a single computer

instruction:

Load an initial address into the CAR when power is turned on in the computer. This address
is usually the address of the first microinstruction that activates the instruction fetch routine
IR holds instruction

The control memory then goes through the routine to determine the effective address of the
operand AR holds operand address

The next step is to generate the microoperations that execute the instruction by considering
the opcode and applying a mapping @

The transformation of the instruction code bits to an address in control memory where the
routine of instruction located is referred tonagpping process.

After execution, control must return to the fetch routine by executing an unconditional
brand.

The below figure shows a block diagram of a control memory and the associated hardware
needed for selecting the next microinstruction address.
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Instruction code i

Mapping
logie

Stanus
bits

Branch
logic

MUX

—

select

Clock =——

Select a status

Multiplexers

Subroutine
register
(SBR)

. Control address register

(CAR)

[ 1
p—

Control memory

Branch address

|

Microoperations

U The microinstruction in control memory contains a set of bits to initiate microoperations in
computer regiers and other bits to specify the method by which the next address is obtained.
U In the figure four different paths form which the control address register (CAR) receives the

address.

x  The incrementer increments the content of the control register address register by one,
to select the next microinstruction in sequence.

x  Branching is achieved by specifying the branch address in one of the fields of the
microinstruction.

x Conditional branhing is obtained by using part of the microinstruction to select a
specific status bit in order to determine its condition.
An external address is transferred into control memory via a mapping logic circuit.
The return address for a subroutine is stanealspecial register, that value is used
when the micoprogram wishes to return from the subroutine.

Conditional Branching:

U Conditional branching is obtained by using part of the microinstruction to select a specific
status bit in order to determine its condition.
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The status conditions are special bits in the system that provide parameter information such
as the carnput of an adder, the sign bit of a number, the mode bits of an instruction, and i/o
status conditions.

The status bits, together with the field in the microinstruction that specifies a branch address,
control the branch logic.

The branch logic tests the conditjohmet then branches, otherwise, increments the CAR.

If there are 8 status bit conditions, then 3 bits in the microinstruction are used to specify the
condition and provide the selection variables for the multiplexer.

For unconditional branching, fixié value of one status bit to be one load the branch address
from control memory into the CAR.

Mapping of Instruction:

u

A special type of branch exists when a microinstruction specifies a branch to the first word in
control memory where a microprogranutioe is located.

The status bits for this type of branch are the bits in the opcode.

Assume an opcode of four bits and a control memory of 128 locations. The mapping process
converts the -bit opcode to a-bit address for control memory shown in beliigure

Opcode

Computer instruction; 1011 address

Mapping bits: 0| x x x x[0 0

Microinstructionaddress: |0 1 0 1 1 0 0

Mapping consists of placing a 0 in the most significant bit of the address, transferring the four
operation code bits, and clearing the two least significant bits of the control address register.
This provides for each computer instruction a microprogram routine with a capacity of four
microinstructions.

Subroutines:

u

i

Subroutines are programs that are used by other routines to accomplish a particular task and
can be called from any point withingtmain body of the microprogram.

Frequently many microprograms contain identical section of code.

Microinstructions can be saved by employing subroutines that use common sections of
microcode.

Microprograms that use subroutines must have a provisi®idong the return address

during a subroutine call and restoring the address during a subroutine return.

A subroutine register is used as the source and destination for the addresses

Dr. M. Kalpana Devi, Assoc. Profess&,TAMS 155



o

e

SREENIVASA INSTITUTE OF TECHNOLOGY AND MANAGEMENT STUDIES.
(AUTONOMOUS)
MCA DEPARTMENT

LECTURE NOTES
Computer Organization and Architecture

=
=

AR
ety 2y )
/
< 4
e D <~

IV
| {
.

3. Microprogram Example:
U The process of code generation for the mdmhemory is called microprogramming.

U The block diagram of the computer configuration is shown in the figure.
0 Two memory units:

1. Main memoryi stores instructions and data

2. Control memoryi stores microprogram
U Four processor registers

1. Program counter PC

2. Address register AR

3. Data registef DR

Accumulator registeir AC
U Two control unit registers

1. Control address registerCAR
2. Subroutine registér SBR
U Transfer of information among registers in the processor is through MUXs rather than a bus.

