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1-2 Semester COMPUTER ORGANIZATION

UNIT I: Digital Computers and Data Representation: Introduction ,Numbering Systems, Decimal to
Binary Conversion, Binary Coded Decimal Numbers, Weighted Codes, Self Complementing Codes,
Cyclic Codes, Error Detecting Codes, Error Correcting Codes, Hamming Code for Error Correction,
Alphanumeric Codes, ASCI Code Data Representation: Data types, Complements, Fixed Point
Representation, Floating Point Representation. Boolean Algebra and Logical gates: Boolean Algebra
:Theorems and properties, Boolean functions, canonical and standard forms , minimization of Boolean
functions using algebraic identities; Karnaugh map representation and minimization using two and three
variable Maps ;Logical gates ,universal gates and Two-level realizations using gates : AND-OR, OR-
AND, NAND-NAND and NOR-NOR structures.

UNIT II: Digital logic circuits: Combinatorial Circuits: Introduction, Combinatorial Circuit Design
Procedure, Implementation using universal gates, Multi-bit adder, Multiplexers, Demultiplexers,
Decoders Sequential Switching Circuits: Latches and Flip-Flops, Ripple counters using T flip-flops;
Synchronous counters: Shift Registers; Ring counters

UNIT IH1: Computer Arithmetic: Addition and subtraction, multiplication Algorithms, Booth
multiplication algorithm, Division Algorithms, Floating — point Arithmetic operations. Register Transfer
language and microinstructions :Bus memory transfer, arithmetic and logical micro-operations, shift and
rotate micro-operations Basic Computer Organization and Design: Stored program concept, computer
Registers, common bus system, Computer instructions, Timing and Control, Instruction cycle, Memory
Reference Instructions, Input—Output configuration and program Interrupt.

UNIT IV: Microprogrammed Control: Control memory, Address sequencing, microprogram example,
design of control unit. Central Processing Unit: General Register Organization, Instruction Formats,
Addressing modes, Data Transfer and Manipulation, Program Control: conditional Flags and Branching

UNIT V: Memory Organization: Memory Hierarchy, Main Memory, Auxiliary memory, Associate
Memory, Cache Memory. Input-Output Organization: Input-Output Interface, Asynchronous data
transfer, Modes of Transfer, Priority Interrupt Direct memory Access.

Text Books: 1. Digital Logic and Computer Design,Moriss Mano,11thEdition,PearsonEducation.
2. Computer System Architecture,3rded., M.MorrisMano, PHI

Reference Books: 1. Digital Logic and Computer Organization, Rajaraman,Radhakrishnan,PHI,2006
2. Computer Organization, 5thed.,Hamacher, VranesicandZaky, TMH,2002
3. Computer Organization & Architecture :Designing for Performance, 7thed.,
William Stallings, PHI, 2006



Course Outcomes: By the end of the course the student will be able to

VVVVVYY

Y

Demonstrate and understanding of the design of the functional units of a digital computer system.
Relate Postulates of Boolean algebra and minimize combinational functions.
Recognize and manipulate representations of numbers stored in digital computers.
Build the logic families and realization of logic gates.
Design and analyze combinational and sequential circuits.
Recall the internal organization of computers, CPU, memory unit and Input/Outputs and the
relations between its main components .
Solve elementary problems by assembly language programming.
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Course Outcomes:
By the end of the course the student will be able to
» Demonstrate and understanding of the design of the functional units of a digital
computer system.
Relate Postulates of Boolean algebra and minimize combinational functions.
Recognize and manipulate representations of numbers stored in digital
computers.
Build the logic families and realization of logic gates.
Design and analyze combinational and sequential circuits.
Recall the internal organization of computers, CPU, memory unit and
Input/Outputs and the relations between its main components .
Solve elementary problems by assembly language programming.

Unit
No

Outcomes

Name of the Topic

No. of
Periods
required

Total
Periods

Reference
Book

Methodology
to be adopted

COo1:
Demonstrate
and
understanding
of the design of
the functional
units of a
digital
computer
system.

Unit-1 Digital Computers and Data
Representation

Introduction ,Numbering Systems

Decimal to Binary Conversion, Binary
Coded Decimal Numbers, Weighted
Codes, Self Complementing Codes,

Cyclic Codes, Error Detecting Codes,
Error Correcting Codes,

Hamming Code for Error Correction,
Alphanumeric Codes, ASCI Code, Data
Representation: Data types,
Complements,

Fixed Point Representation, Floating
Point Representation.

Boolean Algebra :Theorems and
properties, Boolean functions,
canonical and standard forms

minimization of Boolean functions
using algebraic identities;

Karnaugh map representation and
minimization using two and three
variable Maps

Logical gates ,universal gates and Two-
level realizations using gates : AND-
OR, OR-AND, NAND-NAND and
NOR-NOR structures

14

T1, T2
R20

Black Board

Black Board

E-Class Room

E-Class Room

E-Class Room

Seminar

Black Board

Black Board

E-Class Room




Unit-2 Digital logic circuits,
Sequential Switching Circuits

Combinatorial Circuits: Introduction,
Combinatorial Circuit Design

Black Board

CO 2: Procedure
Relate Implementation using universal gates,
Postulates of Multi-bit adder E-Class Room
Boolean Multiplexers, Demultiplexers T1, T2
I algebra and Decogers ’ P ’ ? R20 E-Class Room
minimize ; -
combinational Latches anq th-F}op s, Ripple Black Board
functi counters using T flip-flops
unctions
Synchronous counters: Shift Registers;
Ring counters E-Class Room
Unit-3 Computer Arithmetic,
Register Transfer language and
microinstructions, Basic
Computer Organization and
Design
Addition and subtraction
! Black B
multiplication Algorithms ack Board
Booth multiplication algorithm, E-Class Room
Division Algorithms
Floating — point Arithmetic operations Black Board
CO3: Bus memory transfer, arithmetic and Black Board
Recognize and | logical micro-operations
manlpulate. shift and rotate micro-operations T1, T2 Black Board
Il | representations q 17 R’2 0
of numbers Stor.e program concept, computer E-Class Room
stored in digital Registers, common bus system
computers Computer instructions, Timing and Black Board
Control
Instruction cycle, Memory Reference Black Board

Instructions

Input—Output configuration and
program Interrupt

E-Class Room




Unit-4 Micro programmed
Control , Central Processing Unit

CO4: Control memory, Address sequencing Black Board
Build the Micro program example, design of Black Board
logic families | control unit
and General Register Organization
realization of | >€nera! Register organization, E-Class Room
. Instruction Formats T1, T2
IV | logic gates, 10
Design and R20
| 9 Addressing modes, Data Transfer and E-Class Room
ana y?e ) Manipulation
combinational
and sequential
circuitg Program Control: conditional Flags and Black Board
' Branching
Unit-4 Memory Organization ,
Input-Output Organization
Black Board
CO5:
Recall the Memory Hierarchy
internal
organization E-Class Roor.
of computers,
CPU, ) Main Memory , Auxiliary memory
memory unit
and T1, T2
Vv | Input/Outputs 10 R20 Black Board
and the
relations Associate Memory , Cache Memory
between its
main E-Class R
-Class Room
components , Input-Output Interface, Asynchronous
Solve data transfer
elementary
problems by
assembly Black Board
language Modes of Transfer, Priority Interrupt
programming | Direct memory Access
TOTAL 60




Text Books: 1. Digital Logic and Computer Design,Moriss Mano,11thEdition,PearsonEducation.
2. Computer System Architecture,3rded., M.MorrisMano, PHI

Reference Books: 1. Digital Logic and Computer Organization, Rajaraman, Radhakrishnan,PHI,2006
2. Computer Organization, 5thed.,Hamacher, VranesicandZaky, TMH,2002
3. Computer Organization & Architecture : Designing for Performance, 7thed.,
William Stallings, PHI, 2006

Faculty Member Head of the Department Principal
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COUNTERS :—

| B
—> A cl:’a?to.ﬂ. counter 15 & set ol _FQ;P_,%P (FFs)

whose state chanae in  qesponse o pulses aPPU"ed
of e Saput to the counter

(8 used 1O count

s f couoter can also be used as & —Freci#‘”’cy

o obtaSn wove Horms  worth —Frec;umcfeS
kons of -the clch —Fre?LMCJ :

16eS.
— A  counter pu

didex
‘thot™ (r(e' s?ed'p’cc frac
> They ore alo used *t perform the Jc{minj Lanchon

as N d.cjn‘ tal tokches , -to creode cle[a.z}é, +o

Produce non—Sec},U-mhaQ bfﬂ‘lf‘j CouS ;  to ae"e“ﬁﬁ

pulse +raing, and to Qct A8 —PYGWOUJ counters.

—  counfers ave classified toto

© ﬂsvjm\nmnous counters
(1) Sjmhfonous coumieys. ;

— As\dnchroncmg cuoters  also called ag -,-:PPLQ

conter's (ox) Series counters .



ComPori son of- %nc\n‘onous

Asﬁ,nchxonous counters

-

. Tao -His 4@\?@ of countey

FfFs are comnected N
such q Uaud that the

ouJ?ud‘ of vst FF
dyives —the clek 4of the
Ssecord ) -the oUJ-PuI:- of—
Tt Secondpihe clca of
“the —furd oand So ©on.

Scmultaneous \:‘

3, Desiao ard Em})lamm-rodtoo
s muj sCmple évery for

Mofe  mumbey of  Stodes

4+ MHafo dvawback Of Afese
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before &t veocheS e (at £
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AsynC hyorous
od Al
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sﬂnc,hronous
i

. dn  -fhis +a?e ot
AGpr _
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belween thHhe O‘-‘k})‘*r ot

4irst FF and cbeky inpud”

o FF and  So on.

nex |-

Q- Al the FFg ore clocked

simultaneous lj .

3. Desi%ﬂ and 'LMPl(fﬂeﬂhb'og
becomes -edcaus qed ComP\cx

as$ the numbey of stalc$
incveose q

Q« St clock

S QPPL(CC‘
to all the Ffs Simull(mmuﬁlj
1he -lolak pro?oauﬁcﬂ cv'ellaj

15 &’{,UD-Q to the p\b}’o‘(PﬁC'f)

c",[OLj od- Oﬂ\lj o f£f°

Hence ey ore -—holer: _




Asynchromus  Counters 5= &
— Mo desigy on osanchmnoug countey, st wDvete
seqy.tﬂnce, ten tabuloke the values

stakes of
mal ELFfeSSiOf)

the  count
o4 esel nagcanc& R Hor  voJuOLS
the ounter ond obtain the mint
—'{or' R or | Osqna hemlp  OF aoy otber method.

> Proiide -*tc"céﬂaoc\c\ cuch ot R orR -s.ese’cs dll
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Design ot ‘Q mod—6  asynchyonou ;
a + a s countey US'”j TS

—
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010, 011, 100, and lol - When the sixth cloch pule
1= Qwue.d, the  (ounieY ;&.m?OT.O.ToL\‘j Pes \0 \\:0-
s\oxl , bul 1mmed;lojﬂj wesels 1o. 000 begauob&
ot 4he eed back Prouidéc.l.

S35 esel et USinj 3FFS  —foy desian(rﬂ ) thiee
. fFs can e e:aw:- possible slales  cut of-
which on\a six uvklized and dhe Crmin'\ra g
ayales N0.end ) are inuald. ‘



- for -the desian, orite o tuth  toble  with
-the present  slate cu&Puxs 81,8, and §, as the

VoviobleS , ond  7eset R as +he ouL—Fu,L—- and
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= 'Des“an of  ad-10 OSE[nch"ronouS c Qunder os‘ulc} (
T s i— | f_

> A med-10 countey s A& demade counker- Tt S
aldo called a ®BeD coundeY  or Q diw‘de-bj -10

counkey- gt Tequites 4 FFs.

= 1Tl counker has ten stable stakes 0000
lﬁm%‘?’ lool, e $t counts from 0 109,

= e Soikal  stale .?g w00 and ofy ine

dcclﬁ' pulees Tt Joes 4o 100] .. when R tenth
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the  feed back Pz;ouidec\ 3 .e'ﬂ.* ~vesetd 4o ini ol
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: ‘f%ErQ_‘ o2l be a '8u+cb

in e waveforn ol
@'z_ '

The gotake  |po 12 a Jcem]:omrj Stake

—for which the vesel- stano& R=1, R=D foy

0000 0
001, amy R=X (don't care) “for 101 4o 1L
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,'\.’hese devdce_§' aye colled counkers bgco.uze.
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Compter Arvhmetie:
Introdunction

> Aruthunetic uwstructionsy un digutal computery manipulate dato to-
produce resudty wnecessory  for the solutton of computational
problems.

> These wstructions perform artfhumetic  calewdations and  are
respovsiple for the bulk of activity wwolved v processing dator v a
computer.

The fouwr basic arihwnetic operafions oarve addition, subtraction,
multiplication and divusion. From these four buwlk operations, o

> Aw aritivnetic processor s the part of o processor undlt Hhat execuntes
ortivmetic operations: The data type assumed to- resioe uv processor
reguters during the executlon of an arithumetic Ustruction
specifieds v He definiflon of the wutruction Ain arithunetic
wstruction may specdfy binary or decimal doto, and n eaci case
the data may be i fixed~ point or flovting-point formu

> We must be thoroughly famidior witiv the sequence of steps to- be
followed un order to- carry owt the operation and achieve o correct
raswdt: The solution to- any problem that  stoted by a finite
number of well-defuned. proceduwrral steps sy called. an adgoritm.

> Usnally, an algorithum will contain a numbper of procedural steps
wivch are dependent on resudtsy of previows steps: A covwenient
method for presenting algovrithung s a flowehaat:



Addiction and Subtraction:

> Ay we have discussed, Hiere are Huwee waysy of representing negative
fuxed-point binary
nmbpery. signed-magnitude, signed-1's complement, or signed-2's
complement: Mot computersy wse tHie signed-2's  complement
represenfotion  when performing  artthumetfic  operations  witiv
untegers:

U Additon and Subtraction withv Signed-Moagnitude Dato:

Wihew e signed muwmbery are added or subtracted, we find tHhat Here

are eight different conditlons to- consider, depending on the sign of

He numbers and Hhe operation performed. These conditlons are Listeod

U the furst colimn of Table shown belows

Subtract Magnitudes
Add
Operation Magnitudes When A >B WhenA<B When A =B

(+A) + (+B) +(A + B)

(+A) + (-B) +(A - B) —(B - A) +(A - B)
(-A) + (+B) -(A - B) +(B — A) +(A - B)
(-A)+(-B) -(A+B)
(+A) - (+B) +(A — B) —(B - A) +(A — B)
(+A) - (-B) +(A+ B)
(=A) = (+B) -(A + B)
(-A) - (—-B) -(A - B) +(B — A) +(A — B)

Alorithuw: (Additon witiv Signed-Magnitude Dota)
. When the signy of A and B are wentical ,add the two
magnitudes and attacie Hie sign of A to- the resudt

i When the signs of A and B are different; compare the
magnitudes and suptroct the smaller nuwmber from the larger.
Choose Hre sign of the resudt to- be Hhe saome as A (f A > B or the
complement of the sign of A Uf A < B.

i If the two magnitudes are equal, subtract B from A and make
the sign of Hhe resudt positve.

Algoritivm: (Subtraction witiv Signed-Magnitude Dato)
. When the signy of A and B are different; add the two
magnitudes and attacke the sign of A to- e resudt




i When the signy of A and B are wlentical, compoare the
magnitudes and subtract He smaller nuwmber from the larvger.
Choose the sign of the resudt to- be the same ay A (f A > B or the
complement of the sign of A (f A < B.

i If the two magnitudes are equal, subtract B from A and make
the sign of Hhe resudt positive.

The two algorithwys are simidar except for the sgn comparison. The
procedure to- be followed for lentical signg n the additlon algorithum iy
verso.



Hawrdwore lmplementotion
To- umplement Hhe two arittiumetic operations withv hardwore, Ut W furst
necessary that e two- nmuwmbers be stored b registers.

L Let A and B be two registery that hold the magnitudes of the
numbery, ands As and Bs be two flp-flops that hold Hie
corresponding signs.

i  The resuwlt of the operation may be transferred to- a Huwrd register:
however, a sonving s achuened of He resudt & trovsferred unto- A and
As. Thuy A and As togetiver form an accumudator register.

Covusider nowthe hardwore implementation of Hie algorithums above.

o First, o parallel-adder iy needed to- perform the microoperation A + B.

o Second, a comparator cirenmit iy needed to- establisiv (FA > B, A= B, or A
< B.

o Third, two porallel-subtractor circvity are needed to- perform tHe
microoperations A - B and B - A The sign relatlonshuip can be
determined from an exclinsive-OR gate withv As and Bs ay tnpunts.

The below figure showsy a block ddagram of the havdware for
umplementing the addition and subtroaction operations. It consisty of
regutersy A and B and sign flp-flops As and. Bs.

o Subtraction W done by adding A to-the 2' y complement of B. The
owtpwt corry W tromsferred to- flip-flop E, wirere U can be clrecked
to- determine the relative magnitudes of the two- nmmbers.

o The add-overflow flip-flop AVF holdy tive overflow bit wiven A and B
are adoeo.

Figure (O): Hardwore for addition and subtraction witiv Signed-Magnituole
DoAto




A, 8 regisier
Y
AVF Complementer - T M (Mode control)
!
Y l
E Output Paraliel adder -~
)
s
A, A register j~a——— Load sum

The complementer provides an owtput of B or the complement of B
depending on the state of themode control M.
% Whenw M = O, tihe owtput of B U tramsferred to- the adder, the tnput
corry WO, and the owtputof the adder iy equal to-Hre sum A + B.

% When M= 1, the Uy complement of B by applied to-tie adder, Hhe nput
carry 1, and owtput

S = A + § + l TWWWW?"D'A PW'H’W/Z'S/
complement of B, wirich Leqguivalent to- e subtraction A -

B.



Subtract operation Add operation

¥ i

Minuend in A Augend in A4
Subtrahend in B Addend in B

A, #* B, A, =8B,
A, =B, A, #B,
ﬁ f. 1[ *
EA<~A+EB+1 EA«~A+B
AVF+0
¥
A<BE
A+ A
¥ r
AcArl A, + 0
A+~ A, -

y ¥ i i
END
(result is in 4 and A4,)

Figure ()): Flowthart for add and subtract operations
iil. Addition and Subtraction with Signed-2's Complement Doto
> The reguster configuration for tihe hardware mplementotion s
shown v the below Fligure(a). We name the A regster AC
(accumudator) and the B register BR. The leftmost bit in AC and
BR represent Hhe signe bity of Hhe numbery. The two- sign bits are
added or subtracted together withv tie other bifs v the
complementer and poaroallel adder. The overflow flyp-flop V Uy set to-
1 f tHhere iy aw overflows The owtput carry v Huy cose s discaroed.
> The algorithum for adding and subtracting two- binary nuwmbery uv
signed—-2"' ¢ complement representation i shhoww v the flowthart of
Fligure(h). The sum s obtained. by adding Hie contents of AC and.




