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FEDERAL UNIVERSITY OF PETROLEUM RESOURCES EFFURUN ‘1
DEPARTMENT OF COMPUTER SCIENCE

I SEMESTER UNDERGRADUATE EXAMINATION (2024/2025 SESSION)
CSC316: COMPUTER ARCHITECTURE AND ORGANIZATION (3 UNITS)
INSTRUCTIONS:

1. Answer Four (4) Questions Only,

2. Time allowed: 2% hours,

3. Answer Each Question on a New Page. .

Question 1,

a) Acomputerisa complex system that contains millions of elementary clectronic components. How then can one clearly
describe them? (Griks). :

b) In general terms, when does the twos complement operation on an n-bit integer produce the same integer? (6#4s).

€) An address field in an instruction contains decimal value 14. Where is the corresponding operand located for: (i)
immediate addressing (ii) Direct addressing (iii) indirect addressing. (Gmks).

Question 2,

a) Convert the expression A + B — C to postfix notation using Dijkstra’s algorithm. Show the steps involved. [s
the result equivalentto (A+ B)=Cor A+ (B -C)? (12inks).

b) List and briefly explain two common ways of generating the condition to be tested in a conditional branch
instruction. (4mks).

¢) At the integrated circuit level, what are the three principal constituents ol a computer system. (3amks).
Question 3.

a) The raw speed of the microprocessor will not achieve its potential unless it is fed a constant stream
of work to do in the form of computer instructions. Briefly explain the techniques built into
contemporary processors to accomplish this. (6mks).

b) Briefly explain the various method of accessing units of data as it affects memory types. (6mks).

c¢) What are the basic elements of floating addition and subtraction? (6mks).

Question 4.

a) What are the advantages and disadvantages of using a variable-length instruction? (6miks).

b) Justify the assertion that a 32-bit instruction is probably much less than twice as useful as a 16-bit

instruction. (6mkz).
c) Using instruction cycle state diagram for execution of instructions, explain the elements of a machine

instruction (Guky).

Question 5.
a) What facts go into determining the use of the addressing bits of an instruction. (6mks).

b) Show how the following floating-point caleulations are performed (where significands are truncated
to 4 decimal digits) (i) (0.2255 * 10%) * (0.1234 * 10°) (ii) (0.8833 * 10%) * (0.5555 *10°). (8mks).
¢) If an instruction contains four addresses, what might be the purpose of each address. (dmks).
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CHAPTER ONE

INTRODUCTION
1.0 Definition

Computer arghit L aramete ble to a
programmer or those naaw@cmmww

program. Examples of a architectural atiributes inclide the instruction sat, the number of hits used
to represent different data types, /O mechanisms. and techmques for addresgmg memory.

wmﬁ_pmgtammer such as control signals, Interfaces between thgcgmmrd
_peripherals, and the memory technology used. o

In this course-we will touch upon all those facters and finally come up with the concept how
these attributes contribute to build a complete computer system .
As an example, it is_an archi

Jdnsfrustion. HJ&an_OJ:gaﬂJlai-LQnaussue_memer f inst Iemented by a special

multiply unit or by the method of repeated addition by using the add unit of the system.
1.2 7~Computer Organization and Architecture

Computer technology has made incredible imprcvement in the past half century. In the early
part of computer evolution, there were no stored-program computer, the computational power
was less and on the top of it the size of the computer was a very huge one.
Today. a personal computer has more computational power, more main memory, more disk
storage, smaller in size and it is available in affordable cost. This rapid rate of improvement has
come both from zdvances in the technology used to build computers and from innovation in
computer. design.
The task that the computer designer handles is a complex one: Determine what attributes are
important fer a new machine, then design a machine to maximize performance while staying
within cost constraints. This task has many aspects, including instruction set design, functional
organization, logic design, and implementation.
13 Basic Computer Model and different units of Computer@ ‘C’“ﬂ
The model of a computer can be descrioed by four basic units in high level abstraction. These
basic units are:

» Cenfral Processor Unit

*  Input Unit
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Figure 1: Basic Computer Model and different units of Computer

1.3.1 Central Processor Unit [CPUJ: E : P Ru

Central processor unit consists of two basic blocks:

. TheWumuas a set of registers and control circuit to generate control
’ signais /
. %@%&wt contains a set of regleters for storing data and
an Arithmetic and Logic Unit {ALU) for exesution of arithmetic and logical operations.
In addition, CPU may have some additional registers for temporary sterage of data.
1.3.2 Input Unit:

With the help of input Unlb,ﬁl&_ﬁ%ﬂﬂp@jﬂ.&ﬁbﬂ_mmglg{ Program or da 3

ain storage from input i : teol-of CRU-input-

instruction. Example of input devices: Keyboard, Mouse Hard disk, Floppy disk, CD-ROM drive
] e e ——— —_—

efc.

1.3.3 Output Unit: @

With the help of output unit computer results can be i ' i stored in
Storage device permanently for fiture use. OutpLt data from main storage go to output davice

under the control of CPU output instructions.

Example of output devices: Printer, Monitor, Plotter, Hard Disk, Floppy Disk etc.
1.3.4 Memory Unit: i

Memory unit is used to store the data and programCPU can work with the information stored in
memory unit. memedﬂwm@mmqe These

I tor

T e e e e e e e
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There are two types of semiconductor memories -

Volatile Memary: RAM (Random Access Memory).
¢ Non-Volatile Memory : ROM (Read only Memory), PROM (Programmable ROM)

EPROM (Erasable PROM), EEPROM (Electrically Erasable PROM),

1.3.4.1 Secondary Memory:
There is another kind of storage device, apart from primary or main memory, which is known as

secondary memory. ,agggn_qir_y ‘memories are non-volatile memory and it is used for permansnt
data and program. Example of secondary memories:

(éard Disk ‘Floppy DJS% Magnetm Tapet———— These are magnetic devices,

CD-ROM =——— is optical device

Thumb drive (or pen drive) -—— is semiconductor ‘memory.

1.4  Basic Working Principle of a Computer

Before going into the details of working pri nc|p|e of a computer, we will analyse how computer
works with the help of a small hypothetical compu er. In this small computer, we do not caonsider
about Input and Output unit. We will consider only CPU and memory module. Assume that
somehow we have stored the program and data into main memory. We will see how CPU can
perform the job depending on the program stored in main memaory.

141 Consider the Arithmetic and Logic Unit {ALU) of Central Processing Unit:

An ALU can perform four arit! ic operations and four logical operations

To distinguish between arithmetic and logical operation, we may use a signal line,
0 - in that signal, represents an arithmetic operation and
1 -in that signal, represents a logical operation.

In the similar manner, we need ancther two signal lines to distinguish between four arithmetic.
operations.

The different operations and their binary cods is as follcws

| Arithmetic ' Logical ]
’ | ;
000 [ADD  |100 JOR |
] -
i _ |
001 SUB 101 AND
010 MULT "110 NAND J|
3
\'.
\
e SR .3, - s P b & 1l S R e i g
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The control unit's task is to generate the appropriate_signal_at right moment. There is an

instruction decoder in CPU which decodes this information in sUch a way that computer can

perform the desired task. The simple model for the decoder may be considered that there is
three input lines to the decoder and correspondingly it generates eight output lines. Depending
*on input combination only one of the output signais will be generated and it is used to indicate
the corresponding operation of ALU. :

in our simple model, we use three storage units in CPU, Lo ki

Twa - for storing the operand and

Rogister .

These storage units are known as register.

One -- for storing the results.

But in computer, we need more storage space for proper funci toning of the Computer. Some of

them are inside CPU, which are known as registe- .Q_th_e_b_ggg_;unhﬁ___or_gg space is knewn
@E_Qﬂmammemwmmog The CPU can work with the information avallabie in main
memory only. To access the data from memary, we need lwo special registers one is known as
Memory Data Register (MDR) and the second one ismm&gmmm
%W_H_Elqgf_anliﬁ_smw_ﬂ__mﬁmm While executing a program, CPU brings instruction
and data from main memory, performs the tasks as per the instruction feteh from the memory.
After completion of operation, CPU stores the result back into the memory.

1.5 Designing for Performance

Year by year, the cost of compu!er systems continues to drop dramatically, while the
performance and capacity of those systems continue to rise egually dramatically.

1.56.1 Microprocessor Speed

What gives the Pentium or the PowerPC such mind-boggling power is the relentless pursuit of

speed by processor chip manufacturers. In microprocessor, it ireui th

speed boost tha es from reducing the distance een them, has improved perf

four or five fold every three vears

WD—M—MMMMMEM@ Anything that gets in the way of that

smooth flow undermines the power of the processor. Accordingly, while the chipmakers have

4
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been busy learning how to fabricate chips of greater and greater density, the processor

designers must come up with ever more elaboratz techniques for feeding the monster. Among

the techniques built into contemporary processors are the following:

i’;}

Branch predietion: the processor looks ahead inthe instruction code fetched from
memory and predicts which branches. or groupns of instructions, are likely to be

hrocessed next. If the processor guesses right most of the time, it can pre-fetch the
correct instruction and buffer them so that the processor is kept busy. The more
sophisticated examples of this strategy predict not just the next branch but muitiple
branches ahead. Thus, branch prediction increasss-the amount of work available for the
processor fo execute.

Data flow analysis: the processor anal thich instructions are nt_on each.
other's results. or data to create an optimized. schedule of instructions. In fact,

instructions are scheduled to be executed when ready, independent of the original
pregram order. This prevent unnecessary delay.

Speculative execution; using branch prediction and data analysis, some processors
speculatively execute instruction ahead of their actual appearance in the program
execution, holding the results in temporary locations. This enables the processor to keep

its execution engines as busy as possible by executing instructions that are likely to be

F;? needed

g}; \;J’These and other sophisticated techniques are made necessary by the sheer power of the
M processor. They make it possible to exploit the raw speed of the processar,

1.5.2 Performance Balance

el

s

While processor power has raced ahead at breakneck speed, other critical components of the

computer have not kept up. The result is a need to look for peinrmance balance; an adjusting

f th izati d grchitecti mpgnsate for the mismatch.among the capabilities of
the various components,

Nowhere is the problem created by such mismatzh more critical than in the interface between

Erccesscr and main memory. While processor speed and memory capacity has grown rapidly.

the speed with which data can be transferred between main memory and the processor has

lagged badly. The interface between processor ard main memory is the maost crucial pathway in

the entire computer, because it is responsible for carrying a constant flow of program,

instructions and data between memory chips and the processor. If memary or the pathway fails -

e A gt
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to keep pace with the processor’s insistent demar‘ds the processor stalls in a wait state, and
valuable processing time is lost.

Il

There are aﬂww: all of which are
reflected in contemporary computer designs. E“EW
» Increase the number of bifs that are refrieved at one time by making DRAMs “wider’
r;ather “deeper” and by using wide data paths.
* Change the DRAM interface to make it more efficient by-including a cache or other

buffering scheme on the DRAM chip.