Microprogram Example

| MUX I
10 r 0
Computer [ ar_|
Configuration Address,| Memory
+ 2048 x 16
PC
MU X |
15 1]
5] 0 6 0
DR
SBR | CAR I I__l
c I '
ontrol memory Arithmetic
128 x 20 logic and
shift unit
Control unit
15 0
| AC |

U The computer instruction format is shown in below figure.
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15 14 11 10 0
I Opcode Address

(a) Instruction format
U Three fields for an instruction:
1. 1-bitfield for indirect addressing
2. 4-bit opcode
3. 11-bit address field
U The example will only consider the following 4 of the possible 16 memory instructions

Symbol Opcode Description
ADD 0000 AC « AC + M [EA]
BRANCH 0001 If (AC < 0) then (PC « EA)
STORE 0010 M [EA] « AC
EXCHANGE 0011 AC « M[EA), M[EA} « AC
EA is the effective address

(b) Four computer instructions
The microinstruction format for the control memory is shown in below figure.

3 3 3 2 2 7

Fl F2 F3 CD BR AD

F1, F2, F3: Microoperation fields
CD: Condition for branching
BR: Branch field

AD: Address field

The microinstruction format is composed of 20 bits with four parts to it

Three fields F1, F2, and F3 specify microoperations for the computer [3 bits each]
The CD field selects status bit conditions [2 bits]

The BR field specifies the type of branch to be used [2 bits]

The AD field contains a branch address [7 bits]

Each of the three microoperation fields can specify one of seven possibilities.

No more tlan three microoperations can be chosen for a microinstruction.

R o B e S o A o A A o
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U If fewer than three are needed, the code 000 = NOP.

U The three bits in each field are encoded to specify seven distinct microoperations listed in

below table
F1 Microoperation Symbol F2  Microoperation Symbol
000 None NOP 000 None NOP
001 AC<AC+ DR ADD 001 AC<AC-DR SUB
010 AC<0 CLRAC 010 AC<AC\VDR OR
011 AC<AC+1 INCAC 011 AC<ACADR AND
100 AC<DR DRTAC 10 DR —M[AR] READ
101 AR «— DR(0-10) DRTAR 101 DR «AC ACTDR
110 AR «— PC PCTAR
110 DR<DR+1 INCDR
111  M[AR]<DR WRITE 111  DR(0-10)«PC  PCTDR
F3 Microoperation Symbol
000  None NOP
001 AC<AC®DR XOR
010 AC<AC COM
011 AC «shl AC SHL
100 AC<shr AC SHR
1 101 PC«PC+1 INCPC
110 PC<«AR ARTPC
111 Reserved
U Five letters to specify agnsfertype microoperation
U First two designate the source register
O Third is a 0TSO0
0O Last two designate the destination registe

F1 =100 = DRTAC
U The condition field (CD) is two bits to specify four status bit conditions shown below
U The branch field (BR) consists of two bits and is used with the address field to choose the
address of the next microinstruction
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CD  Condition  Symbol Comments

00 Always=1 U Unconditional branch

01 DR(15) I Indirect address bit

10  AC(15) S Sign bit of AC

11  AC=0 Z Zero value in AC
BR  Symbol Function

00 IMP CAR «AD if condition = 1
CAR «CAR + 1if condition = 0

01 CALL CAR<«AD, SBR«CAR + 1if condition = 1
CAR «CAR + 1 if condition = 0

10 RET CAR < SBR (Return from subroutine)

11 MAP CAR(2-5) < DR(11-14), CAR(0,1,6) <0

Fetch Routine:
U The control memory has 128 locations, each one is 20 bits.

