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BINARY MULTIPLICATION

Tn vegular pen-paper multiplication

(Y G-t L 10 | C13)
X || k-bit Lo | | ¢
|

) , 0

1 43 | 6 0

00D
LoOoO 1tV V1 (42

8 -bit

* e oabove u\%oﬂifhm works for untianed numbere
* Produtt of two !\—o\\'g'\-\' numbers — Qn o\igﬂr resul

Mulliplicotion of a binary numbert — AND funchion

Product obtained by addi ?ur-h‘od producte
0““3 array of combinational elemenys

O AND D — Oxko — 0
0 MWD 2 —™ o0x| —o0

1 AND 4 — (x| — |
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* Toke witial product a¢ 0000
© M— muMipiicand, & — mulkiplier

m3 M, ™M, Mo
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. Usi% blotls

Mukiplicand

M;/ me w’ ol

Parkial product
CPPO)

w [

am,—am[—am,

aam—{m gon o= b

PP2
-

S

qw, Qom, 9y $:™0

PP

v

J/:M v e e[ = 82

P P Ps Py P
" Aypieal cell (m;y,4)

incoming PP bit m;

<« 1" 1;

mrrsou\' € r FA |<-— tarry in

v
outyeing PP Li+1) bi4t
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teikieal  Potn De\a%

Mubiplicand

Porkal product
CPPO)

P
Ppa. J_

=
PP J{_

P
PP3
J/: :3‘ incoming  PP¢ bﬂ/m\i
[y T Ps (] Pa < - 9
PP4= P, p; ... p, =Producl J Q
tarry out « FA  |e1— Q@rryin

v
outgoing PP Li+) bit+
© Astume FA hat Q. 3&’«. de\a%t and AND 3'“'“ have 4 50&2 o\e\mé
© oo Llock: 3 3&\1 Ae\na for cax Y ond ou*e\oins 7P Wik
tiﬁﬁ&l = 103 = 20 4:5
= For mxn muMiplicakon, msn blodks vequived

© Hardware inYensive ; expensive
* Retources id\e
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. Mu\’duéc\c mu\’(‘\?\'\er
* Therohve n  noture
* Resources can boe  vewted

00 0 O
(1o}

M) V) sk rigw
1

L1 o
l | O |

Y O\) \_, \/A shift Tight

l oo | 1 |

ANAMAVAWY Jier

oo | 1 |
1 (o |

« Used for m\('\sned ]\aosmve numboers
* N-bik mulplier Cequireg 0 Lgc\es
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Aordware REQUIREMENTS

Accumulator repiter — A Cotores intermediate /final vesulrs)
MuWiptier rzaimr — Q

Muliplicand  vegister — M

N-bit odder

(orirol  Signalc for tniSx ond odd

L R e

Register A C\n&h‘a\\g 0)

Shifk vight
P VAR v
c One a [T Q- [ -0 %
Multiplier ®
hdd/Nosdd ——
ontw| y
n-bit : tontvol
odder — M [ Sequencer
~
! !
Mn+ T Mo
Muiplicand M
Queskion 4
12 x \\ M
\ \
°! Lo Qs 3 U %o
o] [oo oo] [t ot (]
A Y
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* 9,=1:04d Aond M oand tore w A (Add conmller is 4D

M
QS Q. U Qn
0 ( tot] [vo ]
A 6
* $nife  operation
M
‘ls % U q»
o v o] [t o]
C A 6

* 9o=1:04d Aond M and Hore w A (Add conmmller is 1)

M
QS q, Q4 qﬂ
oo | I|] vV O]
C A 6
$wift  operation
M
9 22 U Yo
t ooa| [1 et of
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* 9,=0": no odd
+only r‘\a\\k il

M
9 8 U 90
ot oof [+ v U]

C A 6,

* 9,=1:04d Aond M oand tore w R (RAd conmmller is 4D

™M
15 Q. qﬂ QJ
0o o V| [1 v ¢ 1]
(4 A 6
* $nife operation
M
QS 4 U qﬁ
' 0o of [L v ]
C A S

Product = 100D |1\
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" The obove olgorithm works only  for ungigned / positive tigned
numbers

* for & to work for tigned numbere, we can perform Tk in one of
two  ways

1. lek sign of 'Producl' sian(?) < si%r\ ) @ &iar\ q4))

© nvert M and & 4o positive numbers and  muktiply wsing
it -odd

" ompwe tign and tonvert product occordingly

a. Siﬁv\ oxyension on  thift
* for exawmple , M= -3 ond 6-+S
M

8
4

110l
0\ 0|
V111 000

-_ QO = |
-_— O = | -

-]10 — C
0|0 0 C — |G —

—]|o — o -
- |0 -~
o
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Question

(O Xx 1L

on\g swift
on\\é shife

odd § ikt

odd § Shitt

Pﬂ)du(‘i .

© vibha’s notes 2020

Cltolox 1\Do3J

™M
Lo L O Qp=0
A s
O opoo \lbO"j
PR
© p0O0O o) 10
Yo =1
oo 00 ool\‘/
.o\l o 0 L -
o1 01| o @ b
VoL 0 00 |
ol 11 | o0 D

Olllldbo0 = 120
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BOOTH ALLORITHM

* Can redute ¥ie no. of oddikiont Csequonce of 1')

© Togitive ¢ hegakive CR¢ Complement) no.c freated e
gome

© In detimal 5 When mulfiplying by 1, We we o
fatker technigue

* wWe do (nxliO)-1

* Similarly 0 binary , Suppoce we muit mulh by 7
we m&\ﬁp\j b\j &lg ()mo\PN‘ohad' 1 P\U J 7

Quethion 3
NoT To BE
Sx7 CONFUS ED
WITH 4|
olol X 0111 AL 100 — (3
Ol0ol x 100\ \T ISA SINHLE
NUMBER
0\ o
X (0 0 -1 e Booth vetoded muMipiier
LN S R WY @ T O
Oo0o BDOLOO
© 0000
0| o)
Ol poo | |35
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* 2ooth recodivxs ollowe for lect number of AN

increages noY of o'