Reduce the frequency of memory access by incorporating increasingly_complex and
efficlent cache structures between the processor and main memary. This include the
incorporation of one or more cache on the processor i:l;iﬁaxas well as on the off-chip
cache close to the processor chip.
» Increase the interconnect bandwidth betwsen processors and memory by using higher
speed buses and by using a hierarchy of buses to buffer and structure data flow.
1.6 Pentium and PowerPC Evolution -
The two major contemporary examphaé of computer families are the Intel Pentium and the
PowerPC. The Pentium represents the results of decades of design efforts on_gomplex
instruction set computers (CISC). It incorporates the sophisticated design principies once found

only on mainframes and supercomputers and serves as an excellent example of CISC design

i} The Pg C is_a direct descendant irgtt stem, the IBM801 is one of the most.
owerful and best-desi - d system in the market.
1.6.1. Pentium

In terms of market share, Intel has ranked as ths number one market of microprocessors for
decades, a position it seems uniikely to yield. The evolution of its flagship microprocessor
product serves as a good indicator of the evolution of computer technology in general.
Below is are highlights of the evolution of the Intel product line:
 8080: the world's first general-purpose misresresesser. This was an 8-bit machine_ with
an 8-bit data path to memary. The 8080 was ysed_in the first personal computer, the
Altair
= 8086 a2 far more powerful 16bit machine In addition to a wider data path and larger

registers, the 8086 sported an instriction rqrhﬂvm,ﬂuﬂmm:femww
instruction before they are exscuted.-

A 6
e TR
o 3Ty -
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80286 this i the 8086 enabled addressing a 16-Mbyte memory instead of
just 1 Mbyte.

* 80386: Intel's first 32-bit machine, and a major overhaul of the product. With a 32-bit

architecture, the 80386 rivaled the complexity and power of minicomputers and

mainframes introduced just a few years earlier. This was the first Intel processor to

» 80486 the 80486 introduced the use of m rerful cache

technology and_sophisticated pipelining. The 80486 also offered a_built-in h
coprocessor, offloading complex math cperations from the main CPU.
= Pentium: with the Pentium, Intel introduced the u ar technigues, which

allow multiple instructions to execute in paralle/.

« Pentium Pro: the Pentium Pro continued the move into superscalar organization begun
the Pentium, with aggressive use of register renaming branch prediction, data flow
T — T .
analysis and speculative execution.

* Pentium II: the Pentium Il incorporated Intel MMX_technalogy, which is designed
sp Mwmmwwa@mﬂy

* Pentium IIl: the Pentium 11l incorporates additional floatin instructi

3D ics software

* Pentium 4: the Pentium 4 includes additional floating point and other enhancement for
multimedia

» ltanium: the new generation of Intel processor makes use of a 84-bit organization with
the 1A-64 architecture.

1.6.2 PowerPC
IBM entered into an alliance with Motorola, developer of 88000 series of microprocessors, and
Apple, which used the Motorola chip in its Macintosh computers. The result is a series of
machines that implement the PowerPC architecture. This architecture is derived from the
POWER architecture. Changes were made to add Key missing features and to enable more
Ef‘fICIE‘."‘t implementation of eliminating some instructions and relaxing the specification to
-eliminate some troublesome special cases, The resulting PowerPC architecture is a superscalar

RISC systerm.

The following are the principal members of the PowerPC family:

*« 601: the PU"POSG of the 601mmmmmm@mﬁwm@ace
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» 603: jntended for low-end deskinp and partable computers. |t is alsc a 32-hif machine,

Comparable in performance with the 801, but with lower cost and a more efficient .

* 604: intended for deskiop computers and low-end servers. Again, this is a 32-bit -

machine, but it ch more sophisti rscalar design techniques

to achieve greater performance

= 620: intended for high-end servers. The first ﬂwempgi_gt_mg__g_w family to

implement a full 84-bit architecture, including 64- h_LLaglstcrs and data paths.
» 740/750: also known as the Fﬁﬁgggs._or The processor |_t9_g_r_a_tﬁt_\m_enals.m_{:a_gue :

mwmchwmwﬁw

« G4 w;g.wm%wmmmw

SR of Il Poauct b ares
FTIO
S0¥k
€280
gkt
BvqRL
Pentitnn
Pentium go
featiunn IC
Pentictim Tl
Pentidm 4
tta o
Pradaple membes g the powerPe family
ftol
* 602
* 6o
% b
A peo]Eo
HCrp

»
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CHAPTER TWO

ACOMPUTER ARITHMETIC
2.0 Introduction

The twe principal concerns M’Itﬂwraﬂwo »vawure
'epreaenied (bina sed for the basic ari i i (add,
ook

subtract, multiply, divide). These two COI‘!SJdeI'a\Or‘IS apply both to integer and floating-point
arithmetic.

2.1 The Arithmetic and Logic Unit (ALU)

The ALU is that f the ¢ ter that act ﬂmmmme&’—&pe&aﬁ%

data. All of the other elements of the computer system — control unit, registers, memory, /0 —

are there mainly to bring data into the ALU for it to precess and then take the results back out
An ALU and, indeed, all electronic components in the computer are based on the usa of si mple
digital logic devices that can stare binary digits and perform simple Boolean logic operations. .

Figure 2 indicates, in general terms, how the ALU is interconnected with the rest of they
processor.

Pﬂﬁipihmﬂmim_&mfters and the results of an operahon are stored
1ers._and the results in

registers . These registers are temporary storage locations within the processor that are
connected by signal paths to the ALU. The ALU may also set flags as the resuit of an operation.

For example, mﬁtﬂﬂwﬂag—ls-seumle_mgmpulamwceeds the length of the

register into which it is stored. The flag values are also stored in registers within the processor.
The conjr it i i g

int d out of the ALU.

Lthe AL and the-m ovement.of the

—

Control unit———» : T Flags

ALU

Registers | ———»Registers. S

L | 2

Figure 2: ALU inputs and outputs

a9 (s.Sel 01 it sult of ACOMPUEETTDN excands thi LEngIh of tht COGISICY Tatp wton le
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2.2 Binary Number System

We have already mentioned that computer can handle two type of signals, therefore, to
e

_represent any information in computer we have to take help of these two signals. These two

signals corresponds to two levels of elect. ical smnas and svn"bohcaﬂy we represent them as@
and

In our day to day activities for arithmetic, we usgmtl;?’i%el%r ‘Er%uniber System. Tﬂte__c_tgg:lmal
number system is said to be of ecause jt uses ten digits and the coefficients
;are multiplied by power of 10. A decimal number sich as 5273 represents a quantity equal to 5
thousands plus 2 hundreds, plus 7 tens, plus 3 units. The thousands, hundreds, etc. are powers

of 10 implied by the position of the ceefficients. To be more precise, 5273 should be written as:
5x10% + 2%10F +7x10t + 3x10° hay

However, ﬁic_og\@lmn_ls__tg_\lr@ only the coefficient and from_their_position-deduce the
wwgo_fjﬂ_lr‘ demmal numb we need 10 different symbols. But in
computer we have provision to preserlt 6%0 directly we cannot use decimal
symbols to represent the number and these two symbals are 0 and 1. The binary number
system is said to be of base 2 or radix 2. because it uses two digits and the @ﬂw{)
multiplied by power of 2. ’

The binary number 110011 represents the quantity equal to:
1x2 + 1% 28 + 0% 2 +0x2 +1x2 +1x2° = 51(jn decimal)
W_g can use binary number_glstjm_fcn_r_c_o_m_guter arithmetic.

2.3 Integer Representation

Any integer can be stored in computer in binary form. As for example: The binary equivalent of
T e — T e e

integer 107 is 1101011, so 1101011 are stored to represent 107.
— ——

TTT——

*_What is t]‘e size of lmeger that can be stored in a Computer?

——

- F ith 8-bit ¢ ter can

for data is 8 bits, In case of B-bit ﬂumbers the minimum number that can be stored in computer

is 00000000 (0) and maximum number is 11111111 (255) (if we are working with natural

numbers). z 10"

21573}

2116
13 oD e ol

A6 o BT

9 f1 1 A
Dfl _.-'/
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3o, _mgmmoﬁmmmm_wemgﬂmummma Also it is related
ta number system; above range is for natural numbers, In general, for n-bit number, .the range
for natural number is from 0 2o 2" -1
Any arithmetic operation can be performed with the help of binary number system. Consider the
following two examples, where decimal and binary additions are shown side by side.

01101000 104

00110001 49

10011001 153

In the above example, the result is an 8-bit number, as it can be stored in the 8-bit computer, sg
we get the correct results.

10000001 129

10101010 178

nhees 4,_500101011 307

In the above example, the result is a 9-bit number, but we can store only 8 bits, and the most

significant bit (msb) cannot be stored. The result of this addition will be stored as (00101011)

which is 43 and it is not the desired result. Since we cannot store the complete result of an

The smallest unit of information is known as BIT iBlnary digiT).
The  binary number 110011 consists of & bits and it represents:

1%28 + 1= 2 + gx 2 40 x 28 + 1 3t +1x'35:=3'.‘-‘-ttbi-‘l‘cl:5|

2.3.1 Octal Number: The octal number system is said to be of base—onradix 8 because it uses
Mmm&mmmj&mmw Eight digits used in octal system are: 0.

1,2,3,4,5, 6and 7.

2.3.2 Hexadecimal number: The hexadecimal number system is said 10 be of base, or radix
18, because it uses 16 symbois and the coefficients are multiplied by power of 18.

Sixteen digits used in hexadeacimal systemare: 0,1,2 3,4,5,6,7, 8, 9,A B, C.D,EandF.

o Consider the following addition example:

11

by Renance
renance.app * Download Renance on Google Play



Renanced
CSC 316 | FUPRE en

% Qos"("’\)jl
Wf
e Binary Otial Hexadecimal Dec;mal

01101000 150 58 104
00111010 072 3A 58

10100010 242 AZ 162

Qo2 -
2.4 Signed Integer

We know that for n-bit number, the range for natura number is fromé o 2 “1) For n-bit, we have
all together 2" different combination, and we use these different combination to represent 27
numbers, which ranges from? & 2° -1,

If we want to include the negative number, naturally. the range will decrease. Half of the
combinations are used for positive number and other half is used for negative number

For n-bit representation, the range is from- 2*' -1z + 24 _ 1

For example, if we consider 8-bit number, then rangs for natural number is from 0 to 255; but for
signed integer the range is from -127 to +127.

2.4.1 Representation of signed integer

We know that for n-bit number, the range for natural number is from9 & 2* -1

There are three different schemes to represent negatiue number:

» Signed-Magnitude form!

* 1's complement form.
———'—_'____'_-——-—..._-,

* 2's complement form.

2.4.2 Signed magnitude form: :
In signed-magnitude form, one particular bit is used to indicate the sign of the number, whether
it is a positive number or a negative nu r M&mﬁmaQ_|tude of
the. number. For an n-bit number.wd—ﬁm and
'remair-%; (n-1) hits are nanWﬂmgM Therefore, the range is
from- 2 -lio + 2% - 1 - 3“:1 ot A= |
Generally, Most Significant-Bit( s used to indicate the sign and it is termed as signed bit.

0 in signed bit indicates ggsitive numper and 1.in signed bit indicates nega {ive number.

For examp!e_@mHDO’. represents + 169 andmm 001 represents - 169 ”{‘Ej”\ B o

There are several drawbacks to. s1t-magnltude representation. One is that addition and

subtraction_require a consideration [of both the signs of the numbers and their refative

magnitudes to carry out the required operatmns i
o [@awbacks ©o Stgn- ! rudo e R‘Q_ser‘itﬂh:;nzl'{:; He AU bers 1 & Mw Q{O.'l]'u(
— addinon g CUNROChe, 120HIre g Lons dovantn @y both ™
Magatuda 1 4D = (DO00OL
-~ Ther@ Gp AVD e Pres enteuiew of iID. -2 D= looob22P

al
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Ancther drawhack is that there are two representation of 0.

+0 = 00000000 3
-0 = 10000000 (sign magnitude) .
r__—'—‘—‘—-——__-

This is inconvenient because it is slightly more difficult to test for 0 (an operation performed
frequently on computers) than if there were a single representation. Because of these
drawbacks, sign-magnitude representation is rarely used in implementing the integer portion of
the ALU. Instead, the most commeon scheme is twos complement representation.