U The first 64 locations are occupied by the routines for the 16 instructions, addré8ses 0
U Can start the fetch routine at address 64.
U The fetch routine requires the following three microinstructions (locatiot654
U The microinstructions needed fi@tch routine are:
AR<PC
DR<M[AR], PC«PC+1
AR DR(0-10), CAR(-5)<DR(11-14) CAR(0,1,6)<0
0 ltds Symbolic microprogram:
0RG E4
FETCH:  PCTAR U JMP  NEXT
READ, INCBC U  JNP  NEXT
DRTAR U MAP

U 1tds Binary microprogr am:

Binary
Address F1 F2 F3 CD BR AD

1000000 110 000 000 00 00 1000001
1000001 000 100 101 00 00 1000010
1000010 101 000 000 00 11 0000000

4. Design of control Unit:
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1 The control memory out of each subfield must be decoded to provide the distinct
microoperations.

1 The outputs of the decoders are connected to the appropriate inputs in the processor
unit.

1 The below figure shows the three decoders and some of the connections that must be
made from their outputs.

1 The three fields of the microinstruction in the outplutontrol memory are decoded
with a 3x8 decoder to provide eight outputs.

1 Each of the output must be connected to proper circuit to initiate the corresponding
microoperation as specified in previous topic.

Fl F2 F3
3 x B decoder 3 x B decoder 3 x B decoder
76543210 76543210 76 543210
RAR RRARRR RERRER
AND
ADD
DRTAC i) Arithmetic
il logic shift
umnat
HRE
gl | e RGO {

Tl e

0 1

Select

Multiplexers

Y
‘:lef-i AR 4 Clock

U When F1 =101 (binary 5), the next pulse transition transfers the content of IR tOAR.

U Similarly, when F1= 110 (binary 6) there is a transfer from PC to AR (symbolized by
PCTAR). As shown in Fig, outputs 5 and 6 of decoder F1 are connecteddadhegut of
AR so that when either one of these outputs is active, information from the multiplexers is
transferred to AR.

U The multiplexers select the information from DR when output 5 is active and from PC when
output 5 is inactive.

U The transfer into R occurs with a clock transition only when output 5 or output 6 of the
decoder is active.
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U For the arithmetic logic shift unit the control signals are instead of coming from the logical
gates, now these inputs will now come from the outputs of AND, ADCDRTAC
respectively

Microprogram Sequencer:
U The basic components of a microprogrammed control unit are the control memory and the

circuits that select the next address.

U The address selection part is called a microprogram sequencer.

U The purpose of a mioprogram sequencer is to present an address to the control memory so
that a microinstruction may be read and executed.

U The nextaddress logic of the sequencer determines the specific address source to be loaded
into the control address register.

U The blak diagram of the microprogram sequencer is shown in below figure.

External
(MAP)
e
=11, Input 3 2 10 o
L logic S mux1 SBR |e—nd
r."[ o
1 > | |Incremanler|
Is-—.- MUX2 '
Z—+| select b4
5 oo oan ]
v
Control memory
Microops CD BR AD

U The control memory is included in the diagram to show the interaction between the sequencer
and the memory attached to it.
U There are two multiplexers in the circuit.
C The first multigexer selects an address from one of four sources and routes it into
control address register CAR.
C The second multiplexer tests the value of a selected status bit and the result of the test
is applied to an input logic circuit.
U The output from CARprovides the address for the control memory.
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The content of CAR is incremented and applied to one of the multiplexer inputs and to the
subroutine register SBR.
The other three inputs to multiplexer come from

C The address field of the present microinsinrct

C From the out of SBR

C From an external source that maps the instruction
The CD (condition) field of the microinstruction selects one of the status bits in the second
multiplexer.
If the bit selected is equal to 1, the T variable is equal to 1; oerivis equal to 0.
The T value together with two bits from the BR (branch) field goes to an input logic circuit.
The input logic in a particular sequencer will determine the type of operations that are
available in the unit.
The input logic circuitn above figure has three inputs 10, 11, and T, and three outputs, SO,
S1,and L.
Variables SO and S1 select one of the source addresses for CAR. Variable L enables the load
input in SBR.
The binary values of the selection variables determine the ptita multiplexer.
For example, with S1,S0 = 10, multiplexer input number 2 is selected and establishes transfer
path from SBR to CAR.
The truth table for the input logic circuit is shown in Table below.

