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 Computer Organization and Architecture:
Designing for Performance
by: William Stallings

e Computer Architecture From Organlzat|on

Microprocessors to Supercomputers
by: Behrooz Parhami

o Computer System Architecture, Third Edition William Sallings
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« See MIPS Run )
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High-level swap(int v[], int k)

language {int temp; . =
program temp = v[k]; “b em LSLQUL’) .
(in C) vlk] = v[k+1]; " "

vik+1l] = temp;

| Q a5 33)83 )] (8w —
@n@ Gl P3P anb ob)
dos cubils g ()5 —
pasembly A3 Jnljel 1) asly

program add $2, $4,%2

(for MIPS) w  $15, 0($2) oo
W $16, 4(52) (_,.\.\J).N\ L)L)) ¢
sw  $16, 0($2) ) )
sw  $15, 4($2)

jr $31 o_l)S_llA aS (,.ll.lb)l.AJ —
oMols o)

Binary machine  00000000101000010000000000011000 o r .
language 00000000000110000001100000100001 Q) § ) )\ LS\(‘I.‘Q.)) —
program 10001100011000100000000000000000
(for MIPS) 10001100111100100000000000000100

10101100111100100000000000000000
10101100011000100000000000000100
00000011111000000000000000001000
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- 1G
512M
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Year of introduction

DRAM capacity

1976 1978 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008

Year Technology Relative performance/cost
1951 Vacuum tube 1

1965 Transistor 35

1975 Integrated circuit (IC) 900

1995 | Very large scale IC (VLSI) 2,400,000

2005 Ultra large scale IC 6,200,000,000
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«Clock period—» L/‘Ql-w Q)“Jb'_

Clock (cycles)

Data transfer
and computation

Update state .

CPU Time = CPU Clock Cyclesx Clock Cycle Time

~ CPUClock Cycles
Clock Rate

CPU Cxcypw sl sy
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Sy gua5 1y Jaadlygiws o sl @ ol slsa’ —

FuolS csjloso



4 steps

lngJmlS CAC )

Solution

O

20 steps




Jio—

Slaslby shal sl ail os a4y 2GHZz clock G A ySguels e
S X5 8hb $ligS @ 1) B PoelS easlgds -3)ls j03 pold
)00 )3 A5 08)d B3 b .aod JaliT Al b @ 1) hal ols)
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_ Clock Cycles, 1.2xClock Cycles,,
CPU Time, 6s

Clock Cycles, =CPU Time , xClock Rate ,
=10sx2GHz = 20x10°

1.2x20x10° 24x10°

Clock Rate,

=4GHz

Clock Rate, =

6S 6S




tlock cycle per mstruction

Clock Cycles =Instruction Count x Cycles per Instruction
CPU Time = Instruction Count x CPIx Clock Cycle Time

. Instruction Count x CPI
Clock Rate
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CPU Time , =Instruction CountxCPIl , xCycle Time

A A

=1x2.0x250ps =1x500ps

CPU Time,, =Instruction Countx CPI, xCycle Time

B B

=1x1.2x500ps =1x600ps

CPUTImep _ 1x600ps _
CPUTime | x 500ps

1.2

A
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Class A B C
CPI for class 1

2 3
IC in sequence 1 2 1 2
IC in sequence 2 4 1 1
e Sequence 1:IC =5 e Sequence 2:IC =6
— Clock Cycles — Clock Cycles
=2x1 + 1x2 + 2x3 =4x1 + 1x2 + 1x3
=10 =9 : :.'B
— Avg. CPI=10/5=2.0 — Avg.CPI1=9/6=15 3 :
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CPU Time = Instructions _ Clock cycles _Seconds
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Program Instruction  Clock cycle
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Mary Jane Irwin ( www.cse.psu.edu/~mji )

Op Freq | CPIl. | Freq x CPI,
ALU 50% 1 5 5 5 25
Load 20% S 1.0 4 1.0 1.0
Store 10% 3 3 3 3 3
Branch 20% 2 4 A 2 4
= 22| 16 20 195

03 AB0Le @ O331gd Oilyglws Y5gy Oled Sl a5 PS5 G a5 asils  ©
S2BG2 s plpsas G Sicpw Sdwy JSuw
CPUtimenew =16 XICxCC so 2.2/1.6 means 37.5% faster
cund @ gy OleTws shal gaSilis Gy Ol)eiws (inguw b a5 o )y
)5 3olgd (SHNET as Ay b JLalS
CPUtime new =2.0xICx CC so 2.2/2.0 means 10% faster

San 33g0 1yal ¢ Sbuwlas salg )y glojos HTws 93 a5 (J)po )y @ =

SoolS cglasoCPU time new = 1.95 X IC X CC so 2.2/1.95 means 12.8% faster "


http://www.cse.psu.edu/~mji

T 120

3

(snep) lemod

o o o o
© © < 8V o
I I | |

+ 100

3600

csdpan P s agy=—

(2002)
3 playsiuay

Z 810D

(¥002)
JJ00sald
¥ wnnuad

(1002)
ENENTETTIV
¥ wnyuad

2667
5V - 1V

CMOS 5)0)giS3 )y °

\

2000
Power

29.1

(2661) 01d
wnnuad

(e661)
wniuad

Clock Rate 5qq

(6861)
98108

25

(g861)
98€08

16
——

(c861)
98208

12.5
3.
*

10000 +

x30

o —
-

1000 +
100

(ZHIN) ereyY %2010

wer = Capacitive load x Voltage?® x Frequency Switched &g

)