2.4.3. The concept of 2's complement

3
The concept oimcomplements is used to represent signed number. Like sign-magnitude, 2s

complement representation uses the most signficant bit as a si it, making it easy to test
mwwm_m_negm It differs from the use of sign-magnitude

representation in the way that the other bits are interpreted. The table below shows the

characteristics of 2's complement representation and arithmetic.

1. Range -2™ through 2'-1
2. No of representation of 0 One (1) ' =
- 3 Negation | Take the Boolean complement of each bit of |

the corresponding +ve number, then add 1 to
the resulting bit pattern viewed as an unsigned
integers

=

4. Expansion of bit length Add additional bit positions to the left and fill in

with the value of the original sign bit

5. Overflow rule ' If two numbers with the same sign (oth +ve or
both —ve) are added, then overflow cccurs if
and only if the result has the opposite sign

6. Subtraction rule To subtract B from A, take the 2's complement |
]

of Band add itto A ) -

Anthe npumberto a 1 and eachd-toa Q. In 1's complement form, the sign bit is made as 1 afid ~

Note that :WMDWWWMQQEQ}@;QQ

the magnitude is converted from true magnitude form to its 1's complement. For example, the
number -52 would be represented as follows:
-52 =|1|0110100 {true-magnitude form)
1-|1001G11 (1's complement form)

it AL
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Note that the sign bit is not complemented but is kept as a 1.to indicate g negative number, You
should verify that -7.25 = 111000.10. in 1's complement.

Qo ihe other hand the 2's complement form af a b number is formed b ing its 1'

complement and adding 1 to the least significant bit position. The procedure is iliustrated below
for converting 001100100 (decimal 52) to its 2's complement form.

00110100~—> LS8

11001011 -1's complement : l}\(ﬁ
+ 1___--add1toLSBto form 2's complement @ :

11001100 2¢O '
Example: 5 L{) L O 'f\ (m
Add +9 and 4 coo bl 06
gt = 00000}
Ans: 79 = 0 0001607 % 0 T

4=1 1111100 ’L\ S s tnmpd

1 0_0000101

_ |
O« “"’Mm 11100
Ca*rydiscar}sﬁp bit

Note that -4 will be in its 2's complement form. Th'us, +4 (0000100) must be converted to -4
(11111100), i3 ey

Consider a number system of base-r or radix-r. There are two types of complements,
e The radix complement or the r's complement.
e The diminished radix complement or the (r-1)s complement.

2.4.3.1 Diminished Radix Complement:

Given a number N in base r having n digits, the (r - 1)’s complement of N is defined
aslr™ - - & '

For decimal numbers, r=10and r- 1= 9, so the 9’s complement of N is(10" - D - &

€.9., &'s complement of 5642 is 99909 - 5842 = 4357

2.4.3.2 Radix Complement;

The r's complement of an n-digit number in base ris defined as " - Mfor NI = 0 and 0 for N =
0. rs complement is obtained by adding 1 to the ( r - 1 V's complement,

since':"g M) = [(r" - .N]+:

{
e.g., 10's complement of 5642 is 9's complement of 5642 + 1, i.e., 4357 + 1 = 4358
e.g., 2's complement of 1010 is 1's complement of 1010 + 1, e, 0101 +1=0110.

(:J ﬂ,:ﬁ:)"H 14 |
et bl on T L6 >
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2.4.4. Representation of Signed integer in 2's complement form:

Consider the eight bit number 01011100, 2's complements of this number is 10100100. If we
perform the following addition:

01011100
10100011

X
gooo00O0O0O

Since we are considering an eight bit number, so the Sth bit (MSB) of the result cannot be
stored, Therefore, the final result is 00000000,

Since the addition of two number is 0, so one can be treated as the negative of the other
number. So, 2's complement can be used to represent négative number.

Decimal 2's Complement 1's complement Signed Magnitude

+7 0111 0111 0111
+6 0110 0110 0110
+5 0101 0101 0101
+4 0100 0100 0100
+3 0011 0011 0011
+2 0010 0010 0010
+1 0001 0001 0001
+0 0000 0000 00ao
-0 —- Ef 1000
-1 1111 1110 1001
-2 1110 1101 1010
-3 1101 1100 1011
- 1100 1011 1100
-5 1011 1010 1101
-5 1010 1001 1110
-7 1001 1000 1111
-8 1000 — e
15
i,
.'\.._,._____ e . _ R - I i
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2.5 Representation of Real Number | ro
Binary representation of 41:6875 is 101001.1011 11’ et
Therefore any real number can be converted to binary number system. There aré two schemes
to represent real number:
o Fixed-point representation
Floating-point representation
2.5.1 Fixed-point representation:
Binary representation of 41.6875 is 101001.1011.To store this number, we have to store two
information,
» the part before decimal point and
« the part after decimal point.
This is known as fixed-point representation where the position of decimal point is fixed and
number of bits before and after decimal point are also predefined.
If we use 18 bits before decimal point and 8 bits after decimal point, in signed magnitude form,
the range i5-2"i -1t +2% -1 and theprecisionis 2% .
One bit is required for sign information, so the total size of the number is 25 bits ( 1(sign) +
16(before decimal point) + 8(after decimal point) ).
2.5.2 Floating-point representation:
In this representation, numbers are represented by a mantissa comprising the significant digits
and an exponent part of Radix R. The format is: mastssa * R
Numbers are often normalized, such that the decimal point is placed to the r.Eght of the first non-
zero digit. For example, the decimal number,
5236 is equivalent to 3236 * 107
To store this number in floating point representation, we store 5236 in mantissa part and 3 in
exponent part.
2.5.2.1 IEEE standard floating point format:
We can represent a numper in the form:
+3 * B*F
This number can be stored in a binary word with three fields:
« sign: plus or minus
+ significand: 8
« exponent E
16
(
.
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The base B is implicit and need not be stered because it is the same for all numbers. Typically,
it is assumed that the radix point is to the right of the leftmost, or the MSB of the significand.
That is, there is one bit to the left of the radix point

2.5.2.2 Floating Point Arithmetic

For addition and subtraction it is very necessary (o ensure that both operands have the same
&xpanent value. This may require shifting the radix point on one of the operands to achieve
alignment. Multiplication and division are more straight-forward. The table below summarizes
the basic operations for floating-point arithmetic.

[ Floating=point number [ Arithmetic operations

TX?(?'B? o

i [ X-Y = (Xs*B*Ye-Ys) * BY:

IY=YS'BYE [ XTY=(Xs* Ys) *BE e

| | X1Y = (Xs! Ys) *BX%e
Example:

Perform the four arithmetic operations for the following X and Y numbers:

A=08*19*

Y =02* 108 : S
Ans: - Re™
X+Y=(0.3"10%+0.2)* 10°=0.23 *10° = 230 Q fe= 2
X =¥ =(038"10>*=02)" 10° = (-0.17) * 10° = -170 1e=3
K*Y=(0.3%02)*1023=0.08* 10° = 6000 )ig =0 <
XIY=(03/02)*10?*=15*10"= 015 e

£ floating point operation may provide one of these conditions:

5 ¥ Exponent overflow; a +ve exponent gxceeds the maximum possible exponent value. In
£.VE SXponent gxceeds

some systems this may be designated as +=or -=

* Exponent underflow: & _ve exponent is lgss than the minimum possible exponent (e.g.

< -200 is less than -127). This means that the number is too small to be represented and it

Floa,

may be reported as 0

Significand underflaw: in the process of al gning significands, digits may flow off the right
end of the significand

Condet) & fy

17
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» Significand averflow: the addition of two significands of the same sign may. result in a

carry out of the most significant bit. This can be fixed by re-alignment
2.5.2.3 Algorithm for Addition and Subtraction in Floating-Point Arithmetic
In floating-point arithmetic, addition and Subtraction are more complex than multiplication and
division. This is because of the need for alignment. There are four basic phases of the algorithm
for addition and subtraction
Phase 1 - zero check: becz_ause addition and subtraction are identical except for a sign change,
the process begins by changing the sign of the subtrahend if it is a subtract operation. Next, if
either operand is 0, the other is re'poned as the result.

Bhase 2 — significand alignment: the next phase is to manipulate the numbers so that the two
exponents are equal. Alignment may be achieved by shifting either the smaller number to the
right (increasing the component} or shifting the large number to the left. Because either

operation may result in the loss of digits, it is the smaller number that is shifted; any digits that

are lost are therefore relatively small significance, The alignment is achieved by repeatedly

shifting the magnitude portion of the significand right 1 digit and incrementing the exponent until

the two exponents are equal.

Phase 3 — addition: next, the two significands are added toyether, taking into account their

signs. Because the sign may differ, the result may be 0. There is also the possibility of i
significand overflow by 1 digit. If so, the significand of the resuit is shifted right and the exponent

is incremented. An exponent overflow could oceur as a result; this would be reported and the !
operation failed

Phase 4 — normalization: the final phase normalizes the result. Normalization consists of shifting~

ignifigar igi an i Each shift causes a decremant of the

exponent and this could cause an exponent underflow. Finally, the resuit must be rounded off
and then reported.
To see the need for aligning exponents, consider the following decimal addition:

(123 *10% + (456 109
Clearly we cannot just add the significands. The digits must first be set into equivalent positions
that is, the 4 of the second number must be algned with the 3 of the first. Under these
conditions, the two exponents will be equal, which is the mathematical condition under which
two numbers in this form can be added. Thus.

(123 10% + (456 * 10?) = (123 *10%) + (4.56 * 10% = 127.56 * 1Q°,

18
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2.5.3 Representation of Character

Sinee we are working with O's and 1's only, to represent charagter in computer we use strings of
0's and 1's only. To represent character we are using some coding scheme, which is nothing but
a mapping function. Some of standard coding schemes are: ASCII, EBCDIC, UNICODE.

ASCII American Standard Code for Information Interchange, It uses a 7-bit code. All together
we have 128 combinations of 7 bits and we can represent 128 character.

As for example 65 = 1000001 represents character 'A'.

EBCDIC : Extended Binary Coded Decimal Interchange Code. It uses 8-bit code and we can
represent 256 character.

UNICODE : It is used to capture most of the languages of the world. It_usgg 16-bit. Unicode
provides a unigue number for every character, no matter what the platform, no matter what the
pregram, no matter what the language. The Unicode Standard has been adopted by such

industry leaders as Apple, HP, 1BM, JustSystem, Microsoft, Oracle, SAP, Sun, Sybase, Unisys
and many others.

2.6 Addition and Subtraction in Integer Representation

med with the following rules:
« Take the Boolean complement of each bii of the integer (including the sign bit). That is
set each 1to 0 and each O to 1

* Treating the result as an unsigned integer, add 1

The two-step process is referred to as the twos complement-operation, or taking of the twos._ .
Addition in tweos complement is illustrated below:
1001 =-7 1100 =4 0011 =3 1100=-4
+0101=5 + 0100 =4 0100 =4 1111 =1
1110=-2 10000 O 0111 =7 1011 =-5

The above illustrate successful operations. If the result of the operation is positive, we get a
positive number in ordinary binary notation. If the result of the operation is negative, we get a
negative number in twos complement form. Note that in some instances, there is a carry bit
beyond the end of the word, which is ignored.

Cn any addition, the result may be larger than czn be held in the word size being used. This
condition is called overflow. When overflow occurs, the ALU must signal this fact so that no
attempt is made to use the result. To detect overflow, the following rule is observed. litwo
_numbers are added. and they are both positive or both negative. then averflow ocesrsifand
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iMend
208 5 o P 2K
-”"4? w =a o 2o
O it o
o - 5 I I’0
mmmhammlasm Note that an overflow to ocour whether or not there is a R
carry.
" Subtraction is alsa easily handled with the following rule: to subtract one number (subtrahend)

from another W} take the twos complemert (negation) of the subtrahend and add itto
the minuend. Thus subtraction is achieved using addition.