BR (nclunding their sign bits). The overflow- bit V g set to- 1 of the
exclinsive~OR of Hie last two carviesy s 1, and F s cleared to- O
content of AC to-tie 2's complement of BR.

we note that b B muche simpler to- add and subtract nuwmbers (f
negotive numbery are mainfained v signed-2' ¢ complement
representotiov



Subtract Add
BR register

Minuend in AC Augend in AC
Y Subtrahend in BR Addend in BR

Complementer and
% parallel adder Y Y
AC+AC +BR + | AC+AC + BR
Overflow l 4 Ve—overflow Ve—overflow
AC register Y Y
END ( END )
Figure(a): Hardware for addition & Figure(b): Algorithm for adding & subtracting of 2's
subtraction of 2's complement numbers complement numbers

MMMWvofowowb pount binary mee/rywvyugwb—magwumow
representotion Uy done witiv

poper ond pencil by o process of smwccessive shift and adds operations
This process & bestllwstrated witiv o numerical example.

23 10111  Multiplicand
19 x 10011 Multiplier
10111
10111
00000 -+ Partial
00000 Products
10111

437 110110101 Product

TMMOW#WMMMW
lfmmmu bit s a1, Hhe mudtiplicand iy copied downs
otiherwise, zeroy ave copieodown.
The numbers copied downw uv suecessinve lines are sihifted one
position fo- the eft from thepreviows mumber.
Finally, Hie numbers are added and their sum forms the product:
TM%wofﬁwmewaWﬁmﬁwaofMthwm
and mudtiplier. If ey arealike, the sign of the product s positve. If



they are wnlike, Hhe sign of the product  negative
Howduworre lmplementotion for Signed-Magnifude Dato
U The registers A, B and other eguipment are shown in Figure (o). The
multiplier s stored in the Q register and s sign in Qs The
sequence covnter SC  nitally et too o nmumber equal to- tie
number of bty un the mudtiyplier. The cownter y decremented by 1
ofter forming each partial product: When Hie content of He cownter
reacihes zero, the product W formed and theprocess stops.




By

B register Sequence counter (5C)

l

Complementer and
parallel adder
A ) i
(nghtmost bit)
.."13 Qf Qn
00— E - A register - O register

Figwre(k): Hardwore for multiply operation.
U initially, the multiplicand (s in register B and the multiplier in Q,
Their corresponding sugnsy are un By and Qs, respectvely

0 The sum of A and B formy o partial produet wiriciv b tromsferred to- e

EA reguster.

0 Botiv partial produsct and multiplier are shifted to- the right This
Shift will be denoted by the satement s EAQ to designate tie
ryght shuft:

0 The least significant bit of A i shifted into the most significant
position of Q, the bit from E W shifted unto- the most significant
position of A, and. O s sivifted. into- E. After Hie shift; one bit of the
povtial product s shifted into- Q, pwshving Hhe multiplier bity one
position to- the right

I iy manner, the rightmost flUp-flop un reguster Q, designated by Qu,

Hovdware Algorutivim:

Uinitially, the mudtiplicand s in B and the multiplier in Q. Their
corresponding signsy are v By and Qs, respectively. The signsy are
compared, and botiv A and. Q ave set to- covrrespond to- Hie sign of the
product since o double-lengtiv produet wll be stored un registers A and
Q. Regustery A and E are cleared and the sequence counter SC W set to- o
number equal to- the nuwmber of bity of the mudtiplier.

UAfter tihve initlalization, the low—order bit of the multiplier in Qu sy tested.

. If 4w 1, the multiplicand v B i added to- the present portial

product v A .



i If L O , notiving b done. Reguster EAQ w Hhew shifted once to-
the right to- form the new- partial produrct:
0The sequence counter Uy decremented. by 1 and Uy new valune checked. |f
U W not equal to- zero, the process s repeated. and o new partiol product
W formed. The process stops wiven SC = O.

OThe funal product by avaidlable unv botiv A and Q, witv A holding tre
A flowthart of the hardwoare mudtiply algoritwn  shown un tHe below
figuare (L).



Muwlrtiply operation

Multiplicand in B
Multiplier in {

Ay ~ D B
g, ~ Q. @B,
A«~0 E«~0
SC+=n — |

EA — A+ B
¥
shr £EAQ
S = 5 — |
+ 0 =
SC 0




Multiplicand B = 10111 E A Q 5C

Multiplier in Q 0 00000 10011 101
Q. =1;add B 10111

First partial product 10111

Shift right EAQ 01011 11001 100
Q. =1;add B 10111

Second partial product 00010

Shift right EAQ 10001 01100 011
Q. = 0; shift right EAQ 01000 10110 010
Q. = 0; shift right EAQ 00100 01011 001
Q.= 1; add B 10111 '
Fifth partial product 11011

Shift right EAQ 01101 10101 000
Final product in AQ = 0110110101

oo

oo

oo

Figure (m): Numerical Example of multyplication
Bootihhv Multiplicotion Algoruthvww(wuwdtiplicotion of 2'y complement data):
Bootiv algorithum gives o procedune for multiplying binary untegers in
signed-2's complement representotion.
O0BootHr algovithuwn requines examination of the multiplier bity and
shifting of the partlal product: Prior to- Hhe shifting, Hhe multiplicand
may be added to- the partial product, subtracted from the partial
product, or left unclhanged according to-tie following rules:
1 The mudtiplicand s subtracted from tire portial produret upon
encowntering the first leastsignificant 1 n o string of 1's in the
2. The multiplicand iy added to- He partial product upon
encountering the furst O (provided thattrere woay a previous 1) v a
string of O's un Hre mudtiplier.
3. The poartial produnct doesy not change wihen the mudtiplier bit i
Hovduwarre umplewentation of Bootiv algoritivm Multiyplication:




BR register Sequence counter (SC)

L

Complementer and
parallel adder

¥

,, £

AC register - OR register

Y

Fuigwre (w): Hardwowe for Bootr Algorithum
The hardwore umplementotion of Bootiv algorithuw reqguives the register
configuration shown e flguwre (W), This W sumidar additlon and
subtroction hardware except that Hhe sign bitsy are not separated from tive
rest of the regusters: To- show Halsy difference, we rename regustery A, B,
ond Q, oy AC, BR, and QR, rupectively. Q. designates thre least



QR. An extra flip-flop Quiz, U appended to- QR to- facilitote a double bit
wupection of the mudtiplier. The flowchart for Bootiv algorithunm s shown
un Figurre (o).
Howduware Algoritivm for Bootih Multiplication:
DAC and Hre appended bit Quiz are initially cleared to- O and the
sequence covnter SC Wy set to- a number n equal to- He nuwmbper of bity
the mulfiplier. The two bity of the mudtiplier v Qn and Quii oare
wspected
L Ifthe two bify are equal to- 10, U means that the furst 1 v a string
of 1's has been encowntered. Thuy requanes a subtraction of the
nmudtiplicand from Hre poartial produet un AC.
i. [fthe two bity are equal to-O1, U meany that the furst O nv a string
of O's hay been encountered. This requines Hhe additlon of the
mudtiplicand to- tihe partial product i AC.
ii. Whew tive two- bify are equal, Hie partial produset doesy not change.




iv. The next step W foo shuift right Hie porflal product and the
mudtiplier (ncluding bit Quiz). This s an arithumetic hift right
(asir) operation wirich shifty AC and QR to- the right and. leares tire

Multiply

Multiplicand in BR
Multiplier in QR

+

AC+— 0
Qﬂi-l“_u
SC— n

=10 =01
Q'Ql - 1

L = 00 T

AC~—AC + BR + 1 AC—AC+ BR

L w L 4

ashr (AC & QR)
SC+—5C— 1

SC

END
signe bit v AC unchanged. The sequence counter Uy decremented ano
the computational loop s repeated n times.
Figure (0): Bootiv Algorithum for multiplication of 2’y
complement numbers



Exawmple: wmudtiplication of ( - 9) v ( - 13) = + 117 & shown below:
Note that the multiplier v QR b negative and thot the mudtiplicond un
BR U also- negative. The 10 -bit product appears v AC and. QR and s

BR = 10111

Qn CUnn BR + 1= 01001 AC OR [0 SC

Initial 00000 10011 0 101
1 0 Subtract BR 01001
01001

ashr 00100 11001 1 100

1 1 ashr 00010 01100 1 011
0 1 Add BR 10111
11001

ashr 11100 10110 0 010

0 0 ashr 11110 01011 0 001
1 0 Subtract BR 01001
00111

ashr 00011 10101 1 000

Figure (p): Example of Multiplication witiv Bootiv
AlgorutHm.

Piiel (Lpovithms

» Dwuston of two figed-pount binary nuwmbery un signed-magnitude
representfotion B done witiv paper and pencll by a process of
sueeessine compare, shift, and subtroct operations.

The divusion process s Wnstrated by a nuwmerical example v tHhe below
frgure (4).

Q The divisor B consists of five bity and Hre dinidend A consisty of ten
bits: The five most significant bity of tie dinidend are compored
witihv the divisor. Stnce the 5-bit number iy simaller than B, we try
agoin by toking the sixtv most significant bty of A and compare



Hly number witv B. The 6-bit nuwmber sy greater Han B, so- we
place a 1 for the guotient bitf: The divisor o then shiffed once to-
Hie right and. subtracted from the dividend.

The difference s called a portiadl remainder because thve dinision
could have stopped here to- obtain a guotient of 1 and o remainder
equal to- the parttal remainder. The process b contumred by
comporing a portiol remoinder witiv e diaisor.

If the portial remainder B greoter than or equal to- the divisor, e
guotient bit b equal to- 1. The divisor s Hhen shifted right and
subtrocted from Hie portial remainder.

If He partial remainder s smaller Hiamw Hhe divisor, the guotient
bt s O and no- subtraction sy needed. The divisor s shiifted once to-
tHe right i any case. Note that He resudt gives botiv o guotient and
a remainder.



Divisor: 11010 Quotient = Q

B = 10001 )0111000000  Dividend = A
o1110 5 bits of A < B, quotient has 5 bits
011100 6bitsof A > B
-10001 Shift right B and subtract.enter 1 inQ
-010110 7 bits of remainder 2 B
--10001 Shift right B and subtract; enter 1 in Q
--001010 Remainder < B; enter O in Q; shift right B
---010100 Remainder 2 B
----10001 Shift right B and subtract; enter | inQ
---=000110 Remainder < B; enter O in Q
----- 00110 Final remainder

Fuwre (9): Example of Bunary Dwiston

Howdwoie lmplementotion for Signed-Magnifude Dotos
The hardwore for umplementing the diviston operation s Ldentical
to- that reqgudred. for mudtiplication.

v The divisor i stored un the B reguster and the douple-lengtiv
Adividend Uy stored. un regustersy A and Q. The dividend b shifted to-
the Left and the divusor w subtracted by adding Uy 2's
complement value. The unformation abowt the relotive magnituoe
W avaidlaple un E.

v IfE = 1, Usignifies that A2B. A guotient bit 1 s Unserted intfo- Q,
ond the partial remainder & shifted to- tive left to- repeat the
process:

v If E = O, U sgnifies that A < B so- the guotient i Qu remading a
O. The value of B w then added to- restore the portial remainder
v A tfor Uy previowsy value. The partial remainder oy shvifted to- e
are formeo.

v Note that wihile Hre partlal remainder s shifted left; the
guotient bity are shifted also- and after five shifts, the guotient s
n Q and the final remainder s i A.

The sign of He quotient g determined from the signs of thve dinvidend
and the divisor. If He two- signg are alike, the sign o f the guotient sy
plus. If they are unalike, Hie sign iy minung: The sigine ofthve remainder
W the same as the sign of the dinvidend.



Duwrwde Overflow

Q The divuion operation may resudt uv a guotient witiv a overflows
This B not o proplem when working witiv paper and pencil but iy
crifical wien the operation B mplemented witvihvardware. This v
becawse the lengtiv of regusters o finide anod will not hold o
number that exceeds the stondard lengtiv

Q To see this, covsider a system that has 5-bit registers: We use one
reguster fo- hold Hhe divisor and two- regusters to- volol the dinidend.
From the example shhown un the above, we note that the guotient
wll conmsist of siw bify Uf the five most significant bify of Hhe
dinvidend constitute a number greater tivan the divisor. The
guotient B to- be stored v a standard 5-bitreguster, so-thve overflow
bt wlll regudie one move flip—~flop for storing the sixtn bit

Q Thy divde-overflow condition must be avoloed i normal
computer operations becansetire entire guotient will be too- long
for transfer nto- o memory wnit that hasy wordy of standarol
lengting, that 4, Hhe same as the lengtiv of regusters:

A This condition detection must be uncluded Ln eitiver tire
hardware or Hie software of thecomputer, or U a combination
of the two-




Wl/mu{-i/wobwwtemﬂb W twice ay long as e dinvisor,

A divide~overflow condition oceunry Uf the high-order half bity of
the dividend corstitute o nmumber greoter tian or equal to- the
A division by zero wust be avoided: Thiy otcnry becaunse any
dividend will be greater than or equal to- a divisor witicihv i equal
fo- zero: Overflow condifton i wsmally detected wien a special
flhp-flop s set: We will call (F a divide-overflow flip-flop and
label o+ DVF.

Howrdwowre AlgoriHun:

1 The dividend s v A and Q and the divisor wnw B . The
g of the rasudt iy travsferred uinfo- Qy to- be poart of the guotient: A
constont g set nto- the sequence counter SC to- specify the number of

2. A divide-overflow condition s tested by subtracting the
Awvisor i B from half of tive bity of the dintdend stored i A. If A 2 B,
the divide-overflow- fUp-flop DVF & set and the operation &
terminated prematurely. If A < B, no divide overflow ocenry so- the
value of the dinidend iy restored by adding B to- A.

3 The diwission of the magnitwdes starts by shifting the
diidend i AQ to- the left witiv the high-order bit shvifted into- E. If
tHhe bt shufted unto- E s 1, we knowthat EA > B becanse EA consisty of
a 1 followed by n-1 bity while B consisty of ondy n -1 bity v iy
case, B wmuwst be subtracted from EA and 1 nserted, Unto- Qe for Hhe

4 If Hhe shift-left operation wuertsy a O nfo- E, the divisor
subtracted by adding Uy 2's complement value and the corry
travyferred unfo- E . If E = 1, U signifies that A 2 B; therefore, Qu s set
to- 1 . If E = O, it signifies Hhat A < B and the original number g



restored by adding B to- A . Inthe latter cose we leave a O i Q.

This processy s repeated agoain withv regutersy EAQ. After w
fumes, Hhe guotient by formed un reguter Q and Hhe remainder s
found n register A



Divide operation

l

viden

Dividend in A
Divisor in B

0; A5,
SC«n -1

|

EA+«A+B +1

Divide magnitudes

||

shl EAQ

A=B A<H
1
EA+A+8B EA«~A+B
DVF+1 DVF «0
Y
END
(Divide overflow)

(Quc-tlent isin Q

remainder is in 4)

Figwre (r ): Flowthart for Divide operation



Divisor 8 = 10001, B+1=01111

E A
.F-‘- ,.-——‘-——..

Dividend: 01110
shl £ AQ 0 11100
add B + 1 01111
E=1 1 01011
Set 0, =1 1 01011
shl EAQ 0 10110
Add B + 1 01111
E=1 ] 00101
Set @, =1 1 00101
shl EAQ 0 01010
Add B+ 1 01111
E=0;leave Q, =0 0 11001
Add B 10001
Restore remainder 1 01010
shl EAQ 0 10100
Add B + | 01111
E=1 1 00011
SetQ, =1 1 00011
shl E AQ 0 00110
Add B + 1 01111
E=0;leave 0, =0 0 10101
Add B 10001
Restore remainder 1 00110
Neglect E

Remainder in A : 00110

Quotientin Q:

Figure (5): Example of Bunary Division

00001
00010

00011
00110

00110

01100

01101
11010

11010

11010

11010



Basie Compwter Organizotion
ond Design

[rstrnction Codes:

The general pwrpose digital computer W capable of executing variows
micro—operotions ond also- con be nstructed as to- wiat specific sequence
of operotiony U must perform. The wser of a computer can control the
process by wsing a program.

Q

Q

A program i o et of wstructions tiat specify the operations,
A computer nstruction iy a binary code that specifies a sequence of
microoperationy for the computer. nstruction codesy togetiver witiv
doto are stored n memory. The computer reads each bstruction
from memory and places b unv a control reguster. The control Hhen
wnterpretsy the binory code of tHe wutruction and proceeds to-
execute UF by sming a sequence of microoperations:

An struction code s o growp of bits that unstruct the computer fo-
perform a specific operoatiovn It v wsmnally dintded uinto- parts, eaci
The most basic port of an struetion code b Uy operation part: The
operation code of an struction b a growp of bty tiat define such
operationy as add, subtract, wmudltiply, shift, and complement

be performed. This operation wwst be performed on some data
stored U processor requtery or v memory.

An bnstruction code must Hherefore specify not ondy Hre operation
but also- the reglsters or the memory words witere Hie operands are
to- be found, as well ay the reguster or memory word where the
resuwdt u to- be stored.




Stored Progrowm Qrgovization

The simplest way to- ovganize o computer i to- hawve one processor reguster

oand o struction code formot witihv two- party. The furst part specifies

Q The memory adduresy tellsy the control wirere to- find an operand un

memory. Thiy operand read from memory and wsed as Hre data to-
be operated on together withv the data stored n the processor
reguster.

The below- figure shows Hus type of organdization.

Memory
409 x 16

_.-F"--'_—-‘--"-l-_,_____-'—
15 12 11 0

I Opcode Address Instructions
(program)

Instruction format

i5 0

Operands

Binary operand (data)

Processor register
(accumulator or AC)

Fugwre (k): Stored program organization

lnstructionsy are stored n one  section of memory
and dato v anotiver. EX: A memory wnit withv 4096 words, we need 12
bity to- specify an address since 232 = 4096. If we store eaci struction
code v one 16-bit memory word, we have availdaple four bity for the
operation code (opcode) to- specify one out of 16 possible operations, and
12 bits to- specify Hre adduress of an operand.