BR Input MUX 1 Load SBR
Field In In T 51 So L

00 0 0 0 0 0 0

00 0 0 1 0 1 0

01 0 1 0 0 0 0

01 0 1 1 0 1 1

10 1 0 «x 1 0 0

11 1 1 x 1 1 0

Inputs I1 and 10 are identical to the bit valireshe BR field.
The bit values for S1 and SO are determined from the stated function and the path in the
multiplexer that establishes the required transfer.
The subroutine register is loaded with the incremented value of CAR during a call
microinstructon (BR = 01) provided that the status bit condition is satisfied (T = 1).
The truth table can be used to obtain the simplified Boolean functions for the input logic
circuit:

S1=I1

SO=1110+106 1T
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Central Processing Unit

Introduction:

i

i

The main part of the computer that performs the bulk ofplateessing operations is called
the central processing unit and is referred to as the CPU.
The CPU is made up of three major parts, as shown in Figure

- Register set

Control L

Arithmetic
- logic unit
(ALU)

The register set stores intermediateadased during the execution of the instructions.

The arithmetic logic unit (ALU) performs the required microoperations for executing the
instructions.

The control unit supervises the transfer of information among the registers and instructs the
ALU as b which operation to perform

General Register organization

u
i

[ et et ent A et O et N ot N et

Generally CPU has seven general registers.

Register organization show how registers are selected and how data flow between register
and ALU.

A decoder is used to select a particutgister.

The output of each register is connected to two multiplexers to form the two buses A and B.
The selection lines in each multiplexer select the input data for the particular bus.

The A and B buses form the two inputs of an ALU.

The operation sett lines decide the micro operation to be performed by ALU.

The result of the micro operation is available at the output bus.

The output bus connected to the inputs of all registers, thus by selecting a destination register
it is possible to store thesult in it.
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EXAMPLE:

To perform the operatioR3 = R1+R2 We have to provide following binary selection
variable to the select inputs.

1. SEL A: 001-To place the contents of R1 into bus A.

2. SEL B: 010- to place the contents of R2 irhas B

3. SEL OPR: 100107 to perform the arithmetic addition A+B

4. SEL REGorSELD: 0117 to place the result available on output bus in R3.

Binary
Code SELA SELB SELD

000 Input Input None
001 R1 R1 R1
010 R2 R2 R2
011 R3 R3 R3
100 R4 R4 R4
101 R5 R5 R5
110 R6 R6& Ré
111 R7 R7 R7
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OPR

Select Operation Symbol

00000 Transfer A TSFA

00001 Increment A INCA

00010 Add A + B ADD

00101 Subtract A — B SUB

00110 Decrement A DECA

01000 AND A and B AND

01010 OR A and B OR

01100 XOR A and B XOR

01110 Complement A COMA

10000 Shift right A SHRA

11000 Shift left A SHLA

CONTROL WORD?
U The combined value of a binary selection inputs specifies the control word.

U It consist of four fields SELA, SELB,and SELD or SELREG contains three bit each and
SELOPR field contains four bits thus the total bits in the control word abi4.3
U Control Word For Operation R2 = R1+r3

Field: SELA SELB SELD OPR
Symbol: R2 R3 R1 SUB
Control word: 010 011 001 00101

2. Stack Organization:
U Stack A stack is a storage device that stores information in such a manner that the
item stored last is the first item retrieved.
U In the computer stack is a memory unit with an address register that can count the
address only.
U The register that holds the adds for the stack is called a stack pointer (SP). It
always points at the top item in the stack
The two operations that are performed on stack are the insertion and deletion.
The operation of insertion is called PUSH.
The operation of deletion is catl POP.
These operations are simulated by incrementing and decrementing the stack pointer register
(SP)
Register Stack:
U A stack can be placed in a portion of a large memory or it can be organized as a collection of
a finite number of memory words or retgrs.
U The below figure shows the organization of awagtd register stack

cC:
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Address
Y
63
[ FuiL | [EM’I":’ ]
4
2280 |
B 2
A i
0

The stack pointer register SP contains a binary number whose value is equal to the address of
the word is currently on top of the stack. Three items are placed in the st&KC AN that

order.