0010=2 0101 =5 1011 =5 0101 =5
1001 =-7 1110 =-2 1110=-2 0010 =2
1011 =-5 10011 =3 11001 =-7 0111 =7

2.7 Multiplication

Compared with addition and subtraction, multiplication is a complex operation, whether
performed in hardware or software. A wide variety of algorithms have been used in various
'computers.

When mmiiplying unsigned integers, some important observations can be made:

* Multiplication involves the generation of partial products, one for each digit in the
multiplier. These partial products are then summed up to produce the final product

* The partial products are easily defined. When the muitiplier bit is 0, the partial product is
0. When the muitiplier is 1, the partial product is the multiplicand

* The total product is produced by summing the partial products. For this operation, each
successive partial product is shifted one position to the left relative to the preceding
partial product

* The multiplication of two n-digit binary integers is a product of up to 2n bits in length (e.g.
11711 =1001)

One of the algorithm used in twos complement mulfiplication is the Booth's algorithm can be
illustrated as with this example: multiply 2 by -4 (base 10 numbers). Note the multiplicand is 2
and the multiplier is -4.

* The upper half of the product register will initialize with the value of zero Q)

* The lower half of the product register will be initialized with the value of the multiplier 2 in
this example, and will by the last repetition of these steps, contain the correct value for
the product of the multiplication. '

We will keep up with 5 values during this multiplication demonstration

1. Product multiplier

2. Multiplicand

3. Current bit (least most)

20
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B
We will

Previous bit (least most)

Operation

or will not perform an “operation” based on the current and previous bits.

00 do nothing

01 add muttiplicand to upper (left) half of the product register
10 subtract multiplicand to upper (left) half of product register
11 do nothing

From the above example, we will use 5 bits i.a. 210%-44g
2 in base 2 is 00010
-4 inbase 2is 11100

-2 in ba

se 2is 11110

YWhy do need the -2? The operation 10 means we need to subtract the muitiplicand. Since the

multipiicand is positive, it is the easy way to subtract it. We add the complement of the positive
of 2. Negative 2 Is the complement of positive 2. So If we add the binary value of negative 2 to

the product register we are still actually subtracting it since it is a signed integer. This is why |

recommend adding the complement of the multiplicand for the subtract operation.

Rep | Product Multiplicand Current | Previous | Operation on product
Register i bit bit register then shift right
0 00000 11'100‘{_4) 00010 (2} |0 0 Do nothing |
1 00000 011 10, 00010 Lo =) Do nothing
2 i 00000 00111 Qo010 | 1 |0 | Subtract multiplicand from
| i upper product register
2a | 11110 00111 New product but still need o shift right keeping the correct .
} “signed” bit ;
1711 60071 00070 1 1 Donething |
| 11111 10001 00010 1 1 Do nothing
IEEEEEE 11000 00010 ) 1 Add multiplicand to upper
product register
5a | 00001 11000 Last iteration (#bits=rep) then the answer s in lower half of the

| register, -8 i.e. 11000

K21
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2.8 Stacks
A stack is an ordered set of elements, only one of which can be accessed at a time. The point of

access is called the top of the stack. The Qumbe-of slements in the stack s a variable’ ltems
may be added to or delsted from the top of the stack. For this reason, a stack is also known as,
a pushdown list o -in-first-out (LIFO) list, ; first - in - Last-0ug (FiUZD

The figure below shows the basic stack operations. We begin at some point in time when the

stack contains some numbers of e'eme’rts A PUSH qgeratmn a%per*ds one new item to the top.

of the stack, the to ck. In both cases, the top of the

stack moves accordingly. Binary operations which require two operands (e.g. multiply, divide,

add, subtract) use the top two stack items as operands, pop both items and push the result back

onto the stack. Unary operations, which require anly one operand (e.g. iogical NOT), use the
item on the top of the stack. i

2.8.1 Stack Implementation

The stack is a useful structure to provide as part of a CPU implementation. One use is to

manage procedure calls and refurns Stacks may also be useful to the programmer. An example
of this is expressian of evaluation.
The implementation of 3 stack depends in part on its patential uses. I it is desired to make stack

operation available to the programmer, then the instruction set will include stack-oriented

operations, including PUSH, POP, and operations that use the top one or two stack elements as.

operands. arati i i ely the top of the

stack, th f ¥ is implicit and need not be inclyded_in the
instruction These are the zero-aMdress instructions.

If the stack mechanism is to be used only by the CPU, for such purpose as procedure handling,

then there will not be explicit stack-oriented instructions in the instruction set. In either case. the
implementation of a stack requires that there be some set of locations used to store the stack
elements. A contiguous block of locations is reserved in main memory (or virtual memary) for
the stack. Most of the time, the block is parhal]y filled with stack elements and the remainder is
available for stack growth.
Three addresses are needed for proper cperation, and these are often stored in Cngmter
* Slack paoiptec goniains the address of the top of the stack If an item is appended to or
deleted from the stack, the pointer is incremented or decremented to contain the
address of the new top of the stack.

22
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* Rlack base contains the address of the bottom location in th ck. If an
attempt is made to POP when the stack is empty, an error is reported. i
* _Stack limit: contains the address of the ather end of i reserved block. If an attempt is

made to PUSH whean the block is fully utilized for the stack, an error is reported.
2.8.2 Expression Evaluation

Mathematical formulas are usually expressed in what is known as ﬂfﬁ_n__ciat_ign. In this form, a
binary ggeratiﬂﬁmbﬂmeﬁ—the_eperaﬂds (e.g. atb). For complex expressions,
parentheses are used to determine the order of evaluation of expressions. For example, a+
(b*c) will yield a different result than (a+b)*c. To minimize the use of parentheses, operations
have an implied precedence. Generally, multiplication takes precedence over addition, so that

atb*cis equivalent to a+(b*c).

An alternative technigue is known as rgverse Polish or peetfix-netation, in the notation, the

operator follows its two operands. For example,

a+b becomes ab+
" a+(b*c) becomes abc*+
{at+b)*c becomes ab+c*
Note that, regardless of the complexity of an expression, Mmmw@gm&
using reverse Palish.

an expression in this form is easily evalua ed using a
stack. An expression in postfix notation is scanned from left to right. For each element of the

expression, the following rules are applied:

1._Ifthe element is a variable or constant, push it onto the s

2. Ifthe glement is an operator, pop the top two items of the stack, perform the operation,
and push the result,

After the entire expression has been scanned, the esult is on the top of the stack.

The simplicity of this algorithm makes it ‘-a, convenient one for evaluating expressions.
Accordingly. many compilers will take an expression in a high-level language, convert it to
postfix notation, and then generate the machine instruction from the notation. Below is the
sequence of machine instructions for evaluating f= (a-b)/(c+d*e) using stack-oriented
instructions. Note that, even though the stack-oriented rules were not-used in the last two case,

the postfix notation served as a guide for generating the machine instructions,

23
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Fogn _ add

i [ Stack __"__"Jiﬁé?eﬁ @ss_te?_“_“—éﬁﬁle_g Eer—_ "'_E
!i . l Push a | Load R1,a I Load d IJ'
| | Push b | Subtract R1b Multiply e [
| | Subtract |‘ Load R2.d | Add ¢ |
| | Push ¢ | Multiply R2 e I Store f |
| | Push d I Add R2 ¢ | Load a |
| j Pusheg [ Divide R1,R2 i' Subtract b |
i Multiply | Store R1f | Divide f |
: | add i : l Store f i
| | divide | |j 4 |

pop f |
]m e o_ns‘#T s ﬁb_"_ e _“—\.{_8_ S o __||
| Memory access *'_—Ta‘aa;s?é?—'—‘"%pﬁﬁ——— " [8opred ]

1. Examine the next element in the input
2. Ifitis an operand output it (Q,IMCJ = )
3. Ifitis an opening parenthesis, push it unto ‘he stack C( )
4. Ifitis an operator, theﬂg—} =] &
* Ifthe top of the stack is an opening parenthesis, then push the operator
* [fit has higher priority than the top of the stack (multiply and divide have higher
priority than add and subtract). then push the operatar
* Else. pop operation from stack to cuput, and repeat step 4

5 Hitisa closing parenthesis, Pop operators to the eutput until an opening parenthesis is
€ncountered. Pop and discard the opening parenthesis. ()

6. Ifthere is more input, go to step 1

7. Ifthere is no more input, unstack the remain ng operands.

Example: using the Dijkstra algorithm convert the expression to a postix expression:
A+B*C+(D+E)*

24
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Input Output Stack (top on right) ]
| A+B*C+(D+E)'F Empty Empty |
+B*C+(D+E)F A Empty
| BCHDENF A g
! "C+(D+E)*F AB +
|
| C+(D+E)*F | AB -
| +D+E)'F ABC 0=
f' < (D+E)'F ABC*+ T
D+EYF ABC*+ |+
+E)*F ABC*+D +(
EYF ABC*+D : +{+
yF ABC*+DE +(+ |
F ABC*+DE+ + |
|
F ABC*+DE+ +* i
Empty ABC*+DE+F + '
empty ABC*+DE+F*+ Empty |
B o cOMRLEET
ASS| coiuEse
SIGNMENT ONE sored Pﬁﬁ,grﬂ f“\% gmﬂwfﬂ sy,
1. What is a stored program computer? S PR, &
2. What is the key distinguishing faatures of a microprocessor?
v—3 How can you form the negation of an integer in twos complement representation?
4. What is the difference between the twos complement represen ion of a number and
the twos complement of a number?
\,E/Brleﬂy, explain the following representation: sign magm’_dge and twos complement.
25T Wagtlgs An
YERIESETENen as o 59N blE, Mg €AY T '
£2's comREMmeATaila usestne e
e b PosTtiVL oY NegaHUL
! . Vs mﬂ‘\?\.ﬂmﬂ‘t&'ﬁiqd—d—’-{' 9
e 4t Lsh fostao
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CHAPTER THREE _ *

INSTRUCTION SET & ADDRESSING '

3.1 Machine Instruction

The ation of a CPU is determine by the instruction it referred to as machine

i/nE.EL_JEyggs or computer instructions. The collection of different instructions is referred as the
. Instruction set of the CPU.

Each instruction must contain the information required by the CPU for execution. The elements-

_of an instruction are as follows:
3.1.1 Operation Code: '

ecifies the operation & performed, (e.g., add, move etc.). The operation is specified by a .
binary code, known as the operation code ar opcode.

3.1.2 Source operand reference:

The operation may involve one or more source operands. that is, operands that are inputs for
the operation.

3.1.3 Result operand reference:
The operation may produce a result,
3.1.4 Next instruction reference:
" This tells the CPU where to fetch the next instruction after the execution of this instyliction is

complete: B,

The next instruction to be fetched is located in main memory. But in case of virtual memeory
system, it may be either in main memory or secondary-memery (disk). In most cases. the next
instruction to be fetched immediately follow the current instruction. In those cases, there is no
explicit reference to the next mstructtcné%\/hen an explicit referﬂnce is needed, then the main

memaory or virtual memory address must be given.
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Source and result operands can be In one of the three areas:
* main or virtual memory,
« CPU register or
s /O device,

The steps involved in instruction execution is shown in the figure-

Figure 3.1: instruction cycle state diagram
3.2 Instruction Representation

Within the computer, each instruction is represented by a sequence of bits. The instruction IS
divided into fields, corresponding to the constituant elements of the instruction. The instruction
format is highly machine specific and it mainly depends on the machine architecture. A simple
example of an instruction format is shown in the figure 3.2. It is assume that it is a 16-bit CPU. 4
bits are used to provide the operation code. So, we may have to 18 (2¢ = 186) different set of
instructions. With each instruction, there are two operands. To specify each operands, 6 bits are
used.