¢ Lect number of additiong

N AR T position

¢ o

00 —™ O Ci-l — ¢ gives
0| — +| e number )
tlo —™ -

\\ — ©

PAssume Q= 16270

0o 1] I R W | o0 ©

0] 0p O00OOO0 -00

« Reduced number of 4'¢

* No tyquente of e, eq: =25

O | o | o\ 0)

[ =1 ] - -1\ -l —= 4oo M oY odditiong
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. wang of 1'¢
(

—> odd M o A (+Txm)
— fubtvoek (2L omp) M from A (-1xmD
—> no odd, ShifE right with tign eensin  (0x M)

q

0 —> no add, shift right with Sign extonsion (o)
\

(0]

\

Quettion 4
M=-3 §=-5 mulkply u&'m& Booth'c

)

M N\is'-'—oo\\
| { o |
Oo 0o Lo L1 V)

A S Q'

D Q&' — 1o (add 24 omp of M 4o A

001\ Lo | 0‘
K 6 e~

Swi bt fiaN’ wWith siar\ exrenti on

00 0\ Lt o \
A S &
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D 88 — 1| (shit)

©oo00 VLl o
A S q-

)88 — 0] C(add M * A
t\ L o | Lt v o !

A S, g

Shift fiah\' with siﬂn extension

4) Qo8 — 10 Cadd 2% omp of M)

I
1 (o
+ 0 o0 |
(o0 o0 |
l ©coo ) (I O | (0]
A ) g
S\niH’ridht
000D (AU T | | antwer = o o000 (11

A ) & ~ 1§
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Quathion &
-13x 1) using Rootn

-\3 0 1001) — M
N : 0lpl — g

LY,
loo L |

9 Booth zvxwdin& of &,

|-V | O~

D) Column Mukiplication

O

X

— —

o
I
|

C|l0 © 00 |o —
—]lo O o —

(
\
0o
o
o
|

|

oo ——|- 0

|

o |
\ o o
1 ()0 |

olo -

Q‘SLDW\PO\ODDll\|
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Queshon 6

Ax-6
3 X -6
ollo]| 11010
O-+I-10
O\ \ o |
I |,‘o—\|—\o
rolo 1 | O
ol ol O0
oo (| oo D
it 1101 oo | o
oo0) bo1t 1o = -7%
Quettion 7
“Tx -4
-1 x ~4
e \)
lo o ) 11 oo
o400
l o o0l
X0 -l oo

{1\ 1 0O = 28
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BINARY DIVIS\ON

* long division fov b'\mr& timilar o decimal

12 = Divisor (M)
274 — Dividend ()

13 <

a \ 01 o | o |

m Ll oy[reo o0l 001D
26 ! -1li1o14d}

X ofﬁﬁﬂmll

- 123 -1107*

| DD\[,{'ID

-1 0o |

O 0 0 )

« Sublraction of divisoy g ?erformai with  dividend

. If remamo\er is 0 or Pouhve quotient it s L, ¥he

remainder 18 extended bt\ onother it of e o\w\o\er\o\ o

repeat ¥he protecs

© If vemainder & N@\ guokient bit s 0 and ¥he dividend

is vettoved loa od hy back We divitor

* The procecs (K rer’reo\ until  all +he o\tg\’rs in ¥he dividend

are contideved

. ﬁ\gsor'\’rhm — fed'orina Aivition a\%oviw\m
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Rordwore REQUIREMENTS

1. Reumulator vegjerer — A (nl bits — remainder)
. Dividend regisier — Q

3. Divisor regxs’m - M

& N-bit odder

5. Conivol siam\s for st and  0dd /tub

~

Register A (initially 0)

Shife \efr
v /
On | Bna 0 [ | Q- 17 %
Dividend @ T
Quotient
SeHing
Al Swbtract
n;:dbﬂ' ) Add | twbdrac! ot
er — &quemer
0
0 | Ma+4 T Mo
Divisor M
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Heps in  the Mgorithm

START

A= olmtD)

M= Divisov (m+i)
Q= Dividend ()
Gacles = |tontl

\l
i}
Swift Leftn, e

o

Az=h-M
NO ves
J ]
Qo'—l %50
Az=A+M
Regore A

ii Cycles = (yceg+| |l—

No

Uﬁ(\!& =n+\?

YeES

END
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Queghion ¢

Show & -+12
siar\
Divisoy = ©@ooul (M)
Dividend = 1000 ()

sign
' wmp - Buio
of divisor
M
|o o o | ||
0 o0 o0| [\ 0o o
s A G

D Shift lefy A4S,

o 00 01| |[obo?]
$ A 6

Subtract M Hom A

| 1t v 0] [opbo0 7]
$ A Y

Signed bt K 1— 8, =0
Retfore  prev cesult by Mdi“& M b A

o oo0oo 1| |[opoo]
$ A 6
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2) Swift left Ay 6,

0 ool o]l |[opb o 7|
$ [ 6

Subtract M Hom A

[ V1 || [op o0 7]
$ A )

Signed it & 1 ;=0
Restore  prev cesuly b’o ao\o\ir\:) M+ A

o 00 (o] [00b o0o0]
s A Y

D Shwift left A% 8

) o1 o0o| |[op o 7|
$ A LY

Subtract M om A

o o006 || [opbo 7]
$ A Y

Signed bit W 0 — 8, =1

) oo l|] [oo o]
$ A Y
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k) Swift (et K & 6,

) o0 to| [ob 1 7]
$ A CY

Subtract M Hom A

\ r v ] oo v 7
$ A 6

Signed Wit & 41— 8, =0
Restore  prev cesult \9,0 “‘*‘"“‘3 M +o A

0 o0 t1o0o|] |[ob O]
s A Y
Queshon 4

%+ 5 um\g ru{'orin& Aivision

M= 5 = 00l0] Q= \g= 1110
st___s__ 1o A=0= 00OO
L=0
D Hep 1
8=0 K=000| &= l1107?
=0 Az lioo &= 107
$=0 K =000\ 8&: 100
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2 trep

$=0 A= 00l 6 :100?
$=D A=1110 &= 1007
$=0 A =00\l & = 1000
3 .S’rt() 2
§=0 A= otn 8z oo0?
£=0 MA=0010 = 000?
$=0 A =00l §=z=000)
) Skep 4
$§=0 AR=o0l00 §= 00|?
§=) k=1 8=o001?
§=0 AK=0l00 @Q-=00l0
ORSERVATION S