The control reads a 16-bit Ustruction from the
progrowm portlon of memory. It wsey tHhe 12-bit addiess part of thre
ustruction to- read o 16 -pit operand. from the doto portion of memory. It

< Computery that hove a single-processor reguster wsmnally assign to- o



He name accnwmdotor and label  AC . The operation
performed. witiv Hie memory operand and the content of AC .

% If an operation v an wustruction code does not need an operand
from memory, Hhe rest of the bits wv the wutruction can be used for
other puwrposes. For exowmple, operations el ay cear AC,
complement AC, and increment AC operate on data stored un tie
AC reguster. They do- not need an operand from memory.

Indisect Addyress

> -When Hie second part of an nstruction code specifies an operand,

> Whenw the second port specifies the addvess of an operand, tihe
wutruction s sawd to- have a
ddrect address.




> Whew the bify unv the second pourt of the bstruction designate an
addressy of a memory word n wirich the adduressy of the operand
found, the nstruction by said to- an indirect addrress. One bit of tive
wutruction code con be used to- distinguisihv between o direet and
> Aw effectve addrress (s e addiess of e operand.

15 14 12 11 O
I Opcode Address

(a) Instructron format

Memory Memory
22 0 | ADD 457 3s 1 ADD 300
300 1350
457 Operand
1350 Operand
—f +
AC AC
(b) Direct address (c) Indirect address

Figure (U): Demonstrotion of divrect and. indivect
addiress.

Computer Requrtery:

Computer wstructions are  normally — stored v



consecutive memory locationy and are execunted sequentially one ot a
time: The control reads an wstruction from a specific addressy v
memory ande execuntes U It then contumes by reading the next

This type of wutruction sequencing needs a counter to
calewdate tihve addiess of the next wutruction after execution of the
current wutruction iy completed. It iy also- necessary to- provide a reguster
wv the control unit for storung the uwstruction code after b W read from
memory. The computer needs processor regusters for manipulating doto
and. o reguster for holding a memory addiress.



The registers available un the computer are shhown U the below flgure

11 ]
PC
11 0
| AR
Memory
40096 words
15 0 16 bits per word
I— IR
15 0 15 0
TR DR
7 o 7 0 15 0
OUTR INPR AC

of bity Hhat they contain also given.

Euygure (m): Bosic computer regusters and memory.

Register Number

symbol  of bits Register name Function

DR 16 Data register Holds memory operand

AR 12 Address register Holds address for memory

AC 16 Accumulator Processor register

IR 16 Instruction register Holds instruction code

PC 12 Program counter Holds address of instruction

TR 16 Temporary register  Holds temporary data

INPR 8 Input register Holdsinput character

OUTR 8 Output register Holds output character

Table (A: Lyt of Regusters for the Basic computer.

Comumon Bus Sysfem:

> The basic computer has elght regusters, a memory wnif, and a
control unit: Paths must be provided to- transfer unformation from
one requster to- anotiver and between memory and registers.

> The number of wires will be excessive Uf connections are made



between tihe owtputy of each reguster and the unputy of the otfiver
reguters: A more efficient sciheme for tramsferring information v a
system withv many registers o to- use a common bus.
The connection of the regusters and memory of He basic computer to- a
common bus system s shown i e below- figure (w).



Figure (n): Basic computer requters connected to-a

common b



Q The owtpuwty of seven requtery and memory ave connected to- the
common b The specifie output that i selected for tie bug Lines at
any gven tume Uy determined from the binary value of the selection
variables S,, S1, and So,

For examplel, Hie number along the output of DR sy 3. The 16 -bit
owtputy of DR are placed on the busy lines wiren S:S1So = O11 since Huy s
Hie binary valune of decimal 3.

For exawmple2, The memory places Uy 16 -bit output onto-the bus wiren
the read input iy activatedano S;S1S0= 111.

O The content of any reglter can be applied onto the busy and an
operation can be performed un tie adder and logle cirenit during
the same clock cycle. The clock travsifion at the end of the cycle
travsfers the content of the bws uinto- the designated destination
regUster and Hie owtput of Hie adder and Logie curcuit nto- AC.

For exawmple, tive two- rnicrooperations

DR O AC and AC IDR
can be executed ot Hie same time. Thisy can be done by placing Hre
content of AC on the busy (with S2S1So = 100), enabling the LD (load)
input of DR, tramsferring the content of DR tHhuwoughh the adoer and logic
clrewdt indo- AC, and enapling the LD (lond) input of AC, all during the
same clock cycle.

Computer Instructions:

The basic computer hay thwee types of wnstruction code formadts,

1. Memory-reference instrctlon.

2. RegUter-reference instruetion.

3. Aw Unput-output struction.
Eachv format hhas 16 bifs: The operation code (opcode) port of Hie
Usstruction containg thwee bity andtre meaning of the remaining 13 bity
depends on the operation code encountereo



15 14 12 11 0
I Opcode Address :
(a) Memory - reference instruction
15 12 11 0
o1 1 1 Register operation
(b) Register — reference instruction
15 12 11 0

1 1 1

/0 operation

(c) Input - output instruction

(Opcode = 000 through 110)

(Opcode =111, [=0)

(Opcode= 111, [=1)

Fugwre (n): Basic computer unstruction formats



The type of Wustruction W recognized by the computer control from tHre
four bity v positions 12 thwoughv 15 of tive bstruction.
> If Hhe Huree opcode bity v positiony 12 to- 14 are not equal to- 111,
the wstructon B o memory-reference type and. the bit b positlon
15 W taken asy the addressing mode [ A memory-reference
wstruction uses 12 bity to- specify an adduress and one bit to- ypecify
the addiressing mode [. | = O for drect adduress and | = 1 for wrndivect
aodoress.
> If the 3-bit opcode = 111, control Hhen Lnspects the bit un positlon
15. If s bit = O, the ustruction s o reguster-reference type. These
wstructionsy use 16 bty to- specify anw operatiov
> If the bir | = 1, Hhe struction B an nput-owtput type. These
wustructions also- use all 16 bity to- specify an operation.
The wutructions for the computer are Usted un Table (g, v, U).

Hexadecimal code

Symbol I=0 [I=1 Description
AND Onexx Bxoox AND memory word to AC
ADD 1xoxx 4o ¢ Add memory word to AC
LDA 2300x A0 Load memory word to AC
STA 3rox Bxxx Store content of AC in memory
BUN 43000 Croox Branch unconditionally
BSA Sxox Dxoxx Branch and save return address
ISZ 6xxx Exxx Increment and skip if zero
Table (9): Memory-reference instructions
CLA 7800 Clear AC
CLE 7400 Clear E
ChMA 7200 Complement AC
CME 7100 Complement E
CIR 7080 Clirculate right AC and FE
CIL 7040 Circulate left AC and E
INC 7020 Increment .AC
SPA 7010 Skip next instruction if AC positive
SN A 7008 Skip next instruction if .AC negative
SZA 7004 Skip next instruction if AC zero
SZE 7002 Skip next instruction if E is O
HLT 7001 Halt computer

Table (IW): Reguster-reference nstructlons



INP
ouT
SKI
SKO
ION
I0OF

F800
F400
F200
F100
FO80

Input character to AC
Output character from AC
Skip on input flag

Skip on output flag
Interrupt on

Interrupt off

Table (O): [nput-output wstructions



The hexadecimal code iy equal to- the equivalent hexadecimal
nuwmber of the binary code wed for tHwe wstruction: By wing the
hexadecimal eguivalent we reduced thve 16 bitsy of an struction code to-

A) memory-reference nstruction hay an addiess port of 12 bitse The
address port s denoted by thuee Wy and stand for the tHhuee hexadecimal
digity corresponding to- e 12 -bit adduress. The last bit of the nstruction
W designated by He symbol .

. When | = O, the last fowr biuy of an wstruction howve a
hexadecimal gt equivalent from O (OOO) to- 6 (110) since the
last but s O.

i Whew | = [, the hexadecimal digit equivolent of the last four bity
of the wutruction ranges from 8 (1000) to- E (1110) since the
last bit s .

B) Reguster-reference wnstructions use 16 bty to- specify an operation The
leftmost four bity are alwayy 0111, witlch i equivalent to- hexadecimal
7. The otiver Hwee hexadecimal digity gwe the binary equivalent of e
remaining 12 bty

C) The wnput-owtput wstructions also- wse ol 16 bity to- specify an
operotion. The last fowr bty are alwayy 1111, equivalent fo-
hexadecimal F.

lnstruction Set Completeness
A computer shouwld have a set of wstructions so- Hhat He wser con
constret macihuine language programs to- evaluate any function that v
kinoww to- be computable. The set of wstructlonsare saio to- be complete Uf
Hie computer inclundes a sufficient number of structions un each of the
1. AriHunetic, logical, and dhdlft wstructions.
2. Instructions for moving nformation to-and from memory and processor
s,
4. Input and output structions

Instructon Cycle:




A progrom residing v the memory undit of the computer consisty of a
sequence of wutructions. The progrom b executed v the computer by
goung thurouglv o cycle for each ustruction. Eachv wutruction cycle un
twrn i subdivided nfo- a sequence of subeycles or phases. [n Hie basic
computer each ustruetion cyce consisty of the following plhases:

1. Fefthh an wstruction from memory.

2. Decode tive bnstrnction.

3. Read the effective addressy from memory f the ustruction has an uindirect
addiress.

4. Execwte the unstruction.

Upon the completion of step 4, the control goesy back to-
stepr 1 to- feteln, decode, and execnte the newt wstruction. This process
confinumes undefunitely wndess o HALT bstruction Uy encowntered

Fetedv and Decode:

Initlolly, tihe program cownter PC i loaded witiv tive address of tie
First wstruction n the progrom: The sequence cownter SC s cleared to-O,
providing o decoded tHiming signal To. After eachh clock pulse, SC
ncremented by one, so- that the timing signaly go- Hwroughh a sequence To,
T1, T2, and so- ovv The rnicrooperationy for the fefedv and decode plases
can be specified by the following register transfer statements:




T0: AR « PC (S,S,S,=010, T0=1)
T1:IR « M[AR], PC « PC +1 (S0S1S2=111, T1=1)
T2: DO, . .., D7 « Decode IR(12-14), AR <« IR(0-11), | « IR(15)

Sinee ondly AR W connected to- the addressy inputy of memory, o W
necessary to- trovmsfer the addressy from PC too AR during the clock
travgition assotiated withv timing signal To. The bstruction read from
memory W then placed wv the wutruction reguter IR witiv the clock
tramsiftion associoted withv timing signal Ti. Af the same tume, PC &

T . L:ID_. s,

TO » ____; »1s, Bus

E
NN

-
,| Memory >

unit

;: | Read

> AR . w1

=“}__an L
|

- Address

PC =12
=
r— R

IN
> R . 15|
! L1
LD Clock
Common bus

wncremented by one to- prepore ot for Hhe address of tive next wnstruction
W the progrom At tume To, Hwe operation code un IR W decoded, tHre
wdreet bit W travsferred to- flip-flop |, and. the addiess part of Hre
wstruction U transferred to- AR. Note Hat SC W ineremented after eaci
Lotk pudse to- produce the sequence To, T1, and To.

Flgure (0): Reguster travsfers for the fetch plhase

The above Figure (0) shhows how the furst two- reguster travsfer stoatements



are implemented i the buws systeme To- provide the date potiv for Hhe
travsfer of PC too AR we wmuwst apply tuming signal To to- achieve tHie
ST oy
1. Place te content of PC onto the buy by making the buy
selection inputsy Sz S1 Soequal to- O10.
2. Travyfer the content of the bug to- AR by enabling
Hie LD tinput of AR. The next clock trovmsition unitiates

the travsfer from PC to- AR since To = 1.

lnv ovder to- implement the second statement
T1: IROIM[AR], PCOPC + 1



It L necessary to- uwse fuming sugnal T1 to- provide Hhe following connections un
the bus system.

1. Enable Hre read input of memory.
2. Place the content of memory onto- the busy by making S, S1Spo= 111.

3. Transfer the content of Hie bus to- IR by enabling the LD input of IR.
4. lncrement PC by enabling e INR input of PC

Determine the Type of lnstruction
The tumung signal Hhat v actwve after the decoding i Tz During tume T3
the control wnit determines the type of nstruction Hat was just read
from memory.
Decoder owtput D7 i equal to- 1 Uf Hhe operation code s equal fo- binary 111.
> If D7 = 1, the Wytruction must be a reguster —reference or input-Owutput
type.
> If D7 = 0, the operation code must be one of the otiver seven
values OO0 tHhwoughh 110, specifying a memory -reference

The twee wutruction typesy oare subdivided o four
sepavote potihvy. The selected operationn v activated withv the clock
travgition associated withe fiming signal Tz Thisy can be symbolized as
follows:

D;ITy AR <« M]J[AR]

D;I'Ty: Nothing

D,I'T5: Execute a register-reference instruction
D,IT5: Execute an input—output instruction

When a memory -reference ustruction witivl = O  encountered, it s not
necessary fo- do- anytving since the effective addrressy s already v AR.
However, the sequence cownter SC must be neremented wihenw D7’ Ts = 1,
so- that the executlon of the memory-reference wutruction can be
contuned, withv timing variable T4. A reguster —refevrence or Unput-output
Ts. After the wutruction o exeented, SC w ceared fo- O and control



retwrng to- the fefdv plase witiv To = 1.

The flowthart of Fligure (p) presenty an nitlal configuration for tire

type after Hre decoding



Start
SCe0

Y l To

AR « PC

| .

IR « M [AR], PC« PC +1

Y T,
Decode operation code in /R (12~ 14)
AR «IR(0~-11), I «IR(15)
(Registeror [/0) =1 s =0 (Memory-reference)
=0 (register) (indirect) =1 =0 (direct)
T, Y T, 1 Ty
Execute Execute AR « MIAR) Nothing
input-output register-reference
instruction instruction
SCe0 SCe«0 i
Execute
memory-reference
instruction
SCe«0

!

Elgure (p): Flowthart for wutruction cycle (nitial

Requter-Reference lnsfructions:
Reguster —reference structions are recognized by the control wiren D7 =




I and | = O. These wstructions wuse bity O Hhwoughv 11 of the nstruction
code to- specify one of 12 utructions. These 12 bity ave available v

IR(O -11). They were also- transferred to- AR during fime T, .
> Eachv control function needs tive Boolean relatione D7 I' T, wivclv
we designate for comwendlence by the symbol v . The control



IR(O-11). By assigning Hhe symbol Bito- bit Lof IR, all control
funetions con be simply denoted by rBB..
>  For example, the wustruction CLA hay He hexadecimal code 7800,
which gives the binary equivalent 0111 1000 0O00 OOOO.
. The first bit s a zero- and Uy eguivalent to- I
i The next thuree bity covustitute the operation code and are
recognized from decoder output D7.
i B 11l kiR 51 and s recognized from Bas.
The control function Hhat initiates the rnicrooperation for
Huy nstruection D7 I Ts Bii = r Bis

D;I'T5 = r (common to all register-reference instructions)
IR(i) = B; [bit in /R(0-11) that specifies the operation]

r: SC<«0 Clear SC
CLA rB": AC <0 Clear AC
CLE 7rBy: E<0___ Clear E
CMA rB;: AC<AC Complement AC
CME rBg: E<E Complement E

CIR rB;: AC<shr AC, AC(15)«E, E< AC(0) Circulate right
CIL rBs: AC «shl AC, AC(0)«—E, E< AC(15) Circulate left
INC 7rBs: AC<«AC +1 Increment AC
SPA rBg If (AC(15) = 0) then (PC<PC + 1) Skip if positive
SNA rB;: If (AC(15) = 1) then (PC«PC + 1) Skip if negative

SZA rB,: If (AC = 0) then PC<PC + 1) Skip if AC zero

SZE rB,. If (E =0) then (PC<«—PC + 1) Skip if E zero

HLT rB,: S <0 (S is a start—stop flip-flop) Halt computer
Table ()): Execuntion of Reguster -Reference [nstructions

Memory-Reference Instructionsy:

v The below Table (k) Ustsy tive seven memory -reference unstructions.
The decoded ovtput Difor L =0, 1,2, 3,4, 5, and 6 from the
operation decoder that belongs to- each nstruction iy included in
the table.

v The effective adduesy of the utruction s v the addiess register
AR and way placed tiere during Himing signal T2 when | = O, or
duwring tuming signal T3 whenw | = 1. The execuwtlon of the
memory -reference wstructions stoaty witiv fuming signal T4,



Operation

Symbol decoder Symbolic description
AND Dy AC+—AC N M[AR)]

ADD Dy AC+—AC + M[AR], E <« Coum
LDA D, AC— M[AR]

STA Dy M[AR] «— AC

BUN D PC+—AR

BSA Ds M[AR]|~—PC, PC+—AR + 1
ISZ Dy M[AR] «— M[AR] + 1,

I1f M[AR] + 1 = 0 then PC«—PC + 1
Table (k): Memory-Reference [nstructions
AND : AND to- AC
This B an bstruction that performy the AND logle operation on pairy of
bity v AC and. Hie memory word specified by Hhe effective adoress. The
resudt of the operation b transferred to- AC. The rnicrooperations that
execute Hus wstruction ore:



DoT4: DR 0 M[AR]
DoTsI AG a AO A DR, SG g (o

ADD : ADD to- AC
This wutruction addy the content of the memory word specified by the
effective addiress to-tive value of AC. The sum  travsferred unto- AC anol
the owtput corry C,., U trovmsferved to-He E (extended accvmudator) flip-
flop: The rnicrooperations needed to- execute iy nstruction are:

D1T4: DR 0 M[AR]

DiTs: ACOAC + DR, El Cowt, SCOO

LDA: Lowd to- AC
This bstruction tramsfers He memory word specified by Hie effective addiress
to- AC . Thernicrooperations needed to- execunte Huys wstruction are:

D,T4: DR I M[AR]

D.Ts: ACU DR, SC

0o
STA: Store AC
This wstruction stores e content of AC unto- e memory word specified
by the effective adduress: Sunce He owtput of AC s applied to- te bus and
the date input of memory s connected to- He bug, we can execunte Hly

DaTy: MAR] «— AC, S5C «— 0

BUN: Branchv Unconditionally
> Thisy bstruction transfers the program to- the utruction specified by
the effective address.
» The BUN wutruction allows the progrommer fo- specify an
nstruetion out of sequenceand we say that the program branciesy
(or jumps) wncondiflonally. The wustruction Uy execunted withv one
raerooperoflon
BSA: Branchv and Sanve Retwrn Addiess
This wutruction B wseful for branching to- o portion of tihe progrom
called. a subrouwtune or procedure. When executed, the BSA wutruction
stores the adduress of the next wstruction un seqguence (wirich iy avalable

M[AR] « PC, PC «— AR +1
i PC) nfo- o memory location specified by Hre effective addiress. The
effective addresy plng one s then travsferred to- PC to- serve as the addiess
of the furst instrction n the subroutine.