Itis possible to provide 64 (2t = 64) different operands for each operand reference. It is difficult
to deal with binary representation of machine instructions, Thus, it has become commaen

practice to use a symbolic representation of machine instructions.

Opcodes are represented by abbreviations, called muemonics that indicate the operations.
Common examples include; ”

ADD  Add 5
SUB  Subtract

MULT  Multiply

DLV Division

LOAD Load data from memory to CPU

27
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STORE  Store data to memory from CPU,

Figure 3.2: A simple instruction format.

Operands are also represented symbolically. For example, the instruction
MULTR, X:RRxX

may mean multiply the value contained in the data location X by the contents of register R and
put the result in register R

In this example, &refers to the address of a location in memaory and R refers to a_padicular
Jregister. Thus, it is possible to write a machine language program in symbolic form. Each
symbolic opcode has a fixed binary representation, and the programmer specifies the location of
each symbolic operand.

<t RR S
3.3 Instruction Types £, ]
The instruction set of a CPU can be categorized as follows: @T iDSJPm’DC
3.3.1 Data Processing: —

Arithmetic and Logic instructions: Arithmetic instructions provide computational capabilities for

Wﬁi& *DSI (Boalean) ingtructions operate on the bits of a word as bits
T_'__‘—-——-__

rati-er than as numbers. Loch :nstructmns thus provide capabilities for processing any other

type of data. There operatrﬂe performed primarily on data in CPU registers.

3.3.2 Data Storage:
e ————

Memary instructions: pMemory ['nstrqftioﬂ:iﬂa used for moving'}:lata betweeh’ﬁlamory and C‘PUS
registers.

3@}1&1&31&&1:
1’0 _instruetions4/0 mw to transfer program and data into memory from

storage device or input device and the results of computation back to the user.
3.3.4 Control;

Test and branch instructions:\Test instrust fonsi-are Lsal

i = A = o a
%J@m@tatmn ﬁ ancil.ms{\cueue@ﬂ ) sed to branch to a different set of

instructions. nding on the-decision made. %5-1- d Sioius Qo U‘-wwp u\-q’hb N
3.4 Number of Addresses
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@@Jﬂﬂﬁmﬂ%&addresses ons mrght neea |r1 an _instruction? Most_of the

arithmetic and logic operations are enher,uzlau_ﬂane_ape.cand\ or binary (two operands). Thus

we need a maximum of two addresses tp reference operands. The result of an operation must

be stored, suggesting a third address. Finally after completion of an instruction, the next
instruction must be fetched, and its address is needed.

This reasoning suggests that an instruction_may require to_contain Jf_ur aaa’ress reﬁ'remes

nd the addfess of the next instruction. In practice. four address
—

_ﬁ%&:ﬂm Most instructions have one' two or three operands addresses, with the

address of the next instruction being implicit (obtained from the program counter}.
351

One of the most [nteresting. and Jnost analyzed, aspects of computer design is instruction set
design. mwm@ﬁm&m&mm&mmgmmggfu. The instruction set is
the programmer's means of controling the CPU. Thus programmer requirements must be
considered in designing the instruction set.
Most important and fundamental design issues: (ODIRA Y
. Operatlon repertoire: How many and which operations to provide, and how complex
operatm%ns should be.
« Data Ty';g_es: The various type of data upon which operations are performed.
. Instructié‘T format: Instruction length (in bits), number of addresses, size of various
fields and sp on.
* Registers: Number of CPU registers that can be referenced by instructions and their
use. I:\
* Addressing: ‘F.he mode or modes by which the address of an operand is specified.

These issues are highly inter-related and must be censidered together in designing an

instruction set
3.6 Types of Operands
achine instructions operate on data. Data can be categorized as follows -

Addressus-ii—bﬂm%—hmm%ﬁmmmmn Addresses are nothing but

the unsigned-irteger, but treated in a special way lo indicate the address of a memory location.

Address arithmetic is somewhat different from normal arithmetic and it is related to machine .

architecture.

Numbers: All machine languages include numeric data types. Numeric data are classified into
two broad categories: integer or fixed point and floating point,
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Characters: A common form of data is text or character strings. Since computer works with bits,

so characters are represented by a Sequence of bits. The most commonly used coding scheme
is ASCII (American Standard Code for Information Interchange) code. '

EL‘E‘E?—'—E‘—‘E Normally each word or other addressable unit (byte, half-word, and s0 on) is
treated as a single unit of data. It is sometime useful to consider an n-bit unit as consmtmg of n

1-bit items of data, each item having the value 0 or 1. When data are viewed this way, they are

considered to be logical data. Generally Mik&ﬁlﬂﬂﬁ_imﬁ.agg.m,s.meaied.as_ta!se.

3.7 Types of Operations

Thé number of different opcodes and their types varies widely from machine to machine,
However, some general type of operations are found in most of the machine architecture. Those
operations can be categorized as follows: P QLC is T

* Data Transfer

e  Arithmetic

* Logical

= Conversion .

* Input Output [ /O |

* System Control

* Transfer Control
3.7.1 Data Transfer:
The most fundamental type ine_instruction_i data transfer instruction. The data

transfer instruction must specify several things. First,_t the [gggtron of the source and destrna’uon
operands must be specified. Each location could be memao registerlor the top of the stack

Second the length of data to be transferr indicated. Third, as with all instructions
Wlth operands, the mode of-addressing for each operand must be specified..

The CPU has to perform several task to accomplish a data transfer operation. If both source and

destination are registers, then the CPU simply causes data to be transferred from one register to
another, this is an operation internal to the CPU,

If one or both operands are in memory, then the CPU must perform sonie or all of the following
actions; '

a) Calculate the memory address, based on the addressing mode.

b) If the address refers_to virtual memary, translate from virtual to actual memory address.

¢} Determine whether the addressed item is in cache. >
dy i not,l!_issue a command to the memory module,
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Commonly used data transfer operation: e
Operation Name Description

Move (Transfey———Transfer word or block from saurce to destination.

Store Fransfer word from processor to memory

Load (fetch}y— — =fransfer word from memory ta-processos

Exchange ————38wap contents of source and destination-

Clear (reset)e————Aransfer word of 0 to destinazion

Set Fransfer word of 15 to destination

Push A ransfer word from source.to 10p of stack

Pop— Fransfer word from top of stack to destination
! 175 Aoy

Most rfiachines provide the basic arithmetic ope-ations like add, subtract, multiply, divide etc.

These are invariably provided for signed iméger (fixed-point) numbers. They are also available
for floating point number. ,

The execution of an arithmetic operation may involve data transfer operation to provide the
operands to the ALU input and to deliver the result of the ALU operation.

Commonly used data transfer operation:

Operation Name Description

Add————""———— _>Compute sum of two operands
— P u pel

Subtract =Compute difference of two operands

’;\d_tlll‘{gly—————h___cpgjcmputa product of two operands

i ) Divide ——————————==Compute quotient of two operands

5 i )

' Absolute.__———— =Replace operand by its absolute value
o v
Negate Change sign of operand

Increment=—_________ =Add | to operand
Deersment = Subtract 1 from operand

3.7.3 Logical:

" Most machines also provide a variety of operations for manipulating individual bits of a word or
other addressable units often referred to as “bit twiddling”. They are based upon Boolean
operations

Maost commonly available logical operations are:

Operation Name Description
AND —Performs the logical operation AN‘B bitwise
31
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T "

T I i 1

A
9
&
8-
Q
' OFR: SPerforms the logical operation OR bitwise
NOF — = >Performs the logical operation NOT bitwise :
Exelusive OR———————Performs the specifiec Jogical operation Exculsive-OR bitwise
[ X
Test— >Test specified condition; set flag(s) based on outcome
Compare— >Make logical or arithmatic comparison Set flag(s) based on outcome

Shift Left (right)————— >Shif; operand, introducing constant at end
Rotate Left (right———38hift operation, with wraparound end

3.7.4 Conversion:

Conversion instructions ﬂmgs_e_ihatghange_tne_famamr_qm@_t‘a_qm_the.Iormat_oI_Qata. An
example is converting from decimal to binary.

3.7.5 Input / Output:

Input / Output instructions are between | and

memory/CPU register.

Commeonly available 110 operations are:

Operation Name Description

input (Ready STransfer data from specified I/O port or device to destination

(e.g., main memory or processor register)

Output (Wriie)-—————ﬁ‘ransfer data from specified source to 'O port or device,

Start I/O— —Fransfer instructions to /O processor to initiate 1/0) operation.
Test [/O—

Fransfer status information from L/O sysiem to specified destination

3.7.6 Systern Control:

System control instructions a

220 0

A&% Typically, these instructions are reserved for the use of operating systems.
For example, a system contral instruction may read or alter the content of a control register.

Another instruction may be to read or modify a storage protection key. .

3.7.7 Transfer of Control:

In most of the cases, the next instruction to be performed is the one that immediately follows the
) Seas s NElUcton fo b : Ao
current instruction in memory. Therefore, program counter helps us to get the next instruction.
= s 2 sy PPN il

——— }

But sometimes it is required to change the sequen-c_é' of instruction execution and for t—h_ét |
instruction set should provide instructions to accomplish these tasks. For these instructions, the
operation performed by the CPU is to upload the program counter to contain the address of
some instruction in memory. The most common transfer-of-control operations fou i
mmnmmm and procedure call.
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: C - . oy uPdthre) T Prospoum cotse - &
/ i s rORAL hﬂ ‘“’{ re}
AT @S Seeclitied iy DRerand
3.7.7.1 Branch.Instructio un @ o ad - o

A branch instruction, alsg called a jump instructicn, has one of its operands as the address-of
the next instruction to be executed. Basically there are two types of branch instructions:

Conditional Branch instruction and unconditional branch instruction. In_case of unconditienal

branch i i i updating the program counter to address specified in__
_operand. In cas it i i i nly if a certaj ndition

dsmet. Otherwise, the next instruction in sequence is executed.
There are two common ways of generating the condition to be tested in a conditional branch
instruction -
First most machines provide a 1-bit or multiple-bit condition code that is set as the result of
some operations. As an example, an arithmetic cperation could set a 2-bit condition code with
one of the following four values: zero, positive, negative and overflow. On such a machine, there
could .be four different conditional branch instructions:
) BRP X Branch to location X if result is positive
j BRN X Branch to location X if result is negative

BRZ X Branch to location X is result is zero

BRO X Branch to location X if overflow oceurs

In all of these cases, the result referred to is the result of the most recent operation that set the
condition code,

Another approach that can be used with three address instruction format is to perform a
' comparison and specify a branch in the same instruction. &
: “For example,

BRE R1, R2, X Branch to X if contents of R| = Contents of R2,

3.7.7.2 Skip Instruction
[ Another common form of transfer-of-contral instruction is the skip instruction. Generally, the skip

implies that ene instruction to be skipped; thus the implied address equals the address of the )
i . next instruction plus one instruction length. A typical example is the increment-and-skip-if-zero .
i (ISZ) instruction. For example,

} ISZRI

' This instruction will increment the value of the register R1. If the result of the increment is zero,

1 then it will skip the next instruction.

3.7.7.3 Procedure Call Instruction

33
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into a large program. At =
b

the program the procedure may be invoked, or called. The processor is instructed to
go and execute the entire procedure ang then retum to the point from which the call took place.

The procedure mechanism i icinstructions: a Qﬁlumuﬁﬂﬂlmai_b:amnes_a;m
-——-————-——-———__._—-—LDMDM%‘-S—D_{.@_bas
@iﬁl?_sﬁﬂhlﬂcﬂﬁmme-pmme, and araturninstruction that returns from the procedure to

the plac ich i s called. Both of thege ars forms of branching instructions.
Some important points regarding procedure call:

* A procedure can be‘@ﬂﬁ-‘iimamna_mmm
* A procedure call Lan-appearin a procedurs. This allows the nesting of procedures to an

arbitrary depth.