¢ Used for umlana\ / potifive siaheo\ b'\l\afv numoers

- Redrovakions vequife a‘\gv{\?i cany number of  fubivactions wWhich
caan be avoided

* If A & positive, we do |AA-M| Cehift 1eft — 2x number)

I A s nepative, we vestore A (A+M) ond then ek thift
and  Subtrack M —  UMM)-M = |3ARA+M
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NON - RESTORING DIV|S|ON

hordwore REQUIREMENTS

. Reumwlodor vegjster — A (ol bits — remainder)
2. Dividend regishr — Q

3. Divisor rza'\sm - M

& N-bixr odder

5. lonimol  Signals for twst ond  0dd/tub

-

Register A (\nim\\g 0)

Shify \ebr
v /
On | Gna A 0 [ Qn-y °1° 9%
Dividend @ 7T
Quotient
seting
i d] twbotract
n;:ﬂw ) Add ] tubtrac! coht
s — &quemer
0
0 |Mny R Mo
Divisor M
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M%ori—\'hm

START
J

A =0 (m+)
M =Divigor (m+1)
Q = Dividend (0
Ogaret = [ +onuircol g

g

vyes No

k <0O?

Shift Lef+ A, Q Shifi-Lef A
A=A +M A=p-Mm
I I

YES @ No
Qo=0 Qo =|

A=>R4M
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Quetsion |0

thow &2
8= \oo0o
Mf O 0o (|
M 2 (1L Lo
W
|o°o|||
0 00 00| [\o o o
s A Y

D S % 0 — SWf left & tubvack M

0 00 01| [ob o ?]

SISl—aQD:‘_O

| it 1 1 0] |[oboof
$ A 6

D S s L — hidk lefF 4 add M

\ it 1t 00|l [op o 7
$ A )
( 11 (1] oo o 7|

$ A LY © vibha’s notes 2020
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S“l_)ao'—o

( 11 ('] o oo o]
$ A 6

D S i L — chift it ¢ odd M

( 11 (o] [o b o 7]
$ A )
0 0ooD (| |[obo ?]
S A G

{t ¢« 0 — D)o:

0 0 oD (| [ob o]
& A 6

§) &% 0 — shift ekt g tubtvack ™

0 0ot o [oo1 7]
& A 6
| L 1 1 1] [oo 1 7]
S A )
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o 60 lo| [oo 1 Of
$ A G
OBSERVATION &

¢ Used for umianeo\/ potifive siahed b‘matb numboers
* bor sianeo\ Aumbere comvert 4o posifive oand o«“us‘c s\an \ater

¢ Retuant sian wil be XOR of divitor and dividend xians

nrl  thepe CH  Sfinal thep s maqﬁve.)

Quethon \|

$=5  (aon- rech)rin@)
2%

A=0000 M = 0010] M = llo1) 6= \1y
S{'q) y

§=0 K=000\ Q= 1117

$=1| ff=1 100 &= \1?

$=1 M=) 100 8= \1oO
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S’rep P\

S&a.P 3

S\-ep 4

© vibha’s notes 2020

=| ®&=100\ Q=107
=1 A=z|l\O &,—..\\07
t=\ A=(llo 8=z oo

=\ A=llol 8=100?
=0 A=001p @&-=100?
$=0 @&=00lp @ = loo|

$=z0 &=o0l0l B = o00(?
§=0 A <=000O0 8= 00I?
$ = A =0000 &8 =00I\
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WALLACE TREE MULTIPLIER

Carry- Save Addition

¢ Mddition of 23 bif\ara numbe g norma\\m

1
\

(o) |
\ I
o (*)
] o

—_ |+ &
oO|— © ~

]
8]

* one n-kir adder
v oone N+l -wix odder

© raulk uphb n+2 bik r%’EH:::H%

n-bit Rk takes ntpy

& povallel prefix odder wsed factor of 2t pretent
+ lower bound: ¥ime taken for 2 numbers

Carn\;r Save
O L 1 |
+ | O \ |
*+ 0l | ©
Sum "o full odder
Cacr RO 2 I | Yetulks
taxry \ef 1 1eft shidt carry bk

L ]
n+l -bir number
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© Inttead of \efr-thiffing earry, we direchly weite e Leg of
Sum os the LsB of r&uu:

« Add n-l but of sum to n bik of carry

Nrpy  for the Second step
For he firek dhep, n full oddert can add 0 parallel
without kawin‘ﬁ o propagate

- D kg — only tep MO Xaan the Yime faken ro add

two numbers
carrry stave
eler
k X3Y323 X2Y22) xX1zy XoYo 2o
Y Eif % L1 11 L1
L [ ]| [ ] 1 [ |1
FA FA FA FA
cs| |3 ol %2 cal |3 co| [0
| L L L '
[ I I [
- FA — FA — FA — FA
If I I
| | | |
o5 04 03 (o)) 01 %0
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Carry- Save hder wikh Different Sired Topuis

b% y z
J(s J]rg +10
CSA S needd 10 Fie
*10 +10
S c
8 oo --- -
q |ol- - - - “for CSA of a, -l n-2
w |/ - - - . bits, tum o Carry are
n-bive
L —
sum [0 biks
carry 10 bite

Wallace Tree Mu\’rip\iev

M ™ &,
X % qv)- Q, Y%

LY L WG LN P
Qmy QM| g, g m, X

QaMg  Gum, Qwy Qe K ¥
Qamy Bumy  Gamy gme ¥ X *
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g -bit Mu\h'?\ier

EEEEEEERN a-ingu&

EEEEEEENX AND

/'Por

! mEE S NN (N each

9 , cell
m(li B B W B ENNO

0o mE EEEEEE®EO O .

arho)

| mEA AW EEENNGOCO O]

2 myB W W W W W W W00 0 0]
Lms(l B W W W W MWW OO0 0 0 0]

% ml B B W W B B W00 00 0 0]
$mE B EBEENENEBNOOOLIOOO 0]