BSA: Branch and Save Return
Address EX:

The BSA wutruction & assmmed to- be v memory at address 20.
The | bit & O and the addressy part of Hhe wstruction hasy the binary
equivolent of 135. After the fefthh and decode phases, PC containg 21,
whiclv i the adduresy of tive next wutruction wv the progrow (referred to-
o the refurn addaress). AR holds Hhe effective addaress 135, This i shown
w port () of the figuwre. The BSA Wutruction performs the following

M[135] <« 21, PC «< 135+ 1 =136

The rasudt of iy operotion i shown v port (b) of the figure. The refurn
addressy 21 Wy storedk unv memory location 135 and control contunumnes witiv
the subrowtine progroam stourting from address 136. The refurn to- He
origmal program (ot address 21)  accomplished by means of o
wdirect BUN butruction placed at tihe end of Hhe subrowtine. When
Huws Wustruction b execunted, control goes to- tive indivect plhase to- read. tie
effectve addiesy at location 135, where o fundy the previowsly sowved
address 21. When the BUN bustruction  executed, tie effective adoiress
21 W trovsferred fo- PC. The next wutruction cycle finds PC witiv tive
value 21, so- control contunumnes to- execute the nstruction at the return
address.



Memory Memory

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

It (s not possible to- perform the operation of the BSA instruction in one
clotk cycle wien we wse the bus system of the basic computer. To- use tire
memory and Hie buy properly, the BSA wustruetion must be executec
Witiv o sequence of two- microoperations

DsTy: MJAR] «— PC, AR «— AR + 1
DTs: PC «— AR, 5SC «— 0

Tuming signal T4 uwnufiafesy a memory wrue operatfion, places Hive content
of PC onto- e bus, and enables Hie INR tnput of AR . The memory write
operation by completed and AR Uy incremented by Hie time the next clock
travsition ocenrs: The bus s wsed at TS to- travsfer the content of AR fo-
PC.

ISZ: Increment and Skip f Zero

This ustruction unerements tive word specified by thve effective adouress,
ond of the incremented volue iy equal to- O, PC b ineremented by 1.
The progroamuner wsmnally stores o negative nmuwmber (U 2's complement)
W the memory worok Ay thisy negative nmuwmber U repeatedlly
ncremented by one, U eventually reaches the value of zero: At that
tHme PC sy incremented by one Un ovder to- skip the next nstruction Ln
the progroam.



DT: DR « M[AR]
DTs DR « DR +1
D{T¢ MIAR] « DR, if (DR = 0) then (PC « PC + 1), SC « 0

A flowthart shhowing all microoperations for the execution of
tHe sevenw memory- reference wstructions B shhown v Figure (9). The
control functions are ndicated on top of each box: The microoperations
that are performed duwring time T4, TS, or Te, depend on the operation
code value:, The sequence counter SC iy cleared to- O witiv the last Himing
signal v each cose. This canses o tramsfer of control to- Himing signal TO
to- stort the newt nstruction cycle.



Memory - reference instruction

AND ADD LDA STA
DoT, Y D\T, DT, Y DiT,
DR « M[AR) DR « M [MAR)] DR « M [AR] M [AR] « AC
SC«0
l DT Y D\T;s l DT
AC « ACN DR AC « AC + DR AC « DR
E + Coy
SC«0 SC«0 SCe«0
BUN BSA ISZ
l DT, ¥ DT, ¥ DeT,
PC « AR M [AR) « PC DR « M [AR]
SC«0 AR— AR + 1
Y DsTs Y D¢T s
PC «— AR DR« DR+ 1
SCe«0
Y DT
M [AR] « DR
If (DR =0)

then (PC « PC+ 1)

SC«0

Figurre (9): Flowthart for Memory -reference unstructions




[nput=Outpidt and [nferrnpt
i WWW'WWWMMMM/WWMMWH‘ commumnicates
withv the external

erwironment:. [nstructions and doto storedd v memory must come from
some uinput desice. Computational resudts must be travsmitted to- the wser
thurouglv some output device. Commercial computery unclnde many types
Input-Ouwtput Configuration

The terminal sendy and receines serial uinformation. Eaclhh guantity of
wnformation from the keyboord w shifted nto- the nput reguster INPR.

Input — output Serial Computer
terminal communication registers and
interface flip-flops
FGO
. . Receiver L [ OUTR |
Printer I interface - l |

—] AC —

T ite
Keyboard — Tinerace. [ _mwer }—FH

FGI
The sertal information for the printfer W stored un the owtput reguster
OUTR . These two- regusters communicate withv a commumnication untferfoce
serially and withv the AC un parallel.
Eigure (r): [nput-Output configuration

The processy of information transfer s as follows: Initlally, tie nput flag
Fal s cleared to- 0. When a key » struck un the keyboard, an 8 -bif
alphanumeric code Wy shifted Unto INPR and tie nput flag FGl s set to-
1. Ay long as tie flag s set; the information v INPR cannot be changed
by striking another key. The computer checks the flag bits f UF s 1, tihe
information from INPR s transferred in parallel into- AC and FGI is
cleared to- 0. Once Hie flag s cleared, new nformation can be shifted
into- INPR by striking another key.



lnitially, the owtput flag FGO W set to- 1. The computer checks the flag
bit Uf iF s 1, the information from AC s tramsferred in parallel fo- OUTR
andt FGO W cleared too O. The owtput device accepty the coded
unformation, prunty the corresponding character, and.  when the
operotion v completed, b sefy FGO to- 1. The computer does not lond a
new- ctharacter uintoo OUTR when FGO U O becanse thisy conditlon
character.

Input-Owtput Instrnctions
lnput and output bnstructions are needed for transferring unformation to-
and from AC reguster, for checking He flag bits, and for controlling tHre
unterrupt facllity.

lnput-ovtput wstructions howve an operotion code 1111 and are
recognized: by He control wiren D7 = 1 and | = 1. The remaining bify of
the wutruction specify the particnlor operation. The control functions
and microoperations for the nputf-owfput structions are Usted n
Table ().



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

p: SC«0 Clear SC
pBy: AC(0-7)«<INPR, FGI<«0 Input character
OUT pBy: OUTR<AC(0-7), FGO+0 Output character

pBs: 1f (FGI = 1) then (PC«PC + 1)  Skip on input flag

SKO  pBs: If(FGO = 1) then (PC«PC + 1) Skip on output flag

pB:. IEN <1 Interrupt enable on
pBe: IEN<«Q Interrupt enable off

Table (U): lnput-Owtput wnstructions

Progrom Inferruwpt

The process of commumnication discwssed. so for s referred to as
progromwmed. control transfer. The computer keeps checking tive flag bif
oand when b fnds U set; B indflates an information trovsfer. The
Aifference of information flow- rote between Hie computer and Hie nput-
owtput device makes this type of transfer nefficient:

> To see why Hus i nefflcient; consider a computer that coan go

thwouglv an wustruction cycle b Luse Assume that the unput-output
device can travsfer unformation ot a maximuwmw rafte of 10
charactery per seconds Thiy s eguivalent to- one character every
100,000 psy: Two wustructionsy are executed wienw the computer
checks the flag bit and decidesy not to- tramsfer the information
This means that at the maximum ratfe, the computer wlll check
tHe flag 50,000 tumes between each transfer. The computer
wasting time wivde checking the flag ustead of doing some otirer
wseful processing task.

An alternatve to- e progromumed. controlled procedure s to- Let Hhe
externol device inform the computer whenw F & ready for the
transfer. In the meantume the computer can be busy witv otiver
tosks. This type of travsfer wses Hhe interrupt facility.
While the computer U running a programw, U does not check the
Aagsy. However, whew a flag i set , the computer  momentarily
unterrunpted from proceeding witiv the current program and s



wnformed of the fact tiat o flag has beew set: The computer desiates
momentardy from wihat b W doing to- take care of Hie nput or
owtput travsfer. It thew refurng to- He cuurrent progrom to- contunne
what Ut ways doing before the nterrupt

> The nterrupt enable fUp-flop LEN con be set and. cleared witiv two-
wstructiony (IOF and ION instructions).



Instruction cycle =0 /Rk =1 Interrupt cycle

1 N |

Fetch and decode
instruction

Store return address
in location 0
M [0] &= PC

l

Branch to location 1
PC 1

!

IEN « 0
Re0

l

Execute
instruction

| b 4

Elgure (9): Flowdhart for interrupt cycle
The woy that the ntferrnpt B handled by Hie computer can be
exploned by meany of the flowchort of Figure ().

Q An nterrupt flUp-flop R b unclunded un the computer. When R = O,
the computer goes thwough an wutruction cycle:

O During the execute phose of the wutruetion cycle LEN w checked
by the control. If b b O, b lndicates that Hre progrowmmer does not
want fo- use the wnterrupt, so- control contunuesy witiv the next

Q If LEN & 1, control checks the flag bifs If botiv flagy are O, F
wndicates that neither Hie tnput nor the owtput regustersy are ready
for tramsfer of information. ln thisy coase, control continmes witiv the
next struction cycle. If eitiver flag o set to- 1 winide LEN = 1, flip-




flop R w set to- 1.
O Af the end of the execunte phase, control checks the value of R, and

U U W equal oo 1, U goey to- an unferrupt cycle unstead. of an
The nterrwpt cycle W o havdware implementotion of a brancih and sone
refurn address(BSA)

operatl
on. EX:



Memory Memory
O O 256
1 (0] BLUMN 1120 PC =1 o BUMN 1120
255 . 255 .
PO = 256 Main 256 Main
Progranm PrOgranm
1120 1120
Lo 1O
Pro Eranm Progranm
1 BUN o | 1 BUN o

(a) Before interrupit (b)) After interrupt cycle

Fuwre (): Demovustration of Interrupt Cycle

An example that shows wirat happensy duwring the interrnpt
cycle B shhown v Figure (1). Suppose that an ntferrupt ocenry ond R Gy
set to- 1 wihhile the control W executing the struetion at adoress 255. At
Hus time, Hie refurn addiess 256 s v PC. The programwwer has
previowsly placed an unput-output service progrom un memory stourting
from adduesy 1120 and o BUN 1120 wnstruction ot adduess 1. This s
shhown i Figure (a).

When control reaches timing signal TO and findsy that R = 1, U
proceeds witiv the unferrupt cycle. The content of PC (256) b stored un
memory location O, PC W sef oo 1, and R W cleared to- O. At the
begunning of the next struction cycle, the nstruction Hat U reads from
memory W v address 1 since thiy o the content of PC. The bronciv
ustructlon ot addiess 1 counses e progrom fo- travsfer to- the nput-
owtput service program at adodwess 1120. Thisy program checks te flags,
determines whvich flag i set; and then transfers the required tnput or
owtput nformation. Once tHhiy  done, the program refurng to- thre
Lotation wiere Ut was nterrupted: Thiy v shhown v Figure (b).

Interrupt Cycle

The nterrupt cycle v niflated after the last execute phose f the
unterrupt flup-flop R U equal to- 1. Thisy fUp-flop s set to- 1 f LEN = 1
and eitiver FGl or FGO ave equal fo- 1. This can happen withe any clock
travsiflon except wihen tuming signely TO, T1 or T2 are active The
condiflon for setting flUp- flop R foo 1 con be expressed witiv the
following reguster travufer statement:



ToThTAH(IEN)(FGI + FGO): R <1

During the furst fiming signal AR w cleared to- O, and the content of PC
W transferred to- Hwe temporvary reguster TR, Witiv the second Huming
signal, the retwrn adduress sy stored v memory ot location O and PC s
cleared to- 0. The Huind tming signal increments PC +o- 1, clears LEN and
R, and control goes back to- TO by clearing SC to- 0. The beginming of the
next Unstruction cycle has the condifion R TO and the content of PC s
equal o 1. The control then goes Huough an instruction cycle that
fetehes and executes the BUN tnstruction un location 1.
RTy, AR <0, TR<«PC

RT;: M[AR])«TR, PC<«0
RT; PC«PC+1, IEN<«<0, R<«0, SC<0



Complete Computer Descruptions

TMW}WMO)&WWWVWOL@ uncluding the untferrupt cycle
for the basie computer,

shown U Hhe below figure (W). The interrnpt flyp-flop R may be set at
signal To after SC o cleared to-O.

> If R = 1, the computer goes Huwouglv an interrupt cycle.

> If R = 0, tHhe computer goes Huwouglv an nstrction cycle.
If the wutruction o one of the wmemory-reference nstructions, Hie
computer furst checks Uf there s an indirect address and tHhen continumnes
to- execute the decoded wutruction. If the wutruction v one of the

Start
SC«0,IEN «<0,R <0

r
(instruction cycle) =0 =1 (interrupt cycle)
(>
r R'Tﬂ [ RTG
AR « PC AR« 0, TR « PC

i R'Ty i RT,
IR «— M [AR], PC+— PC+ | M[AR] « TR, PC+0

F R’Tg r RTz
AR« IR(0-11), I « IR (15) PC«— PC+1, IEN—DO
Dg - D & Decode IR (12 - 14) Re«0.5C«0

(Registeror [/J0) =1 DA =0 (Memory — reference)
\:/

(/0y =1 =0 (register) (indirect) =1 =0 (direct)
I

D4l .Tg Y D;u"Tg Y DJTy L i D'-;-f'Ta
. Execute . Execute AR «— MIAR] NDI]'I:II'IE
input-output registerreference
instruction instruction
(Table 5-5) (Table 5-3) ¥
Execute
memory — reference
instruction
(Fig 5-11)
1 | |
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regUster —reference nstructions, o will be execwted: If b iy an bnput-
owtput struction, b will be executed
Figure (W): Flowthart for computer operation



i

Fetch R'Ty. AR<PC
R'Ty: IR«M[AR], PC+«PC+1
Decode R'Ty: D, ..., Dy«Decode IR(12-14),
AR «IR(0-11), I+« IR(15)
Indirect DiITy AR <«M[AR]
Interrupt
LTT(IENXFGI + FGO): R<1
RT,: AR<«0, TR<PC
RT;: M[AR]«<TR, PC+«0
RTy PC«PC+1, IEN«0, R«0, SC+«0
Memory-reference:
AND DiT¢ DR« M[AR]
DoTs: AC<«—ACAN DR, SC+0
ADD D\T; DR+« M[AR]
D\Ts: AC«AC + DR, E+«C(C,, SC+«0
LDA D.-T: DR <«M[AR]
D.Ts: AC«DR, SC+«0
STA DsT: M[AR]«<AC, SC+«0
BUN DI: PC«AR, SC+«0
BSA DTy M[AR])«PC, AR+AR +1
DT PC«AR, SC«0
ISZ DT: DR« M[AR]
DTs: DR« DR +1
DT  M[AR]« DR, if(DR = 0)then(PC+«PC + 1), SC+«0

Register-reference
D,I'T; = r (common to all register-reference instructions)

IR(i()=B,(i=0,12,..,11)
) SC«0
CLA rB,;: AC«0
CLE rBw: E<«0
CMA rBy. AC«AC
CME rBy: E«FE
CIR rBy; ACe«shr AC, AC(15)«E, E<«AC(0)
CIL rBs. AC<«shl AC, AC(0)«—E, E<«AC(5)
INC rB,: AC«—AC +1
SPA rBs If (AC(15) =0) then (PC«PC + 1)
SNA rBy  If (AC(15) = 1) then (PC«PC + 1)
SZA rB;: If(AC =0) then PC«PC + 1)
SZE rB,: If(E =0)then (PC«—PC +1)
HLT rBo S<0
Input-output:
D,IT; = p (common to a ll input—output instructions)
IR())=B:(i=6,7,8,9, 10,11)
p: SC«0

INP pB,;: AC(0-7)«<INPR, FGI+0
ouT pBy: OUTR «AC(0-7), FGO <0
SKI pBy: If(FGI=1)then (PC«PC + 1)
SKO pBy:  If (FGO = 1) then (PC«PC + 1)
ION pBy:. IEN«1
IOF pBg IEN <0




Table (m): Control functions and microoperations for
the Basie computer



lnstead of wing a flowthart; we coan deseribe the operation of the
computer withv a Wt of reguster transfer stotements. Thisy o done by
occrmudating all the control functions and microoperations unv one
table, ay shhown n e below Table (mw).

The reguster travsfer stotements un thuys fabple describe U o concise form
the nternal organdizotion of Hie basic computer. They also- giwve all the
unformation necessary for the design of the logie circnits of the computer.

A register transfer language s wseful not only for describing the infernal
organczafion of a digifal system budf also- for specifying the logie corcwdts



SgLLabu&.

Central Processing Unit: General Register Organization, STACK Organization. tnstruction
Formats, Addressing Modes, data Transfer and Manipulation, Program Control, Reduced
nstruction Set Computer.

Microprogrammed Control: Control Memory, Address Sequencing, Micro Program example,
Design of Control Unit,

troduction:

The part of the computer that performs the bulk of data-processing operations is called
the central processing unit and is referred to as the CPU, The CPU is made up of three major
parts, as shown tn Flgure (1). The register set stores intermedinte data used during the
execution of the instructions, The arithwmetic logic wnit (ALW) performs the regquived
wilcrooperations for executing the instructions, The control unit supervises the transfer of

- Register set
lemi 0 1"
Arithmetic
- logic unit
(ALU)

information among the registers and instructs the ALK as to which operation to perform.,

Elgure (1): Major components of CPU

owne boundary where the computer designer and the computer programmmer see the same
machinels the part of the CPU assoclated with the instruction set.
> From the designer's polnt of view, the computer instruction set provides the
specificationsfor the design of the CPU, The design of a CPU is a task that in large
part tuvolves choosing the harodware for iuplementing the machine instructions,
» The user who programs the computer in wmachine or assembly language must be
aware of the register set, the wemory structure, the type of data supported by the
instructions, and the function that each instruction performs,

The following sections describe the organization and architecture of the CPU with an emphasis
on the user's view of the computer, how the registers communicate with the ALK through buses,
explain the operation of the memory stack, the type of instruction formats available, the
addressing wmodes used to vetrieve data from wemory, and also the concept of reduced
instruction set computer (RISC).