. any point in

. Eachprocedureca“' turn in th lled progr:

storing the return address:

* Register
; address.
*  Start of procedure 4 ©MmMon Pla®s for stoing e return >

* Top of stack

RNPC+IL
PC X

where RN is g register that g always used for this Purpose, PCis the program counter and JL is
the instruction length,

- XBC+IL
PC X+

prevent the use of reentrant procedures. A reentrant procedure is one in which it is possible tg
«have several calls open to it at the same time.

A more general approach is to use stack. When the CPU executes a call, it places the raturn

34
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SACE Pame 18 The entivX Set of parid
e a procodune Javbcation -

> It may happen that, the called procedure might have to use the processor registers. This will *
overwrite the contents of the registers and the caling environment will lose the information. So,
it is necessary to preserve the contents of processor register too along with the return address.

Sor re ister. On return from the procedure call,
the contents of the stack will be popped out to app opriate registers.

In addition to provide a return address, it is also often necessary to pass parameters with a
procedure call. The most general approach to parameter passing is the stack. When the
processor exscutes a call, it not only stacks the return address, it stacks parameters to be
passed to the called procedures. The called procedure can access the parameters from the
stack. Upon return, return parameters can also be placed on the stack. The entire set of

met i ing return is stored for a procedure i tion is referred t
Stack frame,

Most commonly used transfer of control operation:
Operation Name Description
Jump (branch) Uncondmonal transfer, load PC with specific address

Jump conditional lest specific CDI‘IdIl]{)I’I either load PC with specific address or do nothing, based on
condition

Jump to subroutine Place current program control information in known location; jump to specific
address

Return Replace contents of PC and other register from known location

Skip Increment PC to skip next instruction

Skip Conditional Test specified condition: either skip or do nothing based on condition

Halt Stop program execution

3.8 Instruction Format:

An instruction format defines the layout of the bi an i ion, i i ituents

_Parts. An instruction format must include an opcode and, implicitly or explicitly, zero or more
operands. Each explicit operand is referenced using one of the addressing mode that is

available for that machine. The format must, implicitly or explicitly, indicate the addressing mode
of each operand. For most :nstruchon sets, more than one instruction format is used. Four
common instruction format are shown in the fi figure on the next slide .
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3.9 Instruction Length: %’

On some machines, all instructions have the same length; on others there may be many
different lengths. Instructions may be shorter than, the same length as, or more than the word
length. Having all the instructions be the same length is simpler and make decoding easier but

olien wastes space, since all instructions then have 10 Se as long as the longest one. Possible

Generally there is a correlation between memory transfer length and the instruction length.
Either the instruction length should be equal to the memory transfer length or one should be a

multiple of the other. Also-in most of the case there is a correlation between memory transfer
length and word length of the machine. '
3.10 Allocation of Bits:

For a given instruction length, there is a clearly a trade-off between the number of opcodes and
the power of the addressing capabilities. More opcodes obviously mean more bits in the opcode
36
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field. For an instruction format of.a giv'en length, this reduces the number of bits available for
addressing.

The following interrelated factors go into determining the use of the addressing bits:

Number of Addressing modes:

Sometimes as addressing mode can be indicatad implicitly. In other cases, the addressing
mode must be explicit, and one or more bits will be needed.

Number of Operands:

Typical instructions on today's machines provide for two operands. Each operand address in the

instruction might require its own mode indicator, cr the use of a mode indicator could be limited
to just one of the address field.

Register versus memory:

A machine must have registers so that data can be brought inte the CPU for processing. With a
single user-visible register (usually called the accumulator), one operand address is impiicit and
consumes no instruction bits, Even with multiple ragisters, only a few bits are needed to specify

the register. The more that registers can be used for operand references, the fewer bits are
needed.

Number of register sets:

A number of machines have one set of general purpose registers, with typically 8 or 16 registers
in the set. These registers can be used to store data and can be used to store addresses for
displacement addressing. The trend recently has been away from one bank of general purpose

registers and toward a collection of two or more specialized sets (such as data and
displacement).

Address range:

¢
For addresses that reference memory, the range of addresses that can be referenced is related

to the number of address bits. With displacement addressing, the range is opened up to the
length of the address register.

Address granularity:

In a system with 16- or 32-bit words, an address can reference a word or a byte at the
designer's choice. Byte addressing is convenient for character manipulation but reguires, for a
fixed size memory, more address bits.
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Variablg-Length Instructions:

=

Instead of looking for fixed length instruction format, designer may choose to provide a variety of
instructions formats of different lengths. This tactic makes it gasy to provide a large repertoire of
opcodes, with different opcode lengths.

Addressing can be more flexible, with various combinations of register and memory references
plus addressing modes. i i i Hati ided
M@ﬂd—ﬁmmpagﬂy, The principal price to pay for variable length instructions is an
increase in the complexity of the CPU.

Number of addresses:

The processor architecture is described in terms of the number of addresses contained in each

instruction. Most of the arithmetic and logic instructions will require more operands. All

arithmetic and logic operations are either Mm e.g. NOT) or binary (two
source opbrands, e.g. ADD). : |

Thus, \wmgmmsm&FeMSourgg operands. The result of an
operation must be stored, suggesting a third reference. Three address instruction formats are
not common because they require a relativély long instruction format to hold the three address
reference. :

With two address instructions, and for binary operations, one address must do double duty as
both an operand and a result.

In one address instruction format, a second address must be implicit for a binary operation. For
implicit reference, a processor register is used and it is termed as accumulator (AC). The
accumulator contains one of the operands and is used to store the result.

Consider a simple arithmetic expression to evaluate:

Y=(A+B)/(C*D)
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3.11 Instruction Addressing

We have examined the types of operands and operations that may be specified by machine
instructions. Now we have to see how is the address of an operand specified, and how are the

bits of an instruction organized to define the operand addresses and operation of that
instruction.

3.12 Addressing Modes:
The most common addressing techniques are:

* Immediate
_——

* Direct
Ty

e Indirect
it

* Register
i R o,
* Register Indirect
T T L
Displacement
Stack

"
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All'ccmputer architectures provide more than ons of theseaddressing modes. The question
arises as to how the control unit can determine which addressing mode is being used in a
particular instruction. Several approaches are used. Often, different op-codes will use different

addressing modes. Also, one or more bits in the instzuetion format can be used as a mode

field The value of the mode field determines whicA addressing mode is to be used.

What is the interpretation of effective gddress (EA). In a system without virtual memory, the
effective address will be either a main _memory address or a register. In a virtual memory

system, the effective address is a ﬂduamadmsg_%mtit_‘a_r. The actual mapping to a physical
address is a function of the paging mechanism and is invisible to the programmer.

To explain the addressing modes, we use the following notation:

A = contents of an address-fielé-in the instruction that refers to a memory

R = contents of an address field in the instruction that refers to a register
Pt At i

EA = actual (effective) address of the location containing the referenced operand

(X) = contents of location X '

3.12.1 Immediate Addressing:
The simplest form of addressing is immediate addressing, in which the operand is actually
present in the insfruction:

OPERAND = A .
This mode can be used to define and use constants or sst initial values of variables. The
ﬂﬁ@g@@wwiwmgmw\whan the instruction fetch
15-£equmed¢a_unlam_1|1e_apezand The disadvantage is that the size of the numberis restricted to
the size of the address-field, which, in most instruction sets, is small compared with the world
length,

3.12.2 Direct Addressing: _
A very simple form of addressing is direct addressing, in which the address field contains the

; ss of the operand:

EA=A
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L requir ial calculation. The obvious limitation is that

~it-provides only a limited address space.

3.12.3 Indirect Addressing:
With direct addressing, the length of the address field is usually less than the word length, thus

limiting the address range. One solution is to have the address field refer to the address of a_
word in memipry. which-ia-turn_contains-a-full-length address of the ~operand. This is known as
indirect addressing:

EA = (A)

The parentheses are to be interpreted as meaning “contenis of*. The obvious advantage of this
approach is that for a word length of N, an address space of 2N is now available. The

disadvantage is that instruction execution requires two memory references fo fetch-the operand;

one to get its address and the other to get its value. GRenve adde

Although, the number that can be addressed, now equal to 2V, the number of different EAs that
may be referenced at any one time is limited to 2% where K is the length of the address field.
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3.12.4 Register Addressing: s
Register addressing Is similarto-direct-addressing. The only difference is that the_address fisld
tefers to a register rather than a main memory address:

a small address field is needed in the

mmmmwc The disadvantage of register addressing is

ddri is very limite

A

3.12.5 Register Indirect Addressing:

Register indirect addressing is.similar to indirect addressmg except that the address field refers
%ﬂﬁﬁtﬂﬁmma{lon It requires only one memory reference and no special

calculation.

EA = (R)
Register indir ing us memory reference than indirect addressing.
Because, the first information is availabl e in a reg ster which is nothing but a memory address.
From that memory location, we use to get the data or information. In general, register access is
much more faster than the memary access.

3.12.6 Displacement Addressing:

A very powerful mode of addressing cambines the capabilities of direct addressing and register .

indirect addressing, which is broadly categorized as displacement addressing:

i i T R
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# b
hv‘ -frfl;.‘qyJ
N P\J "
b
= EA = A i {R) : o=
Displacement addressing requires that the lostruction have two address-fieds, at least one of

which is explicit. The value contained in one address field (value = A) is used directly. The cther

address field, or an implicit reference based on op-code, refers to a register whose contents are
added to A to produce the effective address.

Three of the most common use of displacement addressing are:
* Relative addressing
s Base-register addréssing
* Indexing

3.12.6.1 Relative Addressing:

For relative address[ng,ih_emﬂdlw—ﬂﬂﬁteuﬂ@imm&,pzagummer {PC). That is,

the current instruction address is added to the address field to produce the EAE Thus, the
effective address is a displacement relative to the address of the instruction.

3.12.6.2 Base-Register Addressing:

Tﬁwﬂntaingﬂ a _memory address, and the address field contains_a-
displacement from that address. The register reference may be explicit or implicit.

In some implementation, a single segment/base register is employed and is used implicitly. In
others, the programmer may choose a register to hold the base address of a segment, and the
instruction must reference it explicitly.

3.12.6.3 Indexing:

The address ficld references a main memory address, and the reference register contains a
positive displacement from that address. In this case also the register reference is sometimes
explicit and sometimes implicit.
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Generally index register are used for iterative tasks, it is typical that there is a need to increment
or decrement the index register after each reference to it. Because this is such a common
operation, some system will automatically do this as part of the same instruction cycle. -
This is known as auto-indexing. We may get two types of auto-indexing:
* oOneis auto-incrementing and the other one is
¢ auto-decrementing.
If certain registers are devoted exclu‘sively to indexing, then auto-indexing can be invoked
implicitly and automatically. If general purpose register are used, the auto-index operation may
need to be signaled by a bit in the instruction.
Auto-indexing using increment can be depicted as follows:
EA=A+(R)
R=(R)+1

Auto-indexing using decrement can be depicted as féllows:
EA=A+(R)
R=(R)-1

In some machines, both indirect addressing ang indexing are provided, and it is possible to

employ both in the same instruction, There are two possibilities: The indexing is performed
either before or after the indirection. If indexing i irectian. it i

e Indirecron £ =i al=Ta

post-indexing
EA = (A) + (R)
First, the contents of the address field are used to access a memory location containing an

address. This address is then indexed by the register value. With pre—jhdexfng, the indexing is
performed before the indirection:

EA={(A+(R))
An address is calculated, the calculated address contains not the operand, but the address of
the operand.