+ my hae size (B+i) biks — using MND gare
+ Md oll the partial producke

mgp my my m3 my msg mg my
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can ute Wo\f oddere
park ol e fov Purtner opﬁvvx\{aﬁm

'Y(odu.d's —3 mg my my m3 mg ms mg

12 13

13 14
4
CShs
— CLh of
& PPA or
RCA

+ fhyea 1§ nokx very low

Time De(aB

* bpde = de\n.‘j of foet odder

* tpw = fime o towuie  parkial products
* hep = Kme for Al odder

s & tFR fime for SAg

o Fr 0- b muiiplier
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Compare the area and time performance of the Wallace Tree Multiplier with that of

the Shift-Add Multiplier

» Try ripple carry and parallel prefix adders in both

Wallace Tree Mu\-\ig\ier

Cwift —add  Mutiylier

for  9-uit x $-bit
numbey

each (A = bag,
~ for © CShs = 24 ag,

Az 2hog, + Qppuer

© vibha’s notes 2020

for each iterahen
1. add 2 8-bi+ nos

2. lefr thift by e

t-= g tﬁhlaler + 8 t

Ll My

N\ swikk
f 15".

lbx2:1 MUXes fof shifkwr

A= 160, et Qadder
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FLOATING fDINT NUMBERS

Flonting  point representation
Question 12

(onvert O0WO.\W00 Yo decimal

ol 1L o.11too

§¢2 1 b %Vshe

=>6.7S
Queshon 13

lovwvert 615 b binarb

6 — 0o

0.7 xa = (150
6-50 xa = [lloo
0.00 x 2 = (0.00

= 0.1l0

< 6.1 = oOll0. 10O
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Quethon 14

Lonvery 0-625 4o bif\arv

0-6aY x2 = 1.250

0.250 x 2L = 0-500

0.500 x 2 = |.000

0.000 x2 = 0.000
= D0-l010

Keg)rasanwrim of Real Numbexs

+ decimal point Fixed
© limitd by Space

« alow? fsy move wvumbere

Queshon 156

Regresent  —7€ wii Fixed polakr  notakim (k intener \ike
ond 4 frachon mss K

15 = Oll1l. 1000

alt womplement = 1000.1000
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Queshon 1b
Pecform 7.5 — 0-bas usir\o Lixed point  notodion
7.§= OlIll. looo

+0.62C = 000O0. |OI0
-0.62C = |111. o110

7.§ + (-0-625)
(-
o/ t] .1 ooo
+ 00 ol (0O
Vo V1 o .11 I | O

6. (0-S+0.25+ 0.]a7)
6. (0.81Yy)

< 6.%1¢C

Queghon |7
Pexform  8.9437C + £.3)2¢

£.9271¢ = (000 ]11)
+ 8.%138 = 1000.0]0]
10001, 0lpp = Iaf

overflow
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Floah‘r\g Point Representorion

£€
tMx B

« Should bve wormalised — wse one non-zero dia'ﬂ— as

‘m%'w&r part

. Emmy\e: 234 x107 is  normalited 0.342x1b" it not

)
normalised  Cscienhfic notahion)

* |EBE 154 2008 Standard Pov Hoah‘n@ point  numbers for
univ&vm\'\m

Defines four veprecentakions

1. Sir\g&e precision — 32 bike

2. Douwble precisim — b4 bk

3. Extended douyle precision — 10 butes | €0 bite
& Quadruple precicion — 1b \otO‘\'U) 128 bikg

o Three Parh

1. Sipn bit
Q. E:L‘:onevrr b\t
3. Mamissa or s'\&vx'\ﬁcand ik

© vibha’s notes 2020
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31 [30]24] 28 [27[ac| asfaufas[2alai |20 10 | 18] ca|re[is]a| ia]iafui | 10| a] ¢|7]¢]s]|a[2]2] 1]o
3 eponent: froction/manissa
{ bir TN 2 bivg
/(' called bioged
_ Q\L‘nmen\’
D: Po&nh'w.
| negotive exponent
. mamissa X

(\Eal
BE=E+ 2 -\ = €+1022

3

-

30‘29‘28{27[26‘25]24|23|22‘21{20 19’18.17]16,15‘14'13|12}11l10[9 l&’ 7[ 6] 5 l4 {3 [2 11 IO

s exponent fraction

1 bit 11 bits 20 bits

’ fraction (continued)

32 bits

* manfigsa. SA bik
©oexponent : W\ ik < binged exponent

* Bt = Bus+ Exponent

-

Actual exponent = Biased exponent - Bias

BE fsy SP number = & Wiy (0-2SY)

(]

a4 Ore wsed fw  wnormalised FPN¢

© vibha’s notes 2020
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-\ 8- 7
Bag= & o] < 2 -1~ 2'-] = a3

' Range of otiwal volues:

min . 1-127 = -12¢6
max @ ASk-127 = |27
ﬂxl\ﬁei =126 to 117

Biat vemoves the need fw 2 complement exponents

L)

FP representotion

(3 (QE’G.‘“)
Nz () % Cl+0M)*d

Quettion \¢

Whaot PPN does  thie represent?

lo[1oo ooit o 110 0100 0000 000p 0000 ©0v0

S e m
) e a3 — 32

hex. Ox 43640000

sian'- 0

BE: loooDIlD = bF¥I128 = 134

€= I34-127 =1

M= .10 6100 0000 0000 0000 0000
= 1+2' €22 = L7418

N= (16125 x 2 =238

© vibha’s notes 2020
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Queshen 19

What ¢ the deimol value of  the given number 7

Ox BEL.0 0000
b'u\ar&
01l (llo O|010 ©00L VOO0 ©OOOD ©0OD ©O000
L e m
$ =1 D nuptive

BE = U = €= 4-ja71= -2

m= [|.010 0000 .. ..
=~ .99

N= -1.25 x a"’ = -0.1562S

Queshm &0
Represent +ne %\low'moé dedmal of binary SPE 1EEE-TSY

—5¢.9¢
lo

3

00\ (ol0
0.0\

o

)