Weral L oraanization:

> We know that the memory locations are needed for storing polnters, counters, return
addresses, temporary results, and partial products during multiplication. Having to
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refer to memory locations for such applications is time consuming because memory
access Ls the most time-consuming operation tn a computer.
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» It ls wore convenlent and wore efficlent to store these intermediate values tn processor
registers. Whew a large wuwber of registers are included in the CPU, it s most efficlent
to connect thewm through a common bus system.

>  The registers communicate with each other not only for divect data transfers, but also
while performing various microoperations, Hewee it is necessary to provide a common
unit that can perform all the arithwmetic, logic, and shift wicrooperations in the
Pprocessor,

A bus organization for seven CPU registers is shown in the below figure.

Clock Inpur

4
l Y Y YY Y Y Y Yy YYVY Y VY VYY
Load [—q.- T TR SRt
(i) Sm'Al_’— HEES R ST MOR S - }sr-.u
e
- decoder 3 A bus £ bus
P11 | .
SELD P SRS D e
b aneE e s
OPR « —f o Addunetic ogle unie

Y

Ourput

Flgure (2): Bus organization for CPU registers
The output of each register is connected to two multiplexers (MUX) to form the two buses A and
B, The selection lines in each multiplexer select one register or the lnput data for the particular

bus, The A and B buses form the inputs to a common arithmetic logic unit (ALW), The
operation selected in the ALK determines the arithwetic or logic wilcrooperation that (s to be
performed, The result of the wicrooperation is available for output data and also goes into the
inputs of all the registers, The register that receives the information from the output bus is
stlected by a decoder. The decoder activates one of the register load inputs, thus providing a
transfer path between the data in the output bus and the tnputs of the selected destination
register,

The control unit that operates the CPU bus system directs the information flow through
the registers and AL by selecting the various components in the system. For example, to
perform theoperation

rR10rR2+r=
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the control must provide binary selection variables to the following selector inputs:
1. MUX A selector (SELA): to place the content of R2 tnto bus

A, 2 . MUX B selector (SELR): to place the content of R 3 tnto
bus ®.
2. ALU operation selector (OPR): to provide the arlthmetic addition A + B.
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4. peconler destination selector (SELD): to transfer the content o fthe output bus into R1.

Cowntrol wordl

There are 14 binary selection inputs tn the unit, and thelr combined value specifies a
control word, The 14-bit control word is defined tn Flogure (3). It consists of four flelos. Three
fields contain three bits each, and one field has five bits, The three bits of SELA select a source
register for the A lnput of the ALU, The three bits of SELB select a vegister for the B tnput of
the ALU, The three bits of SELD select a destination register using the decoder ana its seven
load outputs, The five bits of OPR select one of the operations in the AL The 14-bit control
word when applied to the selection inputs specify a particular wmicrooperation.

3 3 3 5
SELA | SELB | SELD OPR
Flgure (3): Control word
The encoding of the register selections s specified in the Table (a). The 3-bit binary
code Listed in the first coluwmm of the table specifles the binary code for each of the three fields,
The register selected by flelds SELA, SELB, and SELD (s the one whose declmal number is
equivalent to the binary number in the code,

when SELA or SELR is 000, the corresponding multiplexer selects the external input
data, when SELD = 000, no destination register s selected but the contents of the output bus

Binary
Code SEL A SELB SELD
000 Input Input None
001 R1 R1 R1
010 R2 R2 R2
011 R3 R3 R3
100 R4 R4 R4
101 R5 R5 R5
110 R6 R6 R6
111 R7 R7 R7

ave available in the external output.

Table (1): Encoding of Register Selection Fields
The ALU provides arithmetic and logic operations, The encoding of the AL Operations are
specified in the Table (b). The OPR field has five bits and each operation is designated with a
sywbolic name,

OPR

Select Operation Symbol
OO0 Transfer A TSFA
00001 Increment A INCA
00010 Add A + B ADD
00101 Subtract. A — B sSUB
00110 Decrement A DECA
01000 AND A and B AND
01010 OR A and B OR
01100 XOR A and B XOR
01110 Complement A COMA
10000 Shift right A SHRA
11000 Shift left A SHILA
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Table (2): Bncoding of AL operations
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Examples of Microoperations:
A control word of 14 bits is needed to specify a microoperation in the CPU. The control word for
a given wlerooperation can be derived from the selection variables, For example, the subtract
rulerooperation given by the statement

rR1lr2-r3
specifies R2 for the A input of the ALU, R3 for the B Input of the ALK, R for the destination
register, and an ALU operation to subtract A - B, Thus the control word is specified by the four
fieldds and the corvesponding binary value for each field is obtained from the encoding listed in
Tables (1) and (2), The binary control word for the subtract rnicrooperation is 010 011 001
oo1o1 and is obtained as follows:

Field: SELA SELB SELD OPR

Symbol: R2 R3 R1 SUB

Control word: 010 011 001 00101

The control word for this microoperation and a few others are listed tn the below
table,
Symbolic Designation
Microoperation SELA SELB SELD OPR Control Word

R1«<R2 — R3 R2 R3 R1 SUB 010 011 001 00101
R4 <—R4\/R5 R4 R5 R4 OR 100 101 100 01010
R6<«<—R6 + 1 R6 — R6 INCA 110 000 110 00001
R7 «<R1 R1 — R7 TSFA 001 000 111 00000
Output < R2 R2 — None TSFA 010 000 000 00000
Output «—Input Input — None TSFA 000 000 000 00000
R4 <shl R4 R4 — R4 SHLA 100 000 100 11000
R5<0 R5 R5 R5 XOR 101 101 101 01100

Table (2): Encoding of AL operations

.

A useful feature that is tncluded tn the CPU of most computers is a stack or last-in, first-out
(LIFO) list, A stack is a storage device that stores information in such a wmanner that the
item stored Last is the first ttem retrieved.
< The operation of a stack can be compared to a stack of trays, The last tray placed on top
of the stack s the first to be taken off.

The register that holds the address for the stack is called a stack polnter (SP) because its value
always points at the top ttem in the stack.
The two operations of a stack are the insertion and deletion of itewms,

1. Push or push-down (tnsertion operation)

2. Pop or pop-up (deletion operation)
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Elgure (4): the organization of a &4-word register stack,
Register Stack
A stack can be placed tn a portion of a large memory or it can be organized as a collection of a
finite nmunber of memory words or registers. Figure (3) shows the organization of a e4-worol
register stack, The stack pointer register SP contains a binary number whose value ts equal to
the addvess of the word that (s currently on top of the stack,

W a e4-word stack, the stack polnter containg & bits because 26 = 64, Since SP
has only six bits, it cannot exceed a number greater thawn 63 (111111 in binary), when 63 is
incremented by 1, the vesult is 0 sinee 111111 + 1 = 1000000 in binary, but SP can
accommodate only the six least significant bits,

Shwilarly, whew 000000 Ls decremented by 1, the result Is 111111, The one-bit
register FULL s set to 1 whewn the stack s full, and the one-bit register EMPTY is setto 1 when
the stack is empty of items, DR s the data register that holds the binary data to be written tnto
or vead out of the stack,

Push:

nitially, SPis cleared to 0, EMPTY is set to 1, and FULL is cleared to 0, so that SP
polnts to the word at adoress 0 and the stack is wmarkeed empty and not full. f the stack is not
full (of FuLL
= 0), a new item is tnserted with a push operation. The push operation is bmplemented with the
following sequence of microoperations;

splsp+1 lncrement stack polnter

M sP] O pr Write ttem on top of the stack
if (P = 0) then (FuLL 1) Check Uf stack is full
empTy Lo Mark the stack not empty

Pop:
A new Ltem Ls deleted from the stack Uf the stack is not empty (if EMPTY = 0). The pop
operationconsists of the following sequence of microoperations:

pr O M [sP] rRead ttem from the top of stack
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splsp-1 Decrement stack polnter
if (sP = 0) then (EMTY [1) Check if stack is
emptyFucL Lo Mark the stack wot full
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Memory Stack
A stack cawn exist as a stand-alone unit as in Flgure (3) or can be tmplemented tn a random-

access wmemory attached to a CPU. The Luplementation of a stack in the CPU is done by
assigning a portion of memory to a stack operation and using a processor register as a stack
polnter. Flgure (4) shows a portion of computer memory partitioned into three segments:
program, data, and stack,

118

Elgure (5): Computer memory with program, data and stack segments

Reverse Polish Notation
A stack organization is very effective for evaluating arithmetic expressions. The common

mathematical wethod of writing arithmetic expressions limposes difficulties whew evaluateo by
a computer,

A*e+c*p O infix notation
The Polish mathematiclan Lukasiewicz showed that arithmetic expressions can be represented in
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prefix notatlon . This representation, often referved to as Polish wotation, places the operator
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before the operands, The postfix notation, referred to as reverse Polish notation (RPN), places the
operator after the operands. The followlng examples demonstrate the three representations:

A+® nfix notation
+ AB Prefix or Polish notation
AR + Postfix or reverse Polish notation

The reverse Polish notation (s tn a form suitable for stack manipulation, The expression
A*XB+C*D
is writtew in reverse Polish notation as
AB*CD* +
Cowversion to Reverse Polish Notation
The conversion from bnfix notation to reverse Polish notation must take into constoeration the
operational hierarchy adopted for infix notation,
> This hierarchy dictates that we first perform all arithmetic inside tnner parentheses,
then inside outer parentheses, and do wultiplication and division operations before
addition and subtraction operations,

Let 1 be an algebrate expression written n tnfix notation, { may contain parentheses, operands,
and operators, For stmplicity of the algorithm we will use only +, ~, *, /, % operators, The
precedence of these operators can be given as follows:

Higher priority *, /, %

Lower priority +, -
No doubt, the order of evaluation of these operators caw be changed by wmaking use of
parentheses, For example, if we have an expression A + B * C, then first B * ¢ will be done anol
the result will be added to A, But the same expression if written as, (A + B) * ¢, will evaluate
A + B first and thew the result will be multiplied with C. Consider the expression

At+B)*(C*(>+E)+F
The converted expression is
AB + CDE + *F + *

Step 1: Adol “)” to the endl of the infix expression

Step 2: Push “(" on to the stack
Step 3: Repeat until each character in the infix wotation (s
scanned!F a “(" Ls encountered, push it onto the stack
i an operand (wWhether a digit or a character) is encountered, add it
tothe postfix expression,
IFa ‘)" is encountered, them
a. Repeatedly pop from stack and add it to the postfix
expression until a “(” is encountered,
b. discard the “(". That is, remove the (from stack and do not
add it to the postfix expression
IF an operator ‘O’ is encountered, thew
a. Repeatedly pop from stack and add each operator (popped
fromthe stack) to the postfix expression which has the same
precedence or a higher precedence thaw ‘0’
b. Push the operator ‘O’ to the stack
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Step 4: Repeatedly pop from the stack and add it to the postfix expression until
thestack is empty
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Example 1. A*B+C*D, first add “)” to the given expression L.e., A*B+C*D) and
also push “(” onto the stack.

nfixCharacter Scanned Stack Postfix Expression
(
A ( A
* (* A
B (* A®
+ (+ ABR*
c (+ ABXC
* GRS ABXC
D (+* ABXCD
) (+* AB*CDX+
Example 2: (A+®B)* (C* (P +E) +F)

O First add )" to the given expression ie., (A +®B) * (C* (> + €) + F) and
alsopush “(” onto the stack,

nfix Character
Scanned Stack Postfix Expression
(
( ((
A (¢ A
-+ ((+ A
B ((+ AR
( AB+
* (* AB+
( (*( AR+
c (*( AB+C
* (x> AB+C
( (*(* AB+C
(
D (x(* ABA+CD
(
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(< (+

AB+CD

(< (+

AB+CDE
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) (*(* AR+CDE+
+ (*(+ AR+CDE+*
F (*(+ AR+CDE+H*F
) (* AB+CDE+*F+
) AB+CDE+*F+
*
Luation ithwmetic Lowy

(1) Push the operands tnto the stack until an operator is reached
(2) Pop the top two operands from the stack, compute the result and also push the result

backinto the stack.

(3) Continue this process until there are no more operators tn the RPN and the final result

is inthe staclke,

The following nuwmerical exavple may clarify this procedure, Consider the arithmetic expression

=*4)+ (5*%6)
I reverse Polish notation, it (s expressed as

34 * 55 * +

Stack operations to evaluate 3 « 4 + 5 « 6.

> 6
5 > 30
12 12 12 42
5 6 . +

A computer will usually have a variety of instruction code formats, It is the function of
the control unit within the CPU to interpret each instruction code and provide the necessary

control functions needed to process the instruction.

The bits of the instruction are divided into groups called fields, The wost common fields

found in instruction formats ave:

1. An operation code field that specifies the operation to be performen.
2. An address field that designates a menory address or a processor register,
3. A mode fleld that specifies the way the operand or the effective address Ls determined.
Other special fields are sometimes employed under certain cireumstances, as for
example a field that gives the number of shifts in a shift-type tnstruction,
> The operation codé fleld of an tnstruction is a group of bits that define various
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processoroperations, such as add, subtract, complement, and shift.
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> The bits that define the mode fleld of an Instruction code specify a variety of
alternatives for choosing the operands from the given address.
n this section we are concerned with the address field of an instruction format and constder
the effect of including multiple address fields in an instruction.

Operations specified by computer instructions are exeeuted on some data stoved in
menory or processor registers, Operands residing in memory are specified by their memory
address, Operands residing n processor registers arve specified with a register address, A
register address is a binary nunber of ik bits that defines one of 2registers in the CPU,

Computers may have instructions of several different lengths containing varying
nwumber of addresses, The wumber of address flelds in the instruction format of a computer
depends on the tnternal organization of its registers, Most computers fall into one of three
types of CPU organizations:

1. single accumulator organization,

2. general register organization,

3. stack organization.,

1. An accumulator-type organization:
AlL operations are performed with an twplied accuwmulator vegister, The bnstruction format tn

this type of computer uses one address fleld, For example, the instruction that specifies an
arithwetic addition (s defined by an assembly language instruction as:

ADD X
where X (s the address of the operand, The ADD Instruction in this case results in the operation

Ac [ Ac + MIX]. AC (s the accumulator vegister and M [X] sywbolizes the memory word
Located at address X.

2. A general register type of organization:
The instruction format tn this type of computer needs three register address fields, Thus the

instruction for an arithmetic addition may be written tn an assembly language as

ADD R1, R2, R3
to denote the operation R 1 L1 R2 + R 3, The nmumber o f address fields tn the tnstruction can
be reduced from three to two Uf the destination register is the same as one of the source registers,
Thusthe instruction

ADD R1, R2
would denote the operation R1 LI R1 + R2. Only register addresses for R and R2 need be

specified in this instruction,

General register-type computers employ two or three address fields in thelr instruction format,
Each address field wmay specify a processor register or a wemory word, An tnstruction
sywmbolized by

ADD R1, X
would specify the operation R1 [l R1 + MIX]. It has two address flelds, one for register R1
and the other for the memory address X,

3. Astack organization:
Computers with stack organization would have PUSH and POP tnstructions which require an

address fleld. Thus the instruction
PUSH X
will push the word at address X to the top of the stack. The stack polnter is wpdated
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automatically. Operation-type instructions do not need an address fleld tn stack-organized
computers. This (s because the operation is performed on the two ltems that are on top of the
stack. The bnstruction

ADD
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in a stack computer consists of an operation code only with no address fleld. This operation has
theeffect of popping the two top numbers from the stack, adoing the numbers, and pushing the
sum into the stack. There is no weed to specify operands with an address fleld since all
operands are mplied to be in the stack.

L o illustrate the influence of the number of adolresses on computer programs, we will
evaluate the arithmetic statement

X=(A+®B)(C+D)
using zero, one, two, or three address instructions, We will use the symbols ADD, SUB, MUL,

and DIV for the four arithwmetio operations; MOV for the transfer-type operation; and LOAD and
STORE for transfers to and from memory and AC register, We will assume that the operands
are tn wmemory addresses A, B, C, and B, and the result must be stored tn memory) at address
X,
Three-Address nstructions:

ADD Rl, A, B RL<M[A]+ M[B]

ADD R2,C,D  R2<M[C]+M[D]

MOL X, Rl, R2 M[X]<RL#R2

Two-Adoress Instructions:

MOV R1, A RL < M[A]
ADD R1, B R1L<—R1l + M[B]
MOV R2, C R2 — M[C]
ADD RE, D REe<—Re2 + M[D]
MUOL R1,R2 Rl <—R1l*RCc
MOV X, R1 M[X]<R1
owne-Adoress wstructions:
LOAD A AC < M[A]
ADD B AC <« AC + M[B]
STORE T M[T] —AC
LOAD C AC<—M[C]
ADD D AC <« AC + M[D]
MUL T AC <« AC*M[T]
STORE b4 M[X] «<—AC
Zero-Auddress lnstructions:
PUSH A TOS<A
PUSH B TOS B
ADD TOS< (A + B)
PUSH C TOS«C
PUSH D TOS«D
ADD TOS<—(C+ D)
MUL TOS«—(C+D)=*=(A + B)
POP X M[X] < TOS
RISC tnstructions:
LOAD RlL, A RL<M[A]
LOAD RZ2., B RE2<—M[B]
LOAD R3, C R3 «<M[C]
LOAD R4, D R4 «<—M[D]
ADD R1l, RL, RZ Rl <Rl + R
ADD R3, R3, RZ R3«<—R3 + R4
MUL Rl, RL, R3 Rl «<R1L*R3
STORE X, RL M[X]<R1
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The operation fielo of an tnstruction specifies the operation to be performed. This operation
must be executed on some data stored Ln computer registers or memory words. The way the
operands are chosen during program. execution is dependent on the addressing wode of the
instruction, The addressing mode specifies a rule for tnterpreting or modifying the address
fieldl ofthe tnstruction before the operand is actually referenced,

tw stimple terms, Addressing mode is the way in which the location of an operand can be
specified in an instruction, It generates an effective address (the actual addvress of the

o}aemwoi) .

mstruction format with mode field

Opcode

Mode

Address

Types of Addressing Modes:
1 wplied Modle
Imwmnediate Mode
Register Modle

Register ndirect Mode:
Autolnerement or Autodecrement Mode

ndirect Address Mode
Relative Adolvess Modke

ndexed Addressing Mode

2
3
4
5.
6. Direct Address Mode
7
8
9.
1

0. Base Register Addressing Moole

There are two wodes that need wo address field at all. These are the uplied

andimmediate modes,

L lwplied Mode: tn this wode the operands are specified tmplicitly tn the definition

oftheinstruction,

For exawmple, the nstruction "complement accumulator (CMA)” ts an bmplied-mode
instruction because the operand in the accumulator register is lmplied in the definition
of the instruction, n fact, all register reference instructions that use an accumulator
are Lmplied-mode instructions, Zero-address instructions in a stack-organized
computer are mplied-mode instructions since the operands are iplied to be on top of the

stack,

>

bwwmediate Mode: tn this wode the operand is specified tn the tnstruction ttself, tn other

words, an bmmediate-mode tnstruction has an operand fleld rather than an address
field, The operand field contains the actual operand to be used in conjunction with the

operation specified in the instruction.