3.13 Stack Addressing:

A_stack is a linear array or list of locations. Lis_gorma‘__iimgs referred to as a pushdown list or
Fs B0~ lach ot =

last-in-first-out queue. A stack is a reserved block of locations. Items are appended to the top
of the stack so that, gt any given time, the block is partially filled. Associated with the stack is a
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pointer whose value is the address of the top of the stack. The stack painter is maintained in a

register. Thus, references to stack locations in memory are in fact register indirect addrasses.

The stack mode of addressing is a form of implied addressing. The machine instructions need
not include a memory reference but implicitly operate on the top of the stack.
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CHAPTER FOUR
MEMORY AND MEMORY MANAGEMENT

4.1 Concept of Memory

We have already mentioned that digital computer works on stored programmed concept
introduced by Von Neumann. We use memory to store the information, which includes both
program and data. Due to several reasons, we have different kind of memories. We use
different kind of memory at differant level.
The memory of computer is broadly categories into two categories:

* Internal and

* external
Internal memory is used by CPU to perform task and external memory is used to st_o_ﬁre_-_gulk
information, which includes large software and data. Memory is used to store the information in
digital form. The memory hierarchy is given by:qﬂ_h_

* Register

* Cache Memory

= Main iemory

* Magnetic Disk

* Removable media (Mag-netic tape)
Register: ' "
This is a part of Central Processor Unit, so they reside inside the CPU. The information from
main memory is brought to CPU and keep the information in register. Due to space and cost

constraints, we have got a limited number of registers in a CPU. These are basically faster
devices. '

Cache Memory:
Cache memory is a storage device placed in between CPU and main memory. These are
semiconductor memories. These are basically fast memory device, faster than main memory,

We cannctmnl@he memory due to its higher cost and same constraints of

the CPU. Due to higher cost We cannot replace the whole main memory by faster mermory.
Generally, the most recently used information is kept in the cache memory. It is brougmrom

the main memory and placed in the cache memory. Now a days, we get CPU with internal
cache.
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Main Memory: =

Like cache memory, main memory is also semiconductor memory. ut the main memory is
MMthemer it is data or program).

to main memory. CPU can work with the information available in main memory only.

Magnetic Disk:

This is bulk storage device. We have to deal with huge amount of data in many application. But
mmiconductor memory to keep these information in our computer, On

the other hand, semiconductor memories are vclatile in nature. It loses its content once we

switch off the computer. For permanent storage, we use magnetic disk. The storage capacity of

magnetic disk is very high.

Removable media:

For different application, we use different data. It may not be possible to keep all the information

in magnetic disk. So, whichever data we are not using currently, can be kept in rémovable
-=‘—.__._.._.___________

media. Magnetic tape is one kind of removable medium. CD is also a removable media, which is
Lol m e e TNEVAIS TN,

an optical device

Reglster cache memory and main memory are_rmirlal_mammy Magnetic Disk, removable

memories are caiegorized as volatile memory and non-volatile memory.

RAM: Random Access Memories are volatile in nature. As soon as the computer is switched
off, the contents of memory are also lost.

ROM: Read only memories are non-volatile in nature. The storage is permanent, but it is read
only memory. We cannot store new infarmation in ROM.

Several types of ROM are available:

* PROM: Programmable Read Only Memory; it can be pmgrammed once as per user
requirements.

* EPROM: Erasable Programmable Read Only Memory; the contents of the memory can

be erased and store new data into the memory. In this case, we have to erase whole
information.

*» EEPROM: Electrically Erasable Programmable Read Only Memory; in this type of

memory the contents of a particular location can be changed without effectihg the
contents of other location.
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4.2 Main Memory

E

The main memory of a computer is semiconducter memory. The main memory unit of computer
is basically consists of two kinds of memory:

RAM: Random access memory; which is volatile in nature.

ROM: Read only memory; which is non-volatile.

The permanent information are kept in ROM and the user space is basically in RAM. The
smallest unit of information is known as bit (binary digit), and in one memory cell we can store
one bit of information. 8 bit together is termed as 2 byte.

The maximum size of main memory that can be used in any computer is determined by the
addressing scheme. A computer that generates 16-bit address is capable of addressing up to
2'® which is equal to 84K memory location. Similarly, for 32 bit addresses, the total capacity will
be 232 which is equal to 4G memory location.

In some computer, the smallest addressable unit of information is @ memory word and the
machine is called word addressable.

In some computer, individual address is assigned for each byte of information, and_it is-called

byte-addressable computer. In this computer, one-memory word contains one or more memory
bytes which can be addreszed individually A byts addressable 32-bit computer, each memory
word contains 4 bytes. A possible way of address assignment is shown in figure below. The
address of a word is always integer multiple of 4.

The main memory is usually designed to store and retrieve data in word length quantities. The
word length of a computer is generally defined by the number of bits actually stored or retrievad
in one main memory access. '

Consider a machine with 32 bit address bus. If the word size is 32 bit, theh the high order 30 bit
will specify the address of a word. If we want to access any byte of the word, then it can be
specified by the lower two bit of the address bus,
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The data transfer between main memory and the CPU takes place through two CPU registers.
= E e e st il g L
_* MAR: Memory Address Register ? '

*_MDR: Memory Data Register.

If the MAR is k-bit long, then the total addressable memory location will be 2¢. If the MDR is n-bit
long, then the n bit of data is transierisd in one memory cycle. The transier of data takes place
through memory bus, which consist of address bus and data bus. In the above example, size of
data bus is n-bit and size of address bus is k bit. It also includes control lines like Read, Write
and Memory Function Complete (MFC) for coordinating data transfer. In the case of byte
addressable computer, another contral line to be added to indicate the byte transfer instead of
the whole word.
For memory operation, the CPU initiates a memory operation by leading the appropriate data
' i.e., address to MAR. Ifitis a memory read operation, then it sets the read memory control line
f to 1. Then the contents of the memory location is brought to MDR and the memory control
cireuitry indicates this to the CPU by setting MFC to 1,
If the operation is a memory write operation, then the CPU places the data into MDR and sets
the write memory control line to 1. Once the contents of MDR are stored in specified memary
location, then the memory control circuitry indicates the end of operation by setting MFC to 1. '
A useful measure of the speed of memory unit is the time that elapses betweén the initiation of
an operation and the i:ompfetion of the operation (for example, the time between Read and
MFC). This is referred to as Memory Access Time. Another measure is memory cycle time. This
is the minimum time delay between the initiation two independent memory operations (for
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example, two successive memory read operaticn). Memory cycie time is slightly larger than
memaory access time.

4.3 Binary Storage Cell:

The binary storage cell is the basic building block of a memory unit. The binary storage cell that
stores one bit of information can be modelled by an SR latch with associated gates. This model
of binary storage cell is shown in the figure.

4.3.1 1 bit Binary Cell (BC)

The binary cell stores one bit of information in its internal latch. Control input to binary cell

| Select Read/Write [ Memory Operation |
K | 0 Wirite
1 1 Read

The storage part is modelled here with SR-latch, but in reality it is an electronics circuit made up
of transistors. The memory constructed with the help of transistors is known as semiconductor
memory. The semiconductor memories are termed as Random Access Memory (RAM),
because it is possible to access any memory location in random.

Depending on the technology used to construct a RAM, there are two types of RAM -
SRAM: Static Random Access Memory.

DRAM: Dynamic Random Access Memory.
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4.3.2 Dynamic Ram (DRAM): )

A DRAM is made with cells that store data as charge on capacitors. The presence or absence
of charge in a capaciter is interpreted as binary 1 or 0. Because capacitors have a natural
tendency to discharge due to leakage current, dynamic RAM require periadic charge refreshing
to maintain data storage. The term dynamic refers to this tendency of the stored charge to leak
away, even with power continuously applied.

A typical DRAM structure for an individual cell that stores one bit information is shown in the
figure.

For the write operation. a voltage signal is applied to the bit line B, a high voltage rapresents 1
and a low voltage represents 0. A signal is then applied to the address line, which will turn on
the transistor T, allowing a charge to be transferred to the capacitor.
For the read operation, when a signal is applied to the address line, the transistor T turns on
and the charge stored on the capacitor is fed out onto the Bit line B.
4.3.3 Static RAM (SRAM): .
; In an SRAM, binary values are stored using traditional flip-flop constructed with the help of
' transistors, A static RAM will hold its data as long as power is supplied to it.
A typical SRAM constructed with transistors is shown in the figure.

Four transistors (T1, T2, T3, T4) are cross connected in an arrangement that produces a stable
logic state. In logic state 1, point A1 is high and point Az is low; in this state T1 and T4 are off.
and T2 and T3 are on. In logic state 0, point A1 is low and point Az is high; in this state T1and T4
_are on, and T2and T3 are off. '_

Both states are stable as long as the dc supply voltage is applied. The address line is used to
open or close a switch which is nothing but another transistor. The address line controls two

transistors (T5 and Ts). When a signal is applied to this line, the two transistors are switched on,
allowing a read or write operation.
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For a write operation, the desired bit value is applied to line B, and its complement is applied to
line. This forces the four transistors (T1, T2, T3, T4) into the proper state.
For a read operation, the bit value is read from the iine B. When a signal is applied to the
address line, the signal of point A1 is available in the bit line B,
4.3.4 SRAM Versus DRAM :
» Both static and dynamic RAMs are volatile, that is, it will retain the information as long as
power supply is applied.
= A dynamic memory cell is simpler and smaller than a static memory cell. Thus a DRAM
is more dense, ie., packing density is high (more cell per unit area). DRAM is less
expensive than corresponding SRAM.
« DRAM requires the supporting refresh circuitry. For larger memories, the fixed cost of
the refresh circuitry is more than compensaied for by the less cost of DRAM cells

* SRAM cells are generally faster than the DRAM cells. Therwﬁ_{gs_tei

memory modules (like cache memory) SRAM is used.
4.4 Cache Memory

Analysis of large number of programs has shown that a number of instructions are executed
repeatedly. This may be in the.form of a simple loops, nested loops, or a few procedures that
repeatedly call each other. It is observed that many instructions in each of a few localized areas
of the program are repeatedly executed, while the remainder of the program is accessed
relatively less. This phenomenon is referred to as locality of reference.

Memory access .
control and data path

______ ' Main
Memory

Cache mamory between the CPU and ihe main mamery

Now, if it can be arranged to have the active segments of a program in a fast memory, then the
total execution time can be significantly reduced. It is the fact that CPU is a faster device and
memory is a relatively slower device, Memory access is the main bottleneck for the performance
efficiency. If a faster memory device can be inseted between main memary and CPU, the
efficiency can be increased. The faster memory that is inserted between CPU and Main Memary
is termed as Cache memory. To make this arangement effective, the cache must be
considerably faster than the main memory, and iypically it is 5 to 10 time faster than the main
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- memory. This appreach is more economical than the use of fast memory device to implement

the entire main memory. This is also a feasible due o the locality of reference that is present in
most of the program, which reduces the frequent data transfer between main memory and
cache memory.

4.4.1 Operation of Cache Memory

The memory control circuitry is designed to take advantage of the property of locality of
reference. Some assumptions are made while designing the memory control circuitry:
1. The CPU does not need to know explicitly about the existence of the cache.

2. The CPU simply makes Read and Write request. The nature of these two operations are same whether
cache is present or not.