A
1

5'9-13'“,‘— Wiold.ol

© vibha’s notes 2020
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'\mp\(t,i*
l.\lowol x 2°

m= \l0\obolI

adhual €= S
g€ = 1217+5 =121 = looo O|\oo

smﬁ\e ?(ccishm

1] loo oolo 0] \\O (v0| Dbob ©000 0000 0000 |
¢ Q 6 9 v} o o (o}

0x (269 0000

Queshm Q|
Represent +he "0“0"\'"'\% dedmal as \o‘mqrg\ DPE lEEE-T8Y

—5¢.9¢
lo

S =|
s
5‘9.1S"°- Wiol0.0l, = Il UOlooOl X Q

m= 1101001

Gdual € =5 "
binsed © =85+ -| = 5+1023 = 1028

© vibha’s notes 2020
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§ =I

€& = (oo o0 Olo0
™ = |lO| oolo OOPO ©ODOD 000D OODOD OOOD ©oOBVO
0000 0000 0000 0000 o000

Oy Co4D 2000 0000 DO0O

Quethon 22

(onvert  7.819 +o 8P€  1etE-1SY

7= 1
0.81C = 0.5+ 0.25 +0.a5 = O-(\|

7.89C =
2
= b x 2
™M= i
AE= A = RE =129 = 1boo boo|
$ =0
o] too o000 1 ]L1l [\ 00 0000 o0opD _DOVO _000O|
0K AOFCO000
Question 2>

Corwery O0.1875 4o (EEE-15¢  $Pt Fprmod

01875 = 0+ Vg +Yip = 0.001|

(.1 xz’s

© vibha’s notes 2020
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$§ =0

m = |

e =-3+127 = (a4= O\ \\oo

0|l ol (I{Oo o©

oo Oooo ©00p 0000 VOO0 0000

Ox 3E &0 0000

Special Cagec — SPNS

I+ #yachon = 10000 0000 - -
@\L?OV\QV\'\' = -7 =-\%

-

£ fachon= L\U... 2 2
e\LPoncm—: Sy -\ =

-
-

-né -
£l.o0 x a = £ .1774q x10

d

a8

17

17 _

% g 2.8 3

L = 1 3,402% %(D

0 X 00000000 | 00000000000000000000000
0 0 11111111 | 00000000000000000000000
-0 1 11111111 {00000000000000000000000
NaN X 11111111 | non-zero |

© vibha’s notes 2020
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Overflow & Underflow

Ly

number & too bip to represent
number i« too swall Yo vepresent

Rounding Modes

Queshin 24

Round [.lovlo] C1.578)28) 4o 0“\3 3 frachon bitg

I. Down: )-100

e Vp. 1.101

3. Towards ero: |.100
4. To neavest = L. 10l

@ What are the largest normalized double precision FP numbers?
» Hint: double precision exponent is 11 bits and mantissa is 52 [
bits (rfrackion = LW iy wo = o Sk = LKL
exponent = max-biag = J%-1- 102321023 = g
@ What is the relative precision in terms of decimal fractional digits
that single precision and double precision offer?

» Hint: mantissa bits SPN: Q7 = 1.14204« 1077 D approx double?
DPN: 87 S%= L2axio !

@ ) An example to represent denormalized valid floating point

number? -rODO

» Hint: Biased Exponent = 0 & Mantissa = Nonzero

022
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COMPVTER AREM\TECTURE

2 ossembly lanpuay, e

— vy files, AL Cak)

Application |>"hello
Software world!”
Operating
Systems
, I-‘_V
Architecture = —
Micro- < >
architecture <+
Logic
Digital
Circuits

Analog
Circuits

Devices

Physics

© vibha’s notes 2020
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ALS emb\,‘\g Loanomooe

« Inthrudions ore comwands n o omputer's \qvxbuugz

* Computer- veadavie formot of V't and O% i wathine
laﬂbuaae

¢ ALt \anﬁu\ouoe % o \wumon-readavle Asymot of
nStyuthing

Assmb\g lanﬁuaﬁe onkfovent fov  Alferenty ovenirectures
(x8b —R\SC , AR

© MIP¢ arthitecture = developed by Jown Hewnessy & Wis

olleagues o¥ Stonfsrd | used n mm\{l) comwergal tysteme
(Ninktwdo, Cisto, Silicon Graphics)

Hewnessy & Potferton — Turing award

Underlping  Degign  Yrinciples
JLA| 2! !

1. Sim‘)\'\d’c\a favoure reﬁu\ar'\
2. Make Y common eage fast
3. Smaller © facker

4. Good design demand¢ Bood Compyromises

© vibha’s notes 2020
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Addikion

* ¢ (ode

¢ MIPS assemblﬂ (ode

odd: mnewonic indicates operotion o \m(lwm

© byt Source operande C(on which ¥he oprrakien ik to e
perfermed)

0 dethinakion  operand
Subira chen
* ¢ (ode

¢ MIPS assew\bluo Lode

Sub: mnemonic
b,c: Sourte optrands
¢+ . deshinahm operand

© vibha’s notes 2020
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Complex _Combination of Add G Sub

C code
b=b+e -d;
MIPS t\csemb\5 tode

odd &, b,
a, t

C # ¢t

o ©

MIPS 6 & RISC Creduted inchruchion teb computer
with & small number of simple inthrutkimng

Tatel xB6 '« o CMC  Coomplex intivuchion ser- compuier)
with  more complex ingvuckims

consistent inttruction  format
* tame number of operands C A Source, one detk)
© wsier o enwode ond handle i hardware

" MIPS- only ommonly wed  intrruchione

(omplex  ngtruchions  performed uting - multiple timple
inthruchions

© vibha’s notes 2020
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Opmnd Locakion

o repster  Coark of wicroprocesor)
*emory (notr pack of microprocesssr)
© owtonts  Calto  called  immediated

¢ MIPS wges only small number of rcﬁis*rers

. REGI\STER.