EX: LDAC #34H

LDAC loads data from memory to

[nstraciron

Crperand
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accwmulator, Therefore, AC=00110100.

Whewn the address field specifies a processor register, the instruction is
satldto be in the register mode.
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3. Reglster Mode: n this mode the operands are in registers that reside within the CPUL
Theparticular register (s selected from a register field in the tnstruction.

Instructon q ' LDAC P
o 4

ot ek reads
DAL R
Upeeramd ‘ 0 Ae
e VUL !
5 — %
Registers A=
4, Register ndivect Mode: n this mode the tnstruction specifies a register tn the CPU

whose contents give the address of the operand in memory, In other words, the selected
register contains the adoress of the operand rather thaw the operand itself,

I nstrmaciron

I Ii-'fl

Ml o

L e maricd
EX: LDAC (R1)

If Recotains the adovess of an operand tn the wmemory, for example: address of
anoperand s 2000 which contains a value 350, Result: 350 is stored in the AC,

2. Autolnerewent Mode: This is stimilar to the register indirect mode except that the register
ls tncremented or decrewented after (or before) its value is used to access memory, The
effective adolress of the operand (s the contents of a register specified in the instruction,
Adfter accessing the operand, the contents of the register are autowmatically incrementeol

Ressters

&q: LPAC R)
inchuckon  reade  address  from reﬁfS'kr R

pRE inchuckon  reade  data  drom memony locatom

R
620——) store 1 AL

AcC = 1O

p:6H=6 . at
to the next value,
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6. Autodecrement Mode
The effective address of the operand is the contents of a register specified in the
instruction. Before accessing the operand, the contents of this register are automatically
decrementen ana thew the value s accessed.

%: LpAc (R) whsuth(‘/f) ?8.043 addrfﬁs f.m—m erB#Y 2

R 6 '
R:bL4=5 decrement value nec].s-kr R.
‘ location
(rohueton veads daka from  meman €
> 5o
0 ACz o, o

I .
Sometlmes the value given in the address field is the address of the operano, but

sovmetbmestt {s just an address from which the address of the operand is caleulated,

Direct Adolyess Mode: In this wode the effective address (s equal to the adolress part of the
instruction, The operand vesides in wmemory and its address is given divectly by the
address fleld of the instruction, n a branch-type instruction the address fleld specifies

(I

Instraction

| A |

Memory

| {Fperand

the actual branch address,
EX: LDAC 5000
This instruction reads the operand from the Memory location 5000, if the wemory
Location5000 contains a value 250, thew it will be stored in AC,

8. lndirect Address Mode: n this wode the address fleld of the instruction gives the
adoress where the effective addvess is stored n memory. Control fetehes the instruction

from memory and uses its address part to access memory again to read the effective
[nstruction

L | A |
ol Pl = oy
L rperand
i
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EX:  ADD (A), R1

O of A (s address of EA. For exanmple: address of A is 1000 which contains 3000, 2000 is
anadoress of an operand (EA).

O This instruction reads an operand from the Location address 3000 and adds its
contents torR1,

A few aoldressing wodes require that the address field of the tnstruction be added to the
contentof a specific register in the CPU. The effective adolress in these wmodes is obtained
from the following computation:

[ effective address = address part of tnstruction + content of CPU register

The CPU reglster used in the computation may be the program counter, an tndex register, or
a base register, n either case we have a different adoressing wmode which is used for a
different application,

Instruction

OpcodeRegister R| Address A

Memory

Registers

Pointer to Operand

0

Operand

. Relative Address Mode:
n this moole the content of the progravm counter is added to the address part of
thelnstruction tn order to obtain the effective adoress,

€9 ' tDAE $/5
{_’—/ o L'DN’_E o=
EA - &5 | e SUSSRRE e .
=6 ¢ '%—
AC =12
EX:

PC= address of next tnstruction , Le., 1. The address given tn the instruction is 5Then
EA= 5 + 1= & which contains a value 12, Finally AC contains 12,

10. tndlexed Addressing Mode:
n this mode the content of an index register is adoled to the address part of the
nstructlonto obtain the effective address.

Page 26



Register Set Memory

Indexed Addressing Mode

Ex: LDAC A(XR)
ASsume XR=100, A=500
This instruction reads the operand from the effective address
(e00)ie., EA= XR contents (lndex register) + 500
= 100 + 500=600
if menory location at 600 contains a value 55 (assume), This 55 will be stored tn AC,

11, fst i :
n this wodle the content of a base register is added to the address part of the
tnstruction toobtatn the effective adolress.
Ex: LDAC A(R)
Assume R=1000,
A=50
This Instruction reads the operand from the effective address (1050)i.e,,
EA= R contents (Base register) + 50

= 1000 + 50=1050
o menmory location at 1050 contains a value 255 (assume), this 255 will be stored tn

Nuwerieal Example:
Address Memory
| PC = 200 | 200 Load to AC Mode
201 Address = 500
I R1 = 400 | 202 Next instruction
[ XR = 100 |
399 450
I AC I 400 F00
500 BOO
600 900
702 325
BOO 300

Page 27



Addressing Effective Content

Mode Address of AC
Direct address 500 800
Immediate operand 201 500
Indirect address 800 300
Relative address 702 325
Indexed address 600 900
Register — 400
Register indirect 400 700
Autoincrement 400 J00
Autodecrement 399 450

Table (4); Tabular List of some addressing wodes of numerical example,

o / tHon:

Computers provide an extensive set of instructions to give the user the flexibility to carry out
various computational tasks, The instruction set of different computers differ from each other
mostly in the way the operands are determined from the adolress anol woole fieldls,

Most computer tnstructions can be classified into three categories:

1. pata transfer instructions

2. pata manipulation instructions
3. Prograw control instructions
ta t bnstructi cause transfer of data from owe location to another without

changing the binary information content,

bata_wanipulation instructions are those that perform arithmetic, logic, and shift operations,
Prograw contyol instructions provide decision-making capabilities and change the path taken
by the program whew executed in the computer,

The lnstruction set of a particular computer determines the register transfer operations and
control decisions that are avatlable to the user.

L Dpata transfer instructions

pata transfer instructions wove data from one place tn the computer to another without
changing the data content. The most common transfers are between wemory and processor
registers, between processor registers and nput or output, and between the processor registers
themselves, Table (5) gives a List of eight data transfer instructions used n many computers,
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MName MMoemonic
Load LI
Store ST
Mowve FAON
Exchange »OCH
Input Ird
Crutput OLT
Push PUSH
Pop PrOP

Table (5): data Transfer lustructions

The load instructlon has been used wostly to designate a transfer from memory to a
processor register, usually an accumulator.

The store instruction designates a transfer from a processor register tnto memory,

The wove instruction has been used bn computers with wultiple CPU registers to
designate a transfer from one vegister to another. 1t has also been used for data
transfers between CPUregisters ano memory or between two memory words,

The exchange tnstruction swaps tnformation between two registers or a register and a
memory word,

The nput and putput instructions transfer data among processor vegisters and tnput or
output terminals,

The push and pop instructions transfer data between processor registers and a wmemory
stack,

bata Manlpulation nstructions

Data wanipulation instructions perform operations on odata awnd provide the
computational capabilities for the computer, The data manipulation instructions in a
typleal computer areusually divided into three basie types:

I. Arithmetic Instructions
ii. Logical and bit manipulation instructions
iil. sShift instructions

I Arithwmetic instructions

MName Mnemonic
Increment INC
Decrement DEC
Add ADD
Subtract sSUB
Multiply MUL
Divide DIV
Add with carry ADDC
Subtract with borrow SUBB
MNegate (2's complement) MNEG
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Table (&): Artthwmetic nstructions
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A spectal carry flip-flop s used to store the carry from an operation. The tnstruction
"add with carry’ performs the addition on two operands plus the value of the carry from
the previous computation.

S’Lm’LLarLg, the "subtract with borrow" instruction subtracts two words and a borrow
whichmay have resulted from a previous subtract operation,

The negate instruction forms the 2' s complement of a wumber,

il. Logical and Bit Manipulation Instructions

Logieal tnstructions perform binary operations on strings of bits stored in registers,
They are useful for manipulating itndividual bits or a group of bits that represent
binary-coded information, The logieal tnstructions consider each bit of the operand

MName Mnemomnic
Clear CLR
Complement COM
AND AND
OR. OR
Exchusive-0OR XOR
Clear carry CLRC
Set carry SETC
Complement carry COoOMC
Enable interrupt EIl
Disable interrupt DI

separately and treat ttas a Boolean variable.
Table (F): Logic and Bit Manipulation nstructions
Shift nstructions
nstructions to shift the content of an operand are quite useful and are often provided in
several variations, Shifts are operations in which the bits of a word are moved to the Left
or right, The bit shifted in at the end of the word determines the type of shift used, Shift
instructions wmay specify logical shifts, arithmetic shifts, or votate-type operations, n

Name Mnemonic
Logical shift right SHR
Logical shift left SHL
Arithmetic shift right SHRA
Arithmetic shift left SHLA
Rotate right ROR
Rotate left ROL
Rotate right through carry RORC
Rotate left through carry ROLC

elther case the shift may be to the right or to the left.

Table (8): Shift nstructions
The rotate through carry instruction treats a carry bit as an extension of the register
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whose word is betng rotated. Thus a rotate-left through earry instruction transfers the

carry bit into the rightwmost bit position of the register, transfers the leftmost bit
position into the carry and at the same time, and shifts the entire register to the Left.
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A posstble tnstruction code format of a shift nstruction may tnclude five fields as follows:
OP REG TYPE RL COUNT

OP- operation coole fleld

REG- a register address that specifies the Location of the

operand TYPE- a 2-bit field specifying the four different types

of shifts RL-a 1-bit field specifying a shift right or left

COUNT- a k-bit field specifying up to 2% - 1 shifts

Program Contrpl:

Adfter the execution of a data transfer or data wmanipulation instruction,
control returns to the feteh oyole with the program counter containing the address of the
instructionnext tn sequence.

Ow the other hand, a program control tyype of tnstruction, when executed,
may change the address value in the program counter and cause the flow of control to be
altered, n other words, program control instructions specify conditions for altering the
content of the program counter, while data transfer and wanipulation instructions
specify conditions for data-processing operations,

The change tn value of the program counter as a result of the execution of a
program control lnstruction causes a break in the sequence of tnstruction execution,
This s an mportant feature tn digital computers, as it provides control over the flow of
program execution and a capability for branching to different program segments,

Name Mnemonic
Branch BR
Jump JMP
Skip SKP
Call CALL
Return RET
Compare (by subtraction) CcCMP
Test (by ANDiIng) TST

Table (9) : Program Control (nstructions
Status Bit Conditions:
it ls sometimes convenlent to supplement the ALK clreult in the CPU with a

status register where status bit conditions can be stored for further analysis, Status
bits are also called condition-code bits or flag bits, Flgure (&) shows the block diagram
of an g-bit ALU with a 4-bit status reglster, The four status bits are symbolized by C.
S, Z, andl V, The bits are set or cleared as a vesult of an operation performeed in the ALU

L Bitc (carry) issetto 1 if the end carry Cels 1. tt is cleared to o if the carry is 0.

2. Bit S (sign) is set to 1 if the highest-order bit Fxis . (tis set to 0 Lf the bitis 0.

3. BitZ (zero) is set to 1 if the output of the ALU contains all o's, It is cleared to o
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otherwise. n other words, Z = 1 if the output is zero and Z = 0 if the output
Lsnot zero.
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4. it v (overflow) s set to 1 if the exclusive-OR of the last two carries is equal to 1,
and cleared to O otherwise. This is the condition for an overflow when negative
numbers are tn 2's complement. For the €-bit ALK, vV = 1 if the output s greater
thawn + 127 or less thawn - 128.

i
[[ B-bit ALLI
w Cas
v = 5 [y
r | Iy F7—Fo
Fq

Check for zero output -

Output F

Flgure (&): Status register bits

Conditional Branch lnstructions:

To change the flow of execution in the program we use some kino of branching
instructions which are depending on the some conditions result,

Each mnemonic is constructed with the letter B (for branch) and an abbreviation of the
condlition name, When the opposite condition state is used, the letter N (for no) is inserted to
definethe O state, Thus BC is Branch on Carry, and BNC Ls Branch on No Carry,

If the stated condition is true, program control is transferced to the adodress
specified by the instruction. If not, control continues with the instruction that follows. The
conditional instructions can be associated also with the juwmp, skip, call, or return type of
program control bnstructions,
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Mnemonic Branch condition Tested condition
BZ Branch if zero Zz =1
BNZ Branch if not zero Z =0
BC Branch if carry C=1
BNC Branch if no carry C=20
BP Branch if plus =0
BM Branch if minus S =1
BV Branch if overflow =1
BNV Branch if no overflow =0

Unsigned compare conditions (4 — B)
BHI Branch if higher A > B
BHE Branch if higher or equal A=B
BLO Branch if lower A =RB
BLOE Branch if lower or equal A=< B
BE Branch if equal A=2F
BNE Branch if not equal A =B

Signed compare conditions (A — B)
BGT Branch if greater than A= B
BGE Branch if greater or equal A= B
BLT Branch if less than A< B
BLE Branch if less or equal A< B
BE Branch if equal A =R
BNE Branch if not equal A= B

Table (10): conditional Branch nstructions

Example: Constder an g-blt ALU as showwn tn Flgure (&), The largest unsigned number that
can beaccommodated tn & bits is 255, The range of signed numbers is between + 127 and -
128, Let A = 11110000 and B = 00010100, To perform A - B, the ALU takes the 2's
complement of B and adds it to A,

A:

11110000

B + 1 +11101100

A-B

11011100 C=1 §

]
(-t

V=0 2Z2=0

The compare lnstruction updates the status bits as shown. C = 1 because there is a carry out of
the last stage. S = 1 because the Lefomost bit (s 1, vV = 0 because the last two carvies are both
equal to 1,and Z = 0 because the result is not equal to 0,

Subroutine call and Return:

A subroutine is a self-contained sequence of instructions that performs a given

computational task. During the executlon of a program, a subroutine may be called to perform

lts function many times at various points in the main program. Each thme a subrouting is

called, a branch s executed to the beginning of the subrouting to start executing its set of
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Instructions, After the subroutine has been executed, a branch is wade back to the main
program.,
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The lnstruction that transfers program control to a subrouting is known by different names.
The most comimon names used are call subroutiwc,jump to subroutine, branch to subroutine, or
branch and save address.

A call subroutine tnstruction consists of an operation code together with an address that
specifies the beginning of the subroutine, The instruction is executed by performing two
optrations:

(1) The address of the wnext instruction available in the program counter (the return
address) is stored n o temporary Location so the subroutine knows where to return, and

(2) control is transferred to the beginning of the subroutine, The last tnstruction of every
subroutine, commonly called veturn from subroutine, transfers the return address from
the temporary location tnto the program counter. This results in a transfer of program
control tothe instruction whose address was originally stored in the temporary Location,

The most efficlent way is to store the return address in a wmemory stack. The advantage of
ustnga stack for the veturn address is that when a succession of subroutines is called, the
sequential return addresses can be pushed into the stack, The return from subroutine
Instruction causes thestack to pop and the contents of the top of the stack ave transferred to
the program counter, n this way, the retwrn s always to the program that last called a
subroutine, A subrouting call is tnmcplemented with the following wmicrooperations:

SP <SP -1 Decrement stack pointer
M[SP] «PC Push content of PC onto the stack
PC «<effective address  Transfer control to the subroutine

tf another subroutine is called by the curvent subroutine, the new return adoress s pushed
into the stack, and so on. The instruction that returns from the last subroutine is
tmplemented by themicrooperations:

PC «—M|[SP] Pop stack and transfer to PC

SP«<SP + 1  Increment stack pointer

BY using a subrouting stack, all return addresses are automatically stored by the hardware
n one unit, The programmer does not have to be concerned or remember where the return
adoress was stored,

O A recursive subrputing s a subrouting that calls itself.
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Program nterrupt:

Program intervupt refers to the transfer of program control from a currently running program
to another service programe as a result of an external or nternal generated request. Cowtrol
returns to the original program after the service program is exeouted,

The intervupt procedurt is, in principle, quite similar to a subroutine call except for three
variations:

(1) The intervupt is usually initiated by an internal or external signal vather than from the
executionof an instruction (except for software interrupt as explained Later);

(2) The adolress of the interrupt service program is determined by the hardware vather than
fromthe address fleld of an tnstruction; and

(3) Awn interrupt procedure usually stores all the information necessary to define the state
of theCPU rather thaw storing only the program counter,

The state of the CPU at the end of the execute cyjele (When the interrupt is recognized) is
determined from.:

1. The content of the program counter
2. The content of all processor registers
3. The content of certain status conditions
The collection of all status bit conditions in the CPU is sometimes called a program

status word or PSW, The PSW Ls stored in a separate havdware vegister and contains the status
information that characterizes the state of the CPU

The last instruction in the service program (s a veturn from interrupt
instruction, whewn this instruction is executed, the stack s popped to retrieve the old PSw and
the return address, The PSW s transferved to the status register and the return adolress to the
program counter, Thus the CPU state is restored and the original prograwe can continue
executing,

There are three major tyypes of interrupts that cause a break in the normal execution of a
program, They can be classified as:
1. external intervupts
2. internal interrupts
3. Software intervupts
External internpts come from lnput-output (L/0) devices, from a timing device, from a clreuit
monltoring the power supply, or from any other external source. Examples that cause external
intervupts are /0 device requesting transfer of data, L/0 device finished transfer of data ete,
ntzrmal interrupts arise from illegal or ervoneous use of an instruction or data. tnternal
interrupts are also called traps , Examples of tuterrupts caused by tnternal ervor conditions are
register overflow, attempt to divide by zero, an lnwvalid operation code, stack overflow, and
protection violation,
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Llexternal and internal interrupts are tnitiated from signals that ocour tn the hardware of the
CPU. & software interrupt Ls initiated by executing an instruction. Software interrupt is a

spectal call tnstruction that behaves like an intervrupt rather than a subroutine call. it can be
used by the programimer to inltiate an tntervupt procedure at any desived point in the program.