3. The address generated by the CPU always refer to [ocaticn of main memory.

4. The memory access control circuitry determines whether or not the requested word c.:rrently exists in the

. cache,

When a Read request is received from the CPU, the contents of a block of memory words
containing the location specﬁ'ed are transferred into the cache. When any of the locations in this
block is referenced by the program, its contents are read directly from the cache

The cache memory can store a number of such blocks at any given time. The correspondence
between the Main Memory Biocks and those in the cache is specified by means of a mapping
function. When the cache is full and a memory word is referenced that is not in the cache, a
decision must be made as to which block should be removed from the cache to create space to

bring the new block to the cache that contains the referenced word. We
«used to make the proper selection of black that must be replaced by the new one. When a write
Bﬂemmwmﬁﬂmbewuamwummamd [n ihe first
case, the cache location and the main memory location a rg@@@mﬂm51y This is
called the store through method ot write-through method.

The alternative is to update the cache location only. During replacement time, the cache block
will be written back to the main memory. If there is no new write cperation in the cache block, it
is not required to write back the cache block in the main memory. This information can be kept
with the help of an associated bit. This bit it set while there is a write operation in the cache
block. During replacement, it checks this bit, if it is set, then write back the cache block in main

memory otherwise not. This bit is known as dirty bit. If the bit gets dirty (set to one), writing to -

main memory is required.
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This write through method is sgimpler_. but it results in unnecessary write operations in the main
memory when a given cache word is updated a number of times during its cache residency
period.

Consider the case where the addressed word is not in the cache and the operation is a read.
First the block of the words is brought to the cache and then the requested word is forwarded to
the CPU. But it can be forwarded to the CPU as soon as it is available to the cache, instead of
whole block to be loaded into the cache. This is called load through, and there is some scope to
save time while using load through policy. During a write operation, if the address word is not in
the cache, the information is written directly into the main memory. A write operation normally
refers to the location of data areas and the property of locality of reference is not as pronounced
in accessing data when write operation is involved. Therefore, it is not advantageous o bring

the data block to the cache when there a write operation, and the addressed word is not present
in cache. &

4.5 Mapping Functions

The mapping functions are y: ariicular bl
of cache. This mappi g function-is _us nsfe
memory. Three different mapping functions are available:
451 Direct mapping:

A particular block of maj ry can be brought 1o a Fﬂ@lla’rbm{(_of_:am&memﬂy, Soit

‘is not flexible.
"‘"————..__

4.5.2 Associative mapping:

In this mapping function, MMM&DWQ@%M@MW
position. This is much more flexible mapping methad, :

4.5.3 Block-set-associative mapping:

In this methdd.mmmﬁmmmmasﬂgmwm@—a—b@m

memory to reside i lock of specifi - From the flexibility point of view, itis in batween

to the other two methods.

* All these three mapping methods are explained wit the help of an example. Consider a cache
of 4086 (4K) words with a'block size of 32 words. Therefore, the cache is organized as 128
blocks, For 4K words, required address lines are 12 bits. To select one of the block out of 128
blocks, we need 7 bits of address lines and to select one word out of 32 words, we need 5 bits
of address lines. So the total 12 bits of address is divided for two groups, lower 5 bits are used
to select a word within a block, and higher 7 bits of address are used to select any block of
cache memory.
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Let us consider a main memory.system consisting 84K words. The size of address bus is 16
bits. Since the block size of cache is 32 words, so the main memory is also organized as block
size of 32 words. Therefore, the total number of blocks in main memary is 2048 (2K x 32 words
= B4K words). To identify any one block of 2K blocks, we need 11 address lines. Out of 16
address lines of main memory, lower 5 bits are used to select a word within a block and higher
11 bits are used to select a block out of 2048 blocks. Number of blocks in cache memory is 128
and number of blocks in main memory is 2048, 85 at any instant of time only 128 blocks out of
.2048 blocks can reside in cache memory. Therefore, we need mapping function to put a
particular block of main memary into appropriate block of cache memoaory.

4.5.4 Direct Mapping Technique:

The simplest way of associating main memory hlocks with cache block is the direct mapping
technigue. In this technique, block k of main memory maps into block k modulo m of the cache,
where m is the total number of blocks in cache. In this example, the value of m is 128. In direct
mapping technique, one particular block o i an be transferred to a parti

of cache which is derived b the modulo function.

Since more than one main memory block is mapped onto a given cache block position,

contention may arise for that position. This situation may occurs even when the cache is not full.

Contention is resolved by allowing the new block to overwrite the currently resident block. So
the replacement algorithm is trivial,

The detail operation of direct mapping technique is as follows:

®The main memary address is divided into three fields. The field size depends on the memory

capacity and the block_size of cache. In this example, the lower 5 bits of address is used to
identify a word within a block. Next 7 bits are used to select a block out of 128 blocks (which is
the capacity of the cache). The remaining 4 bits are used as a TAG to identify the proper block
of main memory that is mapped to cache.,

When a new block is first brought into the cache, the high order 4 bits of the main memory

. address are stored in four TAG bits associated with its location in the cache. When the CPU

generates a memory request, the 7-bit block address determines the corresponding cache
block. The TAG field of that block is compared to the TAG field of the address. If they match, the
desired word specified by the low-order 5 bits of the address is in that block of the cache. If
there is no match, the required word must be accessed from the main memory, that is, the
contents of that block of the cache is replaced by the new block that is specified by the new
address generated by the CPU and correspendingly the TAG bit will also be changed by the

55

by Renance
renance.app * Download Renance on Google Play

60



CSC 316 | FUPRE

Renanced

high order 4 bits of the address. The whole arrangement for direct mapping technique is shown
in the figure. ' )
Maln TAG Block Word

memacry 4 7 [ T = e
eddress Block O

TAG Blagk 1

Block 0 1

8inck 127

TAg Biock 128
128 Blpoh.1 Block 129

Blocks 1

L
|

! |

{ 7 e
: Biodk 255 |
|

2047
Blacks

 Block 256
% Block 257

£ “ 1

Block 127 1

1

Block 2047 |

Cache

g Main Memory
Figure : Direct-mapping Cache

4.5.5 Associated Mapping Technique:

in the assceiative mapping iechnigus, @ main men'ggﬁ block can potentially reside in any cache
block position. In this case, the main memory address is divided into two groups, low-oprder bits
identifies the location of a word within a block andﬁgbmidentiﬁes the block. In the
example here, 11 bits are required to identify a main memory block when it is resident in the

cache , high-order 11 bits are used as TAG bits and low-order 5 bits are used to identify a word

within a block. The TAG bits of an'address received from the CPU must be compared to the-
TAG bits of each block of the cache to see if the desired block is present.

In the associative mapping, MMMMMMHQ&M@

got the complete flexibility and W_EEMUSGWLPM.IW._M
from cache if the curren_ﬂy'accessegmg&g@@mw_mjmmjmmhe. It might not

be practical to use t.his complete flexibility of associative mapping technique due to searching

overhead, because the TAG field of main memory address has to be compared with the TAG

field of all the cache block. In this example, there are 128 blocks in cache and the size of TAG is

11 bits. The whole arrangement of Associative Mapping Technique is- shown in the figure.
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4.5.6 Block-Set-Associative Mapping Technigque:
This mapping technique is intarmediate to the above two techniques. Blocks of the cache are |

rouped | t d the mapping allows a Dmmwﬁm_mermmggs_iq_e in any block of a

specific set. Therefore, the flexibility of associativa mapping is reduced from full freedom to a set
of specific blocks. This also reduces the searching overhead, because the search is restricted to
number of sets, instead of number of blocks. Also the contention problem of the direct mapping
is eased by having a few choices for block replacement.

Consider the same cache memory and main memory organization of the previous exa'rﬁple_
Organize the cache with 4 blocks in each set. The TAG field of associative mapping technigue
is divided into two groups, one is termed as SEI hit-and the second one is termed as TAG bit.
Since each set contains 4 blocks, total number of ‘'set is 32. The main memory address is

grouped into three parts: low-order 5 bits are used to identifies a word within-a block. Since

there are total 32 sets present, next 5 bits are used to identify the set. High-order 8 bits are used
_as TAG hits. The 5-bit set field of the address determines which set of the cache might contain

the desired block. This is similar to direct mapping technique, in case of direct mapping, it looks
for b[c;ck, but in case of block-set-associative mapping, it looks for set. The TAG field of the
address must then be compared with the TAGs of the four blocks of that set. If a match occurs,
then the block is present in the cache: otherwise the block containing the addressed word must

be brought to the cache. This block will potentially come to the corresponding set only. Since,
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3 there are four blocks in the set, we have to choose appropriately which block to be replaced if all
the blocks are occupied. Since the search is restricted to four block only, so the searching
complexity is reduced. The whole arrangement of block-set-assaciative mapping technigue is
shown in the figure. It is clear that if we increase the number of blocks per set, then the number
of bits in SET field is reduced. Due to the increase of blocks per set, complexity of search is also
increased. The extreme condition of 128 blocks per set requires no set bits and corresponds to

the fully associative mapping technique with 11 TAG bits. The other extreme of one block per set
is the direct mapping method.

TAG SET WORD
3 5 ]
EE I | — I Bicckd
: Block 1
kahin 3 = Blgck 2
(A8 Biockn e
Black3
o [TAG | Bkt |, /= —
& [T86 | Bz | ' -
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Figure : Block-sei-Associated mapping Cacha with-4 blocks pe'r set

4.6 Replacement Algorithms @? WW‘D

When a new block must be brought into the cachz and all the positions that it may occupy are
full, a decision must be made as to which of the old blocks is to be overwritten. In general, a
policy is required to keep the block in cache when they are likely to be referenced in near future.
However, it is not easy to determine directly which of the block in the cache are about to be
referenced. The prdperty of locality of reference gives some clue to design good replacement
policy.

4.6.1 Least Recently Used (LRU) Replacement policy: .
Since program usually stay in localized areas for rzasonable periods of time, it can be assumed
that there is a high probability that blocks which have been referenced recently will also be
referenced in the near future. Therefore, when a tlock is to be overwritten, it is a good decision

to overwrite the one that has gone for longest time without being referenced. This is defined as
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the least fecentry used (LRU) block. Keeping track of LRU block must be done as computation

L]

proceeds,

Consider a Specific example of a four-block set. It is required to track the LRU block of this four-
block set. A 2-bit counter may be used for each block. When a hit oceurs, that is, when a read
request is received for g word that is in the cache, the counter of the block that is referenced is
set to 0. All counters which values originally lower than the referenced one are incremented by 1
and all other counters remain unchanged. When 3 miss occurs, that is, when a read request jg

received for a word and the word is not present i the cache, we have to bring the block to
cache.

There are two possibilities in case of 3 miss:
If the set is not full, the counter associated with the new block loaded from the main memory is
setto 0, and the valyes of all other counters are incremented by 1. If the set s full and a miss
oceurs, the block with the counter value 3 is removed, and the new block is put in jts place. The
counter value is set to zero. The other three block counters are incremented by 1. It is easy to
verify that the ccuntelr values of occupied blocks are always distinct. Also it is trivial that highest
counter \}aiue fh&jcates least recently used block.

4.6.2 First in First out (FIFO) replacement policy:

A reasanable rule may be to remove the oldest from a full set when a new block must be
brought in. While using this technigue, ﬂﬂilﬂdaﬂu.g_is_:e_quicemheﬁ-a—hlt_mum. When a miss
occurs and the set is not full, the new block is put into an empty block and the counter values of
the occupied block will be increment by one. When a miss oceurs and the set is full, the block
with highest counter value is replaced by new block and counter is set to @, counter value of all
other blocks of that set is incremented by 1. The overhead of the policy is less, since no
Updating is required during hit.

4.6.3 Random replacement policy:

The sir_nplest algorithm is io to be

of all we have to keep all the information in some storage, mainly known as main memory, and
CPU interacts with the main memory only. Therefore, memory management is an important
issug while designing a computer system,

On thé other-hand, everything cannot be implemented in hardware, otherwise the cost of
system will be very high. Thserefore someg of the tasks are performed by software program.
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