* In lab, we implemented 8 lb-lit cegicters in  rea-alu

© MIRS hag B d-bit fzs\s\'us

Reaistert are faster van  mew

MIPS  called 3a-bit ardirecdure betauwse operokes on 31 bik

dora
$0 0 the constant value 0
$at 1 assembler temporary
$v0-$v1l 2-3 Function return values
$a0-%$a3 4-7 Function arguments
$t0-$t7 8-15 temporaries
$s0-$s7 16-23 saved variables
$t8-$t9 24-25 more temporaries
$k0-$k1 26-27 OS temporaries
$gp 28 global pointer
$sp 29 stack pointer
$fp 30 frame pointer
$ra 31 Function return address

© vibha’s notes 2020
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for repsters, we wee { before e name of the
m@imr

. emmp\e: $0 — re(ﬁisrar 2ec0 o doll\ar zevo

* 40 olways shorec wwtant value 0 Cread - onw) , used
Lor initiol isir\a voriobles with 0 without \r\avmﬁ ‘o
\oad from memory

» saved vemisters 480 - 887 are wsed 4o \old variables
Cnokx  Yemporary)

* fempovary vapystere dto-4£a 0 Sore inermediate
values d\ur‘ms o \artser c,om?u\m'ior\

* C tode — 0dd ingrruchon
a=>b+ cC;
MIPS  aceembly code
$s0 = a, $s1 = b, $s2 = c

add $s0, $s1, $s2

© vibha’s notes 2020
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Quethin a5

USiha only ¥he Wngvuchons learnt So far Codd and
MMb) | wrike & proplom ¥o lefr Wil o number bU
C ?osihmc. How vv\amb mg\a’cm dd You need)

* To Wiy lef+ one, you mMmuMiply ‘o& 2
+ fame O mddlne) number +o itseld.
+ Repeat Harice

# $s0 = a, $s1 = b &1 save

'ro{)‘\x\-e\rs

add $t0, $s1, $sl
add $t1, $to, $to0
add $s0, $t1, $tl

9. MEMORY
* Too muth daka to fir nto 22 YQ@'\C’rm (slow but
larae)
- Commonly wed variablee kept in vapickers
© Mo memo

* Sequence of "3t words

MeMOry 000LOO0 & B 2| word 3
locations | ©oOVOOOOL 0 t F| word 2
F | 9
A | ¢

(%2-br | 0000000(
oddress) | 0opo0000

© vibha’s notes 2020

word |
word 0



Vibha Masti
© vibha’s notes 2020


Inghructions to Accese Memory

READ MEMORY

Memory reod colled load

+ Feroning Aom wemory and storing o agjtter in mioroprotectos
Cloodit i) from  memory)

Mnemonic - load word CLw)

3¢l containg boue

e D
* Formar: 1w $s0, 5($t1) address OFmemorg

* Address coltwlahion:
= 0dd bose oddrest C4tD 4o the offtetr (5)
£ 0ddress = ($41+¢5)
*+ Pevth dato ttored in  oddress
+ Result
« §30 Woldt We volue of oddrese (ei+5)

. AmA r%\s+er con be used ot bose oddrest

© vibha’s notes 2020
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Quoetkon b

Reod a werd of dota at tmemory addree | wnfo 452

word address doto. (324bi4)
MCMMJ 0000.°°o$ q’ (0] L 0 7 & 2L Wo’rd 3
locations | ©ovooooL O 26h &4 F F word 2
C22-bit 09900000« FQ P CAL3I\ 9 word |
oddress) | popoonoo AR CDEF | 2] wordo

* 0ddress = ($0 + 1)

* $s3 = OxXFarc23}g aftec load

lw $s3, 1($0) # read memory word 1 into $s3

WRITE MEMORY

N\emo% write called Store

* Mnemonic : Store  word (swd .
—— offset con be writken i

+ Format: sSw $t1, Ox5($t@)  detimal Cdefauttd er hex

« Mhoce e volwe n $€1 i memory oddress ($£0+ 0xS)

© vibha’s notes 2020
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Ques¥ion a7

Write Cstore)the value in $t4 o memory  oddvess 7

« 0dd Ox7 +o base oddrest: ($0 + 0x7)

sw $t4, 0x7(%$0) # write the value in $t4
# to memory location 7

B&’re kddressoble Memor&

|
memory ::f::::: kot £]0 7] 2| word3
locations O(]|7 6|pn 2|F P word 2
. 00000004
(%2 -bit 00000000 Falr cla 2|1 9 word |
oddress) ARBICD|E F|I 8 word 0
< wid&k:l}b&\-es °

« todn dota bﬁ\t Wt o un'\qvue oaddress
* lood) ttore songje loyree Ll 86D

32-bir word = 4 oyres , S0 word  oddress tneyemenke by 4 bits
Mink \ovx& nr W 0O

© vibha’s notes 2020
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Quoskhon 8

Load o werd of dota at memory addrese Y o $s3

word address dato. (324D
MEMOry o&')Ooloooc kol /0 7|B 2| word 3
locations | ©vovo0oof O (|7 6| 2|F F| word o
(B2-bit 0900000k Fal|fF clX 2|l 9 word |
oddress) | popooooo ABlCcD|EF|l 2| wordo

$s3 = OXFAFC2319 ofter load

w $s3, 4($0) # read word at address 4 into $s3

Queshion 29

Write Cstore) the value in §£7 o memory oddress Ox2C
sw $t7, 0x2C($0) # store $t7 into 0x2C

- 2L = kY boge (0 = W™ word

© vibha’s notes 2020
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Ordering of Byt

. B\S—ev\o\‘mr\: bb&e numbers skark of  tae g Conosy sian‘\ﬁcanﬂ
end

¢ LitHle-endian:. bure numbere Mol trory ol e Lidkle (leagt
:W\‘\ﬁ cand) en

* For lb-\t+ memory

C|D[E|F C FlE|D|C
§lajn[® % Blafafs
4|56 4 71615 |4
ojt|al3 0 3|21 ]o

Nowming: from Gullivers Travel¢
Queshon 30

Sup])ose $£0 wikally tontoine  Ox Q3456709 . After +the followiny
Lode runt on O loig—ev\d\ian tytrem,  whoar volue & $s0)

Sw $to, ocddd
Lo $s0, 1(40d

b‘\3 endion: 00000000 A3 4 § 67 8 %
o | 2 3

© vibha’s notes 2020
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Queghion N

Suppose $4o 'm'\+io\\\8 onraine  Ox 3456709 . Aftec the followiny
de YuRt 0N O lile-endian tytrem, whor value & $507

8w §+0, oC40d
L $¢0, 1040

litkle endion: 00000000 &a34% s 675818
3 2 (0o

* Multiple inthruction formoks olow fexilalidy (X ord ven optrands)
* Nuwmber of instruchon formokt kept small Cadnere T # 14 #3)

3. OPERANDS : (ONSTANTS/ IMMEDIATES

« w oand Sw  wse tonttants or immediates
+ Tmwediorely available from  infdruttion
* lo-bif s “Lomplement number
« oddi - add immediote

subl necessary?