The most
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common use of software tnterrupt ts associated with a supervisor call tnstruction. This
instructionprovides means for switching from a CPUL user mode to the supervisor mode.

weed Instruction S, wputey (RISC ):

> Awn lmportant aspect of computer architecture is the design of the instruction set for the
Pprocessor,

> early computers had small and simple instruction sets, forced wmainly by the need to
minimize the hardware used to implement them

> As digital hardware becawme cheaper with the advent of integrated civeuits, computer
bnstructions tended to tnerease both tn number and complexity, Many computers have
instruction sets that include wore than 100 and sometimes even wmore than 200
instructions, These computers also employ a variety of data types and a large nunmber of
addressing modes,

A computer with a Llarge number of instructions is classified as a complex instruction set
compucter, abbreviated CISC,

n the early 1980s, a number of computer designers recommended that computers
use fewer Instructions with shmple constructs so they can be executed much faster within
the CPU without having to use memory as often. This type of computer is classified as a
reduced instruction set computer or RISC.

CISC Characteristics
The wajor characteristics of CISC architecture are:
1. A large nunmber of instructions-typically from 100 to 250 instructions
2. Sowme Instructions that perform specialized tasks and are used infrequently
3. A large variety of addressing modes-typically from 5 to 20 different wodes
4. variable-length instruction formats
5. Instructions that manipulate operands in memory
RISC Characteristics
The concept of RISC architecture tnvolves an attenpt to reduce execution thme by
simplifyingthe instruction set of the computer The major characteristics of RISC
architecture are:

1. relatively few tnstructions
2. relatively few addressing modes

3. Memory access Limited to load and store tnstructions

4. All operations done within the registers of the CPU

5. Fixed-length, easily decoded instruction format

6. sSingle-cycle instruction execution

7. Hardwired rather than microprogrammed
controlOther characteristics attributed to RISC architecture
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are:
1. A relatively large number of registers in the processor unit
2. Use of overlapped register windows to speed-up procedure call and return
3. Efficlent instruction pipeline
4, Compiler support for efficient translation of high-level Language programs
intomachineg language .
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Overlapped Register windows
Procedure call and return occurs quite often tn high-level programming languages. when
translated nto machine langunge, a procedure call produces a sequence of instructions
that save register values, pass parameters weeded for the procedure, and thew calls a
subroutine to execute the body of the procedure, After a procedure veturn, the program
restores the old register values, passes results to the calling program, and returns from the
subrouting, Saving and restoring registers and passing of parameters and results tnvolve
time consuming operations,

A characteristic of some RISC processors (s thelr use of overlapped register
windlows to provide the passing of parameters and avold the need for saving and restoring
register values,

Berkeley RISC |
L one of the first projects intended to show the advantages of RISC architecture was

conducted at the University of California, Berkeley.

L1 The Berkeley RISC  is a 32-bit integrated clreuit CPU, It supports 32-bit addresses and
elther 8-, 16-, or 32-bit data. t has a 32-bit tnstruction format and a total of 31
Instructions,

L1 There are three basic adoressing wodes: register addressing, mmediate operand, and

relative to PC adolressing for branch instructions, tt has a register file of 138 registers

arvanged tnto 10 global registers and g windows of 32 registers tn each,
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UNIT - 5
Memory organization: Mewmory H’Lemrchg, Main Memory -RAM Awngl ROM Chips, Memory

Address map, Auxiliary memory-magwnetic Disks, Magnetic tapes, Associate Memory,-Hardware
Organization, Matoh Logic, Cache Memory -Associative Mapping , Dircet Mapping, Set
associative mapping ,Writing in to cache and cache nitialization , Cache Coherence ,Virtual
menmory-Address Space and memory Space Address mapping using pages, Assoclative memory

Page table page Replacement

Memory Hierarch Y

Register
Memory

Increasing order of Cache
access time ratio Memo,-y

Main Memory Primary Memory

Magnetic Disks Ausillary

Memory
Magnetic Tapes

The total mewmory capacity of a computer can be Visualized by hievarchy of components,
Themenmory hierarchy system consists of all storage devices contained in a computer system
from the slow Auxiliary Memory to fast Main Mewory and to smaller Cache memory,

Auxillary wmemory access time is generally 1000 times that of the main wemory, hence it is
at thebottom of the hierarchy,

The main memory ocoupies the central position because it is equipped to communicate divectly
withthe CPU and with auxz’,Liarg Memory devices through nput/output processor (1/0),

When the program not residing in main memory is needed by the CPU, they are brought in
from auxiliary wmemory. Programs not currently weeded in main memory are transferred
nto auxiliary memory to provide space in wmaln wemory for other programs that are
currently tn use,

The cache wenmory is used to store program data which is currently belng executed in the
CPU Approximate access thme ratio between cache memory and main memory is about 1 to
F~10



w

w

Magnetic Tapes [ IfQ Processor Main Memory

v

Magnetic disk CPU < Cache Memory

Memory Access Methods

Bach wmemory type, is a collection of numerous memory locations, To access data from any
memory, flrst it must be Located and thew the data is vead from the memory Location, Following
are the wmethodsto access nformation from memory locations:

1 Random Access: Matn memories are random access memories, tn which each memory
Location has a unlgue address, Using this unique address any menmory Location can be
reacheol inthe same amount of time in any order,

2. Sequential Access: This methods allows memory access bn a sequence or tn order,

3. Dlrect Access: n this mode, information is stored tn tracks, with each track having a

separateread/write head,

Main Memora

The memory unit that communicates divectly within the CPU, Auxillary memory and Cache
memory, is called main memory, It is the central storage unit of the computer systew. it is a large
and fast memory used to store data during computer operations, Main memory is made up
of RAM and ROM, with RAM integrated cireult chips holing the wajor share.

. RAM: Random Access Memory
o DRAM: Pynamic RAM, is made of capacitors and transistors, and must be
refreshedevery 10~100 ws. (t is slower and cheaper than SRAM,

o SRAM: Static RAM, has a six transistor cireuit tn each cell and retains data,



untilpoweren off.



o NVRAM: Non-Volatile RAM, retains its data, even when turned off. Example:
Flashimemory.

. ROM: Read only Memory, is non-volatile and is more Like a permanent storage for
information, It also stores the bootstrap Loader program, to lond and start the operating
systemwhen computer is turned on. PROM (Programmable ROM), EPROM (Erasable
PROM)

and EEPROM (ELectr’LcaLLg Erasable PROM) are some commowL@ used ROMs,
Memory Address map:

o Theaddressing of memory can establish by weans of a table that specifies the wmemory
address asstoned to each chip.
o The table, called a memory address wap, is a pictorial vepresentation of assigned
adoressspace for each chip in the system, shown in the table,
*  Todemonstrate with a particular example, asswme that a computer system needs 512
bytes ofRAM and 512 bytes of ROM,
o The RAM and ROM chips to be used specified itn figures,

Hexa Address bus
Component address 108 8765 43F9
RAM 1 Q000 - D0D7F 00 0 x xx kX ¥ x
Ram 2 0080 - O0FF D0 1% %X KA XM
RAM 3 0100 - 017F 01 0xxx xx KX
RAM 4 0180 - O1FF 01 1 xxXx XX XX
ROM 0200 - 03FF 1k xKxK X XXX

o The component column specifies whether a RAM or a ROM chip used,
e Moreover, The hexadecimal address column assigns a range of hexadecimal equivalent
addresses for each chip,

o The address bus lines listed in the thivd coluwmn.,
o Although there 16 lines in the address bus, the table shows only 10 Lines because the

other enot used in this example and assumed to be zero.

o The small x’s under the address bus lines designate those lines that must connect to
the
address inputs tn each chip.

*  Moreover, The RAM chips have 122 bytes and need seven address Lines, The ROM chip has
512 bytes and needs 9 address Lines,

o The x’s always assigned to the low-order bus lines: lines 1 through 7 for the RAM. And
lines1 through 9 for the ROM.

o It ls now wnecessary to distinguish between four RAM chips by assigning to each a
different address, For this particular example, we choose bus Lines £ and 9 to represent four
distinet binary combinations,

o Also, The table clearly shows that the nine low-order bus lines constitute a wmewmory space
for RAM equal to 20 = 512 bytes.



o The distinction between a RAM and ROM address done with another bus line, Here
wechoose Line 10 for this purpose.
o When line 10 0, the CPU selects a RAM, and when this line equal to 1, it selects the ROM.



Aw(’LL’Larg Memory

Devices that provide backup storage are called auxiliary wemory. For example:
Magwetic disks and tapes are commonly used auxiliary devices, Other devices used as
auxiliary wmemory aremagnetic drums, magnetic bubble memory and optical disks,

It Ls wot directly accessible to the CPU, and is accessed using the nput/Output channels,

cache Memond

The data or contents of the main memory that are used again and again by CPW, are
stored tnthe cache memory) so that we can eas’LL@ access that data tn shorter time,

Whenever the CPU needs to access menmory, it first cheeks the cache memory, if the data is not
foundin cache memory thew the CPU moves onto the main memory, It also transfers block of
recent data nto the cache and keeps on deleting the old data in cache to accomodate the new one,

Hit Ratio

The performance of cache memory ts measured tn terms of a quantity called hit ratlo,
Whenthe CPU refers to memory and finds the word in cache it is satd to produce a hit, If the
word is not found tn cache, it is in main mermory thew it cownts as a miss,

The vatio of the number of hits to the total CPU references to memory is called hit

vatio, Hit Ratlo = Hit/ (Hit + Miss)

Assoclative Mewmory

It is also kinown as content addressable menaory (CAM), Itisa memory chip tn which
eachbit position can be compared, n this the content (s compared b each bit cell which allows
very fast table Lookup, Stnce the entive chip can be compared, contents are randowmly) stored
without considering addressing scheme. These chips have less storage capacity than regular
memory chips,

Memory Mapping and Concept of Virtual Memory

The transformation of data from main memory to cache wmemory is called mapping, There are
= main types of mapping:

. Assoclative Mapping
. Direct Mapplng
. Set Assoctative Mapplng

Assoctative Mapping
The assoclative memory stores both address and data, The address value of 15 bits ls 5



digit octal wumbers and data is of 12 bits word in 4 digit octal wumber. A CPU address of 15
bits is placed in argument register and the assoclative memory is searched for matching address.



l CPU address 15 bits

Argument Register

Match
Register (M}

Address Data

h 4

Output

Dlrect Mapping

The CPU adolress of 15 bits is dividen into 2 fields, n this the 9 least significant bits
constitutethe tnolex fleld ano the remaining & bits constitute the tag fleld, The number of bits in
tnolex field is equal to the nunmber of address bits required to access cache memory,

6 bits 9 bits

Tag Index

Set Associative Mappiing

The disadvantage of divect mapping s that two words with same tndex adoress can't reside in
cache wemory at the save time. This problem can be overcome by set assoclative mapping,

n this we can store two or more words of memory under the same index address. Each data wordl
lsstored together with its tag and this forms a set.



Tag Data Address

Replacement Algorithms

Data is continuously replaced with new data in the cache memory using replacement
algorithms,
Following are the 2 replacement algorithms used:

o FIFO - Flrst in Flrst out. Oldest ttem {s replaced with the Latest ttew,

o LRU - Least Recethg Used, tteme which s least recewttg used b@ CPU Ls removed,

Writing in to cache and cache nitialization:

The benefit of write-through to watn wmemory is that it stmplifies the design of the
computersystem, With write-through, the matn wewmory always has an up-to-date copy of the
line, So whew aread s done, main memory can always reply with the requested data,

tf write-back (s used, sometimes the up-to-date data s in a processor cache, and sometimes it is
in main memory, Hf the data s in a processor cache, thew that processor must stop main
memory fromreplying to the read request, because the main memory wight have a stale copy
of the data, This is more complicated than write-through,

Also, write-through can stwmplify the cache coherency protocol because it doesn't need

the Modifystate, The Modify state records that the cache must write back the cache Line before it
invalidates or evicts the line. n write-through a cache Line can always be invalidated without
writingback since memory already has an up-to-date copy of the line,

Cache Coherence:
W a shared wmemory wultiprocessor with a separate cache wmemory for each processor , it is

possible to have many copies of any one instruction operand : one copy tn the wmain memory
and one ineach cache memory. When one copy of an operand Ls changed, the other copies of the
operand wmust be changed also, Cache coherence is the discipline that ensures that changes in the
values of shaved operands are propagated throughout the system tn a timely fashion.

Virtual Memory



virtual memory Ls the separation of logical memory from physical memory. This separation
provideslarge virtual memory for programmers whew only small physical memory is available.

10



virtual memory is used to give programumers the tllusion that they have a very large memory even
though the computer has a small main memory. [t makres the task of programming easier because
theprogrammer no longer needs to worry about the amount of physical memory available.

page D //—\
page 1 v

>

Aoy v
page n

virtual memauory

phyical memaoary
secondary memaory

Address mapping using pages:

The table implementation of the address mapping is simplified if the tnformation in

theaddress space, And the memory space is each divided into groups of fixed size.

e Moreover, The physical memory is broken down tnto groups of equal size called
blocks,which wmay range from &4 to 4096 words each,

o Theterm page refers to groups of address space of the same size,

o Also, Conslder a computer with an address space of €K and a wmemory space of 4K,

o If we split each into groups of 1K words we obtain eight pages and four blocks as showin
inthe figure,

o Atany given thme, up to four pages of address space may restde tn maln memory in

any oneof the four blocks,
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Assoclative memory page table:

The iplementation of the page table is vital to the efficlency of the virtual memory
technique, for each wmemory reference must also tnclude a veference to the page table. The fastest
solution is a set of dedicated registers to holol the page table but this wethod is tmpractical for
large page tables because of the expense. But keeping the page table in main memory could cause
intolerable delays because even only one memory access for the page table involves a slowdown of
100 percent and lavge page tables can require more than one wmemory access, The solution s to
augment the page table with spectal high-speed wmewory wade wup of associative registers or
translation look aside buffers (TLBs) which are called ASSOCIATIVE MEMORY,

Page veplacement

The advantage of Virtual wmemory is that processes can be using more memory than exists
inthe maching; when wmemory is accessed that is wot present (a page fault), it must be paged in
(sometimes referred to as being *swapped in', although sovae people reserve 'swapped in to refer to
bringing tn an entire adoress space).

Swapping tn pages is very expensive (it requires using the disk), so we'd Like to avold page

faults asmuch as possible, The algorithm that we use to choose which pages to evict to make
space for the new page can have a large mpact on the nunber of page faults that occur,
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UNIT -5

nput-Output Organization: Peripheral Devices, nwput-Output (nterface, Asynehronous data
transtfer Modes of Transfer, Priority nterrupt Direct memory Access, nput ~Output Processor
(10P) Pipeline Annl Vector Processing: Parallel Processing, Pipelining, Arithmetic Pipeline,
Instruction Pipeline, Dependencies, Vector Processing,

Introduction:

The 170 subsystem of a computer provides an efficient mode of communiontion between the
centralsystem and the outsioe environment, it handles all the iuput-output operations of the
computer system.,

Peviphemt Devices

nput or output devices that are connected to computer are called peripheral devices, These devices
are destgned to vead information tnto or out of the memory unit upon command from the CPU
andl areconsidered to be the part of computer system., These devices ave also called peripherals,

For example: Kegbmm’s, dc’splﬂg units and printers are common peripheral

devices, There are three types of peripherals:

1. nput peripherals : Allows user input, from the outsioe world to the computer, Example:
Keyboard, Mouse ete,

2. Output peripherals: Allows information output, from the computer to the outsiole
world, Exawple: Printer, Monltor ete

3. nput-output peripherals: Allows both input (from. outised world to computer) as well as,

output (from computer to the outside world). Exancple: Touch screen ete.

tnterfaces

nterface s a shared boundary btween two separate components of the computer system which can be
used to attach two or more components to the system for communication purposes.

There are two types of interface:

1. CPU Inteface

2. /O nkerface
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Let's understand the 1/0 nterface in details,
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nput-Output tnterface

Perlpherals connected to a computer need special communication links for tnterfacing with CPu.
. computer system, there are special hardware components between the CPIL and peripherals to
controlor manage the tnput-output transfers, These components are called input-output tnterface
units because they provide communication links between processor bus and peripherals. They
provide a wmethod for transferring information between tnternal system and tnput-output deviees,

Asyunchronous data Transfer

we know that, the internal operations in individual unit of digital system are synchronized by
meansof clock pulse, means clock pulse is given to all registers within a unit, and all data
transfer among tnternal registers ocour stimultaneously during oceurrence of clock pulse,Now,
suppose any two units of digital system are designed independently such as CPU and 1/O
interface,

And if the registers n the tnterface (170 tnterface) shave a common clock with CPU registers, then
transtfer between the two units is sald to be synchronous But tn most cases, the internal timing
in eachunit (s tndependent from each other tn such a way that each uses its own private clock for
its tnternal registers,in that case, the two units are satd to be asynchronous to each other, and if
data transfer ocour between thew this data transfer is saiol to be Asynehronous Data Transfer,

But, the Asynchronous Data Transfer between two tndependent units requires that control
stgnals betransmitted between the communlicating units so that the thme can be tndicated at
which they send data.

This asynehronous way of data transfer can be achieved by two wethods:
1. One way s by means of strobe pulse which is supplied by one of the units to other
unit,when transfer has to occur. This method ts known as “Strobe Control”,

2. Awnother method commonly used Ls to accompany each data itewm belng
transferved with a control signal that indicates the presence of data tin the bus, The unit
recelving the dataitem responds with another signal to acknowledge receipt of the

data. This wethod of data transfer between two independent units is sald to be
“‘Handshaking”,

The strobe pulse and handshaking method of asynchronous data transfer are not restricted to
VO transfer.in fact, they are used extensively on numerous oceaston requiring transfer of data
between two tndependent units,So, here we consider the transmitting unit as source and
receiving unit as destination.,

As an example: The CPU, (s the source during an output or write transfer and is the destination
unitduring tnput or read transfer,

And thus, the sequence of control during an asynchronous transfer depends on whether the
transfer is initiated by the source or by the destination.