In above figure C is on top of the stack so that the content of SP is 3.

For removing the top item, the stack is popped by reading the memory word at address 3 and
decrementing the content of stack SP.

Now the top of the stack is Bo that the content of SP is 2.

Similarly for inserting the new item, the stack is pushed by incrementing SP and writing a
word in the next higher location in the stack.

In a 64word stack, the stack pointer contains 6 bits because 26 = 64.

Since SFhas only six bits, it cannot exceed a number greater than 63 (111111 in binary).
When 63 is incremented by 1, the result is O since 111111 + 1. = 1000000 in binary, but SP
can accommodate only the six least significant bits.

Then the onéit register FUL is set to 1, when the stack is full.

Similarly when 000000 is decremented by 1, the resultis 111111, and then-thie one

register EMTY is set 1 when the stack is empty of items.

DR is the data register that holds the binary data to be written inda@wout of the stack

Initially, SP is cleared to 0, EMTY is setto 1, and FULL is cleared to O, so that SP points to
the word at address 0 and the stack is marked empty and not full.

If the stack is not full (if FULL = 0), a new item is insertedh a push operation.

The push operation is implemented with the following sequence of microoperations
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SP«SP +1 Increment stack pointer
M|[SP]<DR Write item on top of the stack

If (SP = 0) then (FULL «~1)  Check if stack is full
EMTY «0 Mark the stack not empty

U The stack pointer is incremented so that it points to the address dfiglet word.

A memory write operation inserts the word from DR thedbihe stack.

The first item stored in the stack is at address 1.

The last item is stored at address 0.

If SP reaches 0, the stack is full of items, so FULL is to 1.

This condition is reached if the top item prior to the last push way locatiomd; aiher

incrementing SP, the last item is stored in location 0.

U Once an item is stored in location 0, there are no more empty registers in the stack, so the
EMTY is cleared to O.

POP:
U A new item is deleted from the stack if the stack is not empBMiTY = 0).

U The pop operation consists of the following sequence of min operations:

cC:.

DR «M]SP] Read item from the top of stack
SP«S5P -1 Decrement stack pointer

If (SP = 0) then (EMTY «1)  Check if stack is empty

FULL <0 Mark the stack not full

U The top item is read from the stack into DR.

U The stack pointer is then decremented. If its value reaches zero, the stack is empty, so EMTY
is set 1.

U This condition is reached if the item read was in location 1. Once this it is read out, SP is
decremented and reaches the value 0, which is the initial value of SP.

U If a pop operation reads the item from location 0 and then is decremented, SP changes to
111111, which is equivalent to decimal 63 in above configuration, the word in address 0
receives the last item in the stack.

Memory Stack:
U Inthe above discussion a stack can exist as a-sland unit.

U Butin the CPU implementation of a stack is dogi@ssigning a portion of memory to a
stack operation and using a processor register as stack pointer.

U The below figure shows a portion computer memory partitioned into three segments:
program, data, and stack.
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The program counter PC points at the agsli@ the next instruction in program.
The address register AR points at an array of data.
The stack pointer SP points at the top of the stack.
The three registers are connected to a common address bus, and either one can provide an
address for memory.
A PC is used during the fetch phase to read an instruction.
A AR is used during the exec phase to read an operand.
A SPis used to push or pop items into or from stack.
U As shown in Fig. &, the initial value of SP is 4001 and the stack grows with decreasing
addresses.
U Thus the first item stored in the stack is at address 4000, the second item is stored at address
3999, and the last address that can be used for the stack is 3000.
U No provisions are available for stack limit checks.
U The items in the stack communicate with a data register DR. A new item is inserted with the
push operation as follows:

cC:

SP
SR1 M [SP]
DR
U The stack pointer is decremented so that it points at the address of the next word.
U A memory write operation insarthe word from DR into the top of stack. A new item is
deleted with a pop operation as follows:
DR
M [SP] SP
SP+1
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