© vibha’s notes 2020
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Question 3R
C code o MIPS agsembly Code

a + 4;
a - 12;

a
b
MIPS i\s&me\M wde
# $s0 = a, $s1 = b
addi $s0, $s0, (4
addi $s1, $s0, -12

v ficsk nat do be rvesister
immediake can onlf e Second number

U“Qﬂ r?yﬂmf add

# $t0
# $s0

4, #%$t1 = -12
a, $s1 = b

add $s0, $s0, $t0
add $s1, $s0, $tl
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Quethion 2%

00 By Wri¥ing yuer astembly  lanauwage cograme i it
possibe 4o ~ defermine i ‘L}m V\éro ssorP cunning on i
%’\%— Endion or Lirde- €ndion?

@ wWhot € there oxe no lood byte ond  &toce \o&n
Wt eions?

© VYes, b3 &’roﬁ(va 6 NUMRE W O re?)‘\&%'er (& owred
and ¥aen u&‘\r\6 \oad oy¥e inshvutkiont "o accecs individua)

\%\—es

© No, i i not possible

MALHINE LANYVAUE

© (omputers only uwndersrand 16 ond O'¢
Yepresentation)

(b rm\d

©Asserdly lanpuone ngtvuchony  are ety for humang
Yo understa 0dd, Sub efed

* tach inthruction s entoded o d2-bik word (odd,
tub &)

* Three instruction Lormoks
1. R-Tupe: register operands
2 1-Tape: Immediote opexands
3 3-Type - for jumping


Vibha Masti
© vibha’s notes 2020


R-TNPE

* 3 reavster oyuunds
YS, Ck :Source registers
* vd deshnakion reﬂ'\s’mr

* op: he operotion code [opcode (O for R-type inthruction)

© Auntk : the funclion ;with oplode, fells compurte what
opevafion Yo perform

© Shomt: Yhe thifk amount for thifr inttyuchions, p¥nerwise

WYs 0
of s Tk rd [shamt| Punct
/ 22-bir wovd
all are O 6 diff birfieds

for R-1ype
* MIPS: 22-bir ardirecture with 3 Yepistere

* Only § bite needed b sPeci(fb Yepister Crs,ct, ¥d)

* Shift amount - alto only 5 ik (begond whith makes
no fenge for o da-bir number)

© funct: Specifies  odd| suo

« fnn) madhine \ambuaﬂe ode gets fed mioroprocessor
O.V\d e&amﬂd © vibha's notes 2020
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Queskion 3y
Convert uceem\o\s tode t0  wathine Code

add $s0, $s1, $s2
sub $t0, $t3, $t5

order of vesjsters e table will

be given
Name Number Use
$0 0 the constant value 0
$at 1 assembler temporary
Sy0-5v] 2-3 function return value
$al-sa3 4-7 function arguments
$10-$17 8-15 temporary variables
$50-357 16-23 saved variables
$L8-519 24-25 temporary variables
fk0-3k1 26-27 operating system (OS] temporaries
$en 28 global pointer
$59 29 stack pointer
$fo 30 frame pointer
irg 31 function return address
‘_/ here, source
[ op | vs | v [ vd [shamt| funct |
000000 [ 17 53 6 | 0000V i
000000 1\ | 13 8 | o00000 i
6 5 5 s g 6 machine
4 lar\aua.ae
ntivuthons

000000 | 10001 | 10010 | 10000 | 00000 | (00000 | 0x 02224020
000000 | 0101\ | Onol | 01000 | 00000| 100000 | DX OLH D40

b S S Y S /3 ( ac-\- fed to
microprocettor
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I-TYPE

* 3 operands
' 08, & - repisker operands
»oim: 1b-ik Ywo't complement imediote

* op: Opcode
*all inttruchions have opiode Csimplidity fovourt vepularity
* Operafion derermined tomglerdly by oplode

ofp s % imm

Quétkion 35

Conwvert mem\o\s tode 40 wathihe Code
order of regisms

addi $s0, $s1, 5 addi rt, rs, imm
addi $t@, $s3, -12 w rt, imm(rs)
w $t2, 32(%0) sw(rt, imm(rs)
sw $s1, 4($t1)
Lop | vs [ v& | imm |
7 L6 Y
19 ) =12 field values
0 10 33
9 17 Y

© vibha’s notes 2020
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001000 | (000l | LOOVO | 0000 0OOO 0000 O (01 | OXAA300005
001000 [ ool | 61000 | tiv1 w1\ 1 W\ oloo| Ox6RFFFY
1000 (1 |00000 | OLOI0 | 0000 0000 00(0 00OO | OX8COADO20
tolof |O0100I| 1000\ | 0000 0000 0000 0100 | OXxADDI0004

mathing code

NoTE
« 8 W alwo ource

*vd W alwoyt dettination
' vk tan be either Soure or dethinaYion

J-TYPE

* conditionol trakements / construcks  converked Yo Jump /branch
inthrucions (30'\1))

« Qb-bik oddress o\aeromd Codd )

* Used for jump inthuetions (3

[ op | oddr

© vibha’s notes 2020
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Suwwvxafﬂ of Tupes

R op s T+ rd |[shamt| funct
1 L op | s | v& | imm |
3 op oddr

Log'\ca\ Instyuthons

*and, or, xor, nov

C A NOR §0 =NOT A)

+andi, ori | xori - lb bit immediate operond is 2ero extendend
(nori not needed)

Assembly Code
and $s3, $sl, $s2
or $s4, $s1, $s2
xor $s5, $sl, $s2
nor $s6, $sl, $s2