So, while discussing each way of data transfer asynchronously we see the sequence of control tn
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bothterms whew it Ls tnitiated by source or whew it is initiated by destination.in this way, each
way of datatransfer, can be further divided tnko parts, source initiated and destination tnitiated.

We can also specify, asynchronous transfer between two tndependent units by means of a
timingdiagram that shows the timing relationship that exists between the control and the
data buses,
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Now, we will discuss each method of asynchronous data transfer in detail one by one.

1. St wtrol:

The Strobe Control method of asynchronous data transter employs a single control Line to
time each  transfer . This control Line is also known as strobe and it may be achieved either by
souree oy

destination, depending on which initiate transfer.

Source initiated stipbe ﬁg@’gtg tmnsﬁg:

The block diagram and timing diagram of strobe initiated by source unit is showw in figure
below:

Data Bus :
Destination
Strobe Unit

a) Block Diagram
Data l— Valid Data —

Strobe

b) Iiming Diagram

n block diagram we see that strobe is initiated by source, and as shown in timing
diagram, thesource unit first places the data on the data bus,After a brief delay to easure that the
data settle to a steady value, the source activates a strobe pulse, The information on data bus and
strobe control signal remain in the active state for a sufficient period of time to allow the
destination unit to veceive the data.Actually, the destination unit, uses a falling edge of strobe
control to transfer the contents of data bus to one of its tnternal registers. The source removes the
data from the data bus after it disables its strobe pulse.New valid data will be available only after
the strobe is enabled again.

Destination-initiated strobe for data transfer:

The block diagram and thming diagram of strobe initiated by destination is shown in figure below:
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Data Bus Destinati
estination
Source Unit  Strobe Unit

a) Block Diagram

Data +«— Valid Data ——|
Strobe
b) Timing Diagram

w block diagram, we see that, the strobe initiated by destination, and as shown in timing
diagram, the destination wnit first activates the strobe pulse, informing the source to provide the
data, The source unit responds by placing the requested binary information on the data bus.The
data wust e valld and remain tn the bus long enough for the destination unit to accept it The
falling edge of strobe pulse can be wused again to trigger a destination register,The
destination unit then disablesthe strobe. And source removes the data from data bus after a per
determine thme tnterval,

Now, actually tn computer, in the first case means in strobe tnitiated by source - the strobe
may be a memory-write control signal from the CPU to a memory unit.The source, CPU, places
the word on the data bus and informs the memory unit, which is the destination, that this is a
write operation,

And in the second case Le, tn the strobe tnitlated by destination - the strobe may be a memory
readcontrol from the CPU to a wmemory unit The destination, the CPU, initiates the read operation
to inform the wmemory, which is a source unit, to place selected word into the data bus,

2, Handshalking:

The disadvantage of strobe method is that source unit that initiates the transfer has no
way ofknowing whether the destination has actually received the data that was placed

n the
bus,similarly, a destination unit that initiates the transfer has no way of knowing
whether thesource unit, has actually placed data on the bus,

This problem can be solved by handshaking method,

Hand shaking method introduce a second control signal line that provides a replay to the unit
that initiates the transfer,

n it, one control Ling is in the same divection as the data flow tn the bus from the source to
destination, It is used by source unit to inform the destination unit whether there are valiol
datn

nthe  busThe other control Line is in the other direction from destination to the source.it is
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used by the destination wnit to inform the source whether it can accept data.And
in it also, sequence of control depends on unit that initiate transfer.Means sequence of control
depends whether transfer is tnitiated by source and destination.Sequence of control tn both
of them ave described below:
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Souree initiated Handshaking:

The source initiated transfer using handshaking lines is shown in figure below:

Data Bus

Data Valid Destination
. Data Accepted Unit

a) Block Diagram

Da(a ous //'io-— VQH‘J Data —.1 )
N —— ;j). ,,,,,

Data Accepted = [,/ N3
b) Timing Diagram

Source Unit

Destination Unit

+1 Placedataonbus. |

Enable data valid. 7+ Accept data from bus.

Disable data valid. .
Invalidate dataonbus. §— Disable data accepted.
| Ready to accept data.

— (niia State)

¢) Sequence Diagram(Sequence of events)

n ks block diagram, we se that two hawndshaking lines are *data valid', which is generated
by thesource unlt, and "data accepted,  gewerated by the
destination unlt,

The timing diagram shows the timing relationship of exchange of signals between the two
units,Means as shown in its timing diagram, the source initiates a transfer by placing data on
the bus and enabling its data valid signal.The data accepted signal is thew activated by
destination unit after it accepts the data from the bus,The source unit then disable its data valid
signal which tnvalidates the data on the bus After this, the destination unit disables its data
accepted signal and the system goes into initial state, The source unit does not send the next data
ltem until after the destination unit shows tts readiness  to  accept  new  data by
disabling the data  accepted  signal.

This sequence of events described tn (ks sequence dlagram, which shows the above sequence
inwhich the system is present, at any glvew time.

ingtion initia a akril

The destination initiated transfer using handshaking lines ts shown in figure below:
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Data Bus

—— Data Valid Destination
_ Ready for data Unit
a) Block |!|a;|r=_=]r'n
Ready ior dala ¥l e —\
Y -~ i
| ‘\-\._. o 1‘
Datavalld '\ %7
.
R
- )
Data bus - [+ Yalid Dala ——
) Tirning Ciagiar
Fouree Uit Deslination Lin
) Ready to accept data,
Place dataonbus. | — Enahle ready for data.
Enable data valid, —
| Accept data from bus.
Disable data valid. " - datn
Invalidate data on bus. _—18 e

&) Sequance Diagram(saquence of evants)

n its block diagram, we see that the two handshaking lines ave *data valid', generated by the
source unit, and "veady for data’ generated by destination unit.Note that the name of signal
data accepteo generated by destination unit has been changed to veady for data to veflect its new
meaning,

n t, transfer is initiated by destination, so source unit does not place data on data bus wntil
it receives ready for data signal from destination unit. After that, hand shaking process s some
as that ofsource tnitiateo,

The sequence of event in it are shown in its sequence diagram and timing relationship
betweensignals Ls shown tn its timing diagram.,

Thus, here we can say that, sequence of events tn both cases would be Loentical.tf we
constder veady for data signal as the complement of data accept.Means, the only difference
between source and destination initiated transfer is in their cholee of tnitial state.

Modes of I/O Data Transfer
Data transfer between the central unit and (/0 devices can be handled in generally three types of
modes which are given below:

1. Programmed 1/0O
2. Intervupt Initiated 1/0
3. Divect Memory Access
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Programment /O

Programmed /0 lnstructions are the result of 1I/0 instructions written tn computer program.
Eachdata ttem transfer is initiated by the tnstruction tn the program,

Usually the program controls data transfer to and from CPU and peripheral, Transferring data
underprogrammed /0 requires constant monitoring of the peripherals by the CPU,

(nterrupt Initiated /0

tn the programmend 1/0 method the CPU stays tn the program Loop until the 1/0 unit indicates
thatit is veady for data transfer. This (s time consuming process because it keeps the processor busy
needlessly,

This problem can be overcome by using intervupt inttiated 170, tn this when the tnterface determines
that the peripheral ts ready for data transfer, it generates an intervupt, After receiving the tnterupt
signal,the CPU stops the task which it is processing and service the 1/0 transfer ano thew returns
buck to its previous processing task,

Dlrect Memory PATINASS

Removing the CPU from the path and letting the peripheral device manage the memory buses
divectly would Liuprove the speed of transfer, This technique ts known as DMA,

W this, the tnterface transfer data to and from the memory through memory bus, A DMA controller
manages to transfer data between peripherals and memory unit,

Mawny hardware systems use DMA such as disk drive controllers, graphic cards, network cards and
soundeards ete, it is also useo for intra chip data transfer in multicore processors, i DMA, CPU
would initiatethe transter, do other operations while the transfer is n progress and recelve an
bnterrupt from the DMA controller when the transfer has been completed,

Pvior’u’cg Interrupt

A priority tnterrupt is a system which decides the priovity at which various devices, which
generates the interrupt signal at the same thue, will be serviced by the CPU. The system has authority
todecide which conditions are allowed to intervupt the CPU, while some other interrupt is belng
serviced, Generally, devices with high speed transfer such as magnetic disks are given high priority
and slow devices such as keyboards ave given low priority.

Whewn two or wore devices tntervupt the computer simultaneously, the computer services the device with
the higher priovity flrst,
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m]mt/outp ut Processor

Awn Lnput-output processor (10P) is a processor with direct menmory access capability. n this,
thecomputer system is divided into a menmory unit and number of processors,

Bach 10P controls and manage the input-output tasks, The 10P is similar to CPU except that it
handles only the details of /O processing. The IOP can feteh and execute its own instructions,
TheselOP instructions are designed to manage 1/0 transfers only,

Block Dlagram Of /O Processor:

Below is a block diagram of a computer along with various /O Processors, The memory unit occuples
thecentral position and can communicate with each processor,

The CPU processes the data required for solving the computational tasks, The 10P provides a path for
transfer of data between peripherals and memory. The CPU assigns the task of inltiating the (/O
program,

The (OP operates independent from CPU and transfer data between peripherals and wmemory,

L e CPU
Peripheral devices

o Memaory bus @ @ @

A
Y

Memory unit

F Y
Y

IOP

The communication between the 1OP and the devices is stmilar to the program control method of
transfer.And the communication with the mewmory is similar to the divect memory access method,

w Large scale computers, each processor is tndependent of other processors and any processor can
initiatethe operation.

The CPU can act as master and the IOP act as slave processor. The CPU assigns the task of initiating
operations but it is the 1OP, who executes the instructions, and not the CPU. CPU nstructions provide
operations to start an 1/0 transfer. The IOP asks for CPU through interrupt,

nstructions that are vead from memory by an 1OP ave also called commands to distinguish them
from instructions that are read by CPU. Commands are prepared by programmers and are stored tn
memory.Command words make the program for IOP. CPU tnforms the IOP where to find the
commands tn memory,
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II B. Tech I Semester Regular Examinations, March - 2021
COMPUTER ORGANIZATION
(Com to CSE, IT)
Time: 3 hours Max. Marks: 75

Answer any FIVE Questions each Question from each unit
All Questions carry Equal Marks

s s s s s b b b b s i

1 a) Draw and explain Von Neumann Architecture. Explain Moore’s Law. [8M]
b)  Give the major characteristics of RISC and CISC architectures. [7M]

Or
2 ) Explain IEEE-754 model for floating point representation. [8M]
b) Explain about Booth’s multiplication algorithm and solve Multiply 7 and 3. [7M]
39 Explain the I/O instructions and type of I/O instructions. [8M]

b) Write a program to evaluate the arithmetic statement A=X-Y+C/P+Q using a [7TM]
stack organized computer with zero address instructions.

Or
4 2 Explain about computer registers set in detailed. [8M]
b) Explain indirect address mode and how the effective address is calculated in this [7M]
case.
5 ) Write the procedure to mitigate number of bits in micro instructions. [8M]
b) Explain arithmetic micro operations with examples. [7M]
Or
6 a) What is a micro-operation of list and explain the four categories of the most [8M]
common micro-operations?
b) Differentiate the relative addressing and index addressing modes. [7M]
7 ) Discuss about Cache-mapping functions. [(8M]

b) What is associative memory? Explain with the help of block diagram. Also [7TM]
mention the situation in which associative memory can be effective utilized.

Or
8 a) Explain the Direct mapping in cache memory with an example. [8M]
b) Explain about Direct Memory Access (DMA). [7M]
9 2 Explain instruction pipeline with neat timing diagram. [8M]
b) Discuss Flynn’s classification of computer. [7M]

Or
10 a) praw and explain arithmetic pipeline for floating point multiplication. [8M]
b) Explain about Interconnection network. [7M]
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1 a)
b)
2 a)
b)
3 a)
b)
4 a)
b)
5 a)
b)
6 a)
b)
7 a)
b)
8 a)
b)
9 a)
b)
10 a)
b)

Answer any FIVE Questions each Question from each unit
All Questions carry Equal Marks

s s s s b b b b b s i s

Discuss Arithmetic addition and subtraction with signed-2’s complement
representation.
Is there any alternate of Von-Neumann architecture? If exists than give the basic
idea of them.

Or
Discuss modified Booth algorithm with suitable example.
Discuss the advantages, disadvantages, and applications of i) Excess — 3 code ii)
Gray Code(Illustrate with one example each)
Explain the significance of the shift micro operations.
Explain about Arithmetic Micro operations in detailed.

Or
What is the difference between a direct and an indirect address instruction? How
many references to memory are needed for each type of instruction to bring an
operand into a processor register?
How an interrupt is recognized? Explain the interrupt cycle.
What are addressing modes? Give an overview of the addressing modes.
Justify the statement “Stack computer consist of an operation code only with no
address field”.

Or
Discuss the different addressing modes of an instruction.
How stack is implemented in a general microprocessor system.
What is virtual memory? With the help of neat sketch explain the method of
virtual to physical address translation.
Explain the READ and WRITE operations in Associative Memory.

Or
What is cache memory? Explain different types of mapping from main memory to
cache memory.
Give the hardware organization of associative memory. Why associative memory
is faster than other memories. Deduce the logic equation used to find the match in
the associative memory.
Explain about pipeline multiplexer.
Write short note on i) Magnetic Disks ii) Magnetic tapes

Or
Draw and explain arithmetic pipeline for floating point addition.
Explain about Hypercube and Mesh network.
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II B. Tech I Semester Regular Examinations, March - 2021
COMPUTER ORGANIZATION
(Com to CSE, IT)

Time: 3 hours Max. Marks: 75

1 a)
b)
2 a)
b)
3 a)
b)
4 a)
b)
5 a)
b)
6 a)
b)
7 a)
b)
8 a)
b)

Answer any FIVE Questions each Question from each unit
All Questions carry Equal Marks

s s s s b b b b b s i s

Explain with the help of an example, the use of hamming code as error detection
and correction code.

State the condition in which overflow occurs in case of addition & subtraction of
two signed 2's complement number. How is it detected?

Or
Convert hexadecimal number F2A7C2 to binary and octal numbers.

Explain the computer hierarchy of computer systems.

Design a hardware circuit to implement logical shift, arithmetic shift and
circular shift operations. State your design specifications.

Explain how logic micro operation is work with suitable example?

Or

A computer uses a memory unit with 256K words of 32 bits each. A binary
Instruction code is stored in one word of memory. The instruction has four parts:
an indirect bit, an operation code, a register code part to specify one of 64
registers, and an address part.

(a) How many bits are there in the operation code, the register code part, and the
address part?

(b) How many bits are there in the data and address inputs of the memory?
Explain the following with respect to logic micro operations

i) Selective Set ii) Selective Complement iii) Selective Clear iv) Mask

What do you mean by addressing mode? Explain the following addressing modes
with examples.

i) Index addressing mode ii) Relative addressing mode

What are different instruction formats we are using?
Or

Explain various types of interrupts in detail.

Explain the difference between hardwired control and micro programmed
control. Is it possible to have a hardwired control associated with a control
memory?

Explain in detail the different mappings used for cache memory.

Discuss the main features of associative memory Page Table. How does it work
in mapping the virtual address into Physical memory address?

Or
Draw the block diagram of a DMA controller and explain its functioning?

Explain about the direct mapping.
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9 a) Formulate a four segment instruction pipeline for a computer. Specify the [8M]
operation to be performed in each segment.

) Draw and explain arithmetic pipeline for floating point multiplication. [7M]
Or
10 a) What is pipelining? Name the two pipeline organizations. Explain about the [8M]

arithmetic pipeline with the help of an example.
b) Explain the characteristics of multiprocessor system. [7M]
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1 a)
b)
2 a)
b)
3 a)
b)
4 a)
b)
5 a)
b)
6 a)
b)
7 a)
b)
8 a)
b)
9 a)
b)
10 a)
b)

Answer any FIVE Questions each Question from each unit
All Questions carry Equal Marks

s s s s b b b b s i s

Draw and explain Von Neumann Architecture. Explain Moore’s Law.

Discuss Arithmetic addition and subtraction with signed-2’s complement
representation.

Or
Difference between RISC and CISC architectures.
Explain about Booth’s multiplication algorithm and solve Multiply 9 and 7.
Explain the I/O instructions and type of I/O instructions.
Explain the significance of the shift micro operations.

Or
Design a hardware circuit to implement logical shift, arithmetic shift and circular
shift operations. State your design specifications.
Explain indirect address mode and how the effective address is calculated in this
case.
Write the procedure to mitigate number of bits in micro instructions.
Justify the statement “Stack computer consist of an operation code only with no
address field”.

Or
What is a micro-operation of list and explain the four categories of the most
common micro-operations?
What do you mean by addressing mode? Explain the following addressing modes
with examples.
i) Index addressing mode ii) Relative addressing mode.
What is cache memory? Explain different types of mapping from main memory to
cache memory.
What is associative memory? Explain with the help of block diagram. Also
mention the situation in which associative memory can be effective utilized.

Or
Discuss the main features of associative memory Page Table. How does it work in
mapping the virtual address into Physical memory address?
Explain about Direct Memory Access (DMA).
Explain instruction pipeline with neat timing diagram.
Explain about Hypercube and Mesh network.

Or
Draw and explain arithmetic pipeline for floating point multiplication.

Explain about Interconnection network.
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Answer any FIVE Questions each Question from each unit
All Questions carry Equal Marks
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1 a) Explain how a binary number can be converted to an octal and a hexadecimal
number.

b) Explain in detail about fixed-point representation.

Or

Design a 4-bit odd parity generator and checker and explain it.

b) Draw a flowchart which explains multiplication of two signed magnitude fixed
point number.

With the help of block diagram, explain the 4-bit binary subtractor.
b)  With the help of a diagram explain one stage of arithmetic logic shift unit.
Or

4 a) Discuss in brief about the flowchart for basic computer operations.

) What is interrupt? Explain different types of interrupt.

[lustrate the use of various addressing mode with examples.
b) Listand explain the functions of control unit.
Or

6 ) Writ about symbolic micro program and binary micro program.

D) Discuss the two techniques to design the control unit.

Explain the various available formats and storage capability of DVD.

b) What do you mean by the associative memory? Give the Hardware organization of
associative memory.

Or
8 ) Discuss the various cache block replacement algorithms.
D) What are the different kinds of DMA? Explain.

9 2 Explain multiprocessor system and its characteristics.

) Discuss the functioning of crossbar switching network.

Or

10 2) Explain the concept of speedup ratio with an example.

b) Mention the pipeline conflicts that cause the instruction pipeline to deviate from its
normal operation.
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