© vibha’s notes 2020

$s1
$s52

$s3
$s4
$s5
$s6

Source Registers

1111111

11111111

0000

0000

0000

0000

0100 0110

1010 0001

LELL

Result

0000

1011

0111

0100 0110

1010 0001

0000

0000

0000

0000

11111111

11111111

1111

0000

1011

0111

1011 1001

0101 1110

131311

0000

1011

0111

0000 0000

0000 0000

0000

1111

0100

1000
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Source Values
$s1 00005 0000’0000 0000(0000/0000 1111|1111

imm [0000 0000 0000/0000(1111)1010 0011|0100

<« zero-extended »
Assembly Code Result

andi $s2, $sl, OxFA34 $s2 00003 0000 0000/0000|00000000 00110100

ori $s3, $s1, OxFA34 $s3 0000 0000 0000/0000(1111/1010 111111111

xori $s4, $sl, OxFA34 $s4 OOOOf 0000 0000 0000/1111/1010 1100|1011

fower of +twe $rored ?co&mm

3kt indvuctions fy datm sored in - memory

* Senuence of inthruckions: onw diffevente beiween two
opplications (word protestof, web Pprotessor)

To Yun new &(’ﬁm"‘ > N0 fewiving necestary ; only  new
program +o tored W memory

* Program execution : protessor ferones  (reads) inthvuckiong
fcom tnemory and performe  operation

Sored ?roeram

Assembly Code Machine Code
lw $t2, 32(%$0) Ox8COAD020
add $s0, $sl, $s52  0Qx02328020
addi $t0, $s3, -12  @x2268FFF4
sub $t0, $t3, $t5 0x016D4022

© vibha’s notes 2020
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Stored Program
- Address

Instructions
w .
|
|

0040000C |01 6D40 22
00400008 |22 6 8F F F 4
00400004 |023 28020
00400000 (8 CO A0 0 2 0/«—PC

& |

[ \
\ > | 3 ‘ )
B 4
Main Memory

Interpreting Mackine Code
* Start with opcode Crelll how fo parte)

* If op it all 0%, R-type inshvuekon and funchion bik
el OPQVG“\‘O(\

° Otherwise, opcode tells operation

Machine Code Field Values Assembly Code
(0X2237FFF1) 001000 10001 ;0111|;111 1111 1111 9001| 8 17 23‘ 15 ]addi $s7, ssl1, -15
2 2 3 7 F F F
op rs t rd shamt funct op ] n rd shamt funct
(0x02F34022) | 00000010111 1@|01oqoooqpo|1qpo1o‘ 0o 23 19 ’ 8 ‘ 0 ’ 34 Isub st0, $s7, 553

0 2 F 3 4 0 2 2
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Bradiing_Tnthruchond
- Exewde ingtructions out of sequence
* Types of branches

) Clonditional
- oranth it equal
- bronth %  noY e ual

2) Untonditional
- Jump
~ jump T \sher
- Sum? ana \ink

* bey, lice. goto srodement

addi $s0, $0, 4

addi $s1, $0, 2

add $s1, $s1, $s1

beq $s0, $s1, target  # branch i taken
addi $s1, $s1, 1 ]&Li?s
sub $s1, $s1, $s0

target:
add $s1, $s1, $s0

+ F A rogistet (430 & 43D are equa), tovger beonch s
foen
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* bne

addi $s0, $0, 4

addi $s1, $0, 2

add $s1, $s1, $sl1

bne $s0, $s1, target # branch nokx 4oken
addi $s1, $s1, 1

sub $s1, $s1, $s0

target:
add $s1, $s1, $s0

"
addi $s0, $0, 4
addi $s1, $0, 1
j target # jump 4o %—urge-k
sra $s1, $s1, 2
addi $s1, $s1, 1
sub $s1, $s1, $s0

sv2:0- target:
erended  gdd $s1, $s1, $s0
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’ :)"
0x00002000
0x00002004
0x00002008

0x0000200C
0x00002010

addi $s0, $0, 0x2010
jr $s0

addi $s1, $0, 1

sra $s1, $s1, 2

w $s3, 44(%$s1)

T )0 e an R-dype  inttruetion

Queshion 36

Covwery 4o ™MIPS asuﬂd% tode  ( IF- stoatement)

if (i1 == j)
f =9+ h;
f=1f-1;
# $s0 = f, $s1 =g, $s2 = h
# $s3 =1, $s4 = j

bne $s3, $s4, L1
add $s0, $s1, $s2

L1: sub $s0, $s0, $s3
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Quethon 57

if (i == j) ClE-ELSE blok)
f =9+ h;
else
f=1f-1;
# $s0 = f, $s1 =g, $s2 = h
# $s3 = 1, $s4 = j

bne $s3, $s4, L1

add $s0, $s1, $s2

j done # 40 skip else  Cpreserve  alotolute
mudual evclugvity)

L1: sub $s0, $s0, $s3

done:

Question 38

// determines the power CWHILED
// of x such that 2”x = 128

int pow = 1;

int x = 0;

while (pow !'= 128) {
pow = pow * 2;
X =X+ 1;

}
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# $s0 = pow, $s1 = x

addi $s0, $0, 1
add $s1, $0, $0
addi $to, $0, 128
while: beq $s0, $t@, done
sll $s0, $s0, 1
addi $s1, $s1, 1
j while
done:

Quetiion 24 (FORD)

// add numbers from @ to 9

int sum = 0;
int 1i;

for (i = 0; i != 10; ++1i) {
sum = sum + 1;
}

# $s0 = i, $s1 = sum
add $s1, $0, $0
add $s0, $0, $0
add $to, $0, 10

for: beq $s0, $t@, done
add $s1, $s1, $s0
addi $s0, $s0, 1
j for

done:
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Queskion 40

AStume Mok $51 wontaing 7 ond §82 tonkaine 4. Cowlider
the following inttruction Sequence C4he wor ingtruchion
inverte eadh o). Whadk value oeke stored in §¢37 what
operation i¢ being perfolmed)

nor $s2, $s@, $s2 # Sa = not Y4

addi $s2, $s2, 1 # s = ak omp (&) = -4
add $s3, $s1 ,$s2 # 83 = T4 =23

¢ wwplement subatHon

$¢3 confoinge 3
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