PouolS csjloso



cshud )P —cJilo=—
1093 @ (8hb o33y B3 )s a5 (J)go ) °
10 9 Ocln gL J35)s HB)g a5 335 s
0103 230 WS 20)303P0 Gy o (Jilb
S350 SR ab (,Spo
P C,, x0.85%(V,,x0.85)2xF,, x0.85

new — > —0.85*=0.52
Poa Coa X Vo XFog

Sl gual(5 1) JBg e300 (a1 ) oy L%

. o . SR
)5 @ CPU )3)S Sia (slp ¢Iglass LS:LMJD()) . i”%
Ll a3 A3d)S

®- é@:’g
) ) o
F9olS csjlosn



csjlen cbjbp cspw ay e Sp=—

10,000 Intel Xeon, 3.6 GHz __64-bit Intel Xeon, 3.6 GHz
- 6505
5764
1000
S
o]
N
3
>
g 100
[14]
(8]
=
4+
£
o
5 52%/year
o
1 Sun-4/260
VAX 8700
VAX-11/780 _.z="""
L.enT 25%Iyear g 5 \iax.11/785
1978 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 2006
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300mm wafer, 117 chips., 90nm technology
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s(workload) ()5 )b
a1 13933605 QA3 (59) B S $slasly acgons —
SO (0
s(benchmarks) Gas *
eluw A3 (B slp B Rlaasly acgans —
390 )))8 a3l 3)g.8 (51391805
i) S (s Ay (N5 B sy SPEC »
39,0

153 )5 1y (,80)4 (539)9 Oblac SPEC CPU2006 —
)13 15383 833)1s (31)(5 (59) P ABATI )S § 35,83

SPEC: (System Performance Fvaluation Cooperative )




AMD Opteron X4

| | Execution time ratio,

=1
Name Description ICx10° CPI Tc Exec time | Reftime SPECratio
(ns)

perl Interpreted string 2,118 0.75 0.40 637 9,777 15.3
processing

bzip2 Block-sorting 2,389 0.85 0.40 817 9,650 11.8

compression

gcc GNU C Compiler 1,050 0.47 24 8,050 11.1

mcf Combinatorial 336 0.40 1,345 9,120 6.8
optimization

go Go game (Al) 1,658 1.09 0.40 721 10,490 14.6

hmmer Search gene sequence 2,783 0.80 0.40 890 9,330 10.5

sjeng Chess game (Al) 2,176 0.48 37 12,100 14.5

libquantum Quantum computer 1,623 0.40 1,047 20,720 19.8
simulation

h264avc Video compression 3,102 0.40 993 22,130 22.3

omnetpp Discrete event 587 40 690 6,250 9.1
simulation

astar Games/path finding 1,082 0.4\ 773 7,020 9.1

xalancbmk XML parsing 1,058 0.40 1,143 6,900 6.0

11.7
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Amdahl ¢ gpls=—

wili oo ol Awb pls) a5 333y )s 1y slasly e
A0 W16 Oblac @ byys B Ao (Cuwl
8l asly Cacyw G 3gb ply 3is ps Ollsac Gicyw
Sagi )

T- = Taffected 4+ T

improved unaffected

Improvement factor

20 80

Amdahl's law
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csdpan <)) =—

X4 (;8p0s Olg3 °
295W (5310)s o0 (s13) (5L C3)90 §> —
246W (s310)s 0o ($)39)5L C3)q10 )> —
180W (s310)s 1o ($)35)(50 C3)00 ) —

Cu8)b 30)s alady B os b el J5¢5 slaygpw ©
W o1 )b OByl 0y Sy g5 § 3iSe0 )5
AA) (-0 M0)IMD

Eneray-proportional computing

pg.wals cs)lox=o




)8 L)) eslp oo csjluxn

MIPY: million instructions per second

Instruction count

MIPS = =
Execution time x10

35,0 (9) (B(,301g3 (Oglats (SISA ) o
«3la3s slaaslby sy uold Kouels Gy )s MIPS o
bl anlgd JIgldis psylos
P Lol )yl Olygiws slaas b asly Gy ¢l
303 al19a3 (304 HLzs
Instruction count Clock rate
~ CPIx10°

MIPS=—————————————
Instruction countxCPI_, o

Clock rate
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ol csawda

[ =
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b > FoaolS 9 B csnxighd csaaSii)
= 100 &l
M 50Uj) csognan swz)
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(SLuwlas )b g dpos Olgs saml)

(2)3933.805 (30)) 51y )A3s s)bzs MIPS
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Amdahl ¢ pl=—0

wili Voo o1 Al gls) a5 3315y A3 s 1) slaslby °
A0 O Ollac @ beyys B Ao (Cuw)
8l aslyy Cacyw G 3gb ply 33 p6 Ollsac Cicyw
o Taecte S0 1l
improvement factor """

improved

20 30

Amdahl's law
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csdpad C))g m—

X4 (dypos plgd
295W (5310)s 100 (5)35) (513 C3)010 §> —
246\W (s5300)s 0o (sp3) (51 C3)90 )s —
180W  (s300)s 1o ($)35) (51 C3)10 )s —

Gd)b o)y alady G oy b el J5g5 slaygpw
W o1 )b OByl 0y Sy g5 § 3iSe0 )5
) (58 SI0)3M0

Eneray-proportional computing
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)8 L)) eslp Soo cslun=—

MIPY: million instructions per second

Instruction count

MIPS = =
Execution time x10

50,0 (§)0 30193 (glass (slalSA s

Oglals slaasly Iy vols Boarsls Gy s MIPS ¢
by solod ¢ Iglals pslis

Instruction count _ Clockrate
Instruction count x CPI 10° ~ CPIx10°

Clock rate

MIPS =
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a3 j) soldin) —j)jo)cdw a2l Jpo)=—o

Bostw ¢s)las sadlyl @ yais (Regularity) elas
S0 ¢,0 (Simplicity) %
()5 0 5)lsn as)gT Oy @ Jslezs yYosbw ylas —
A solod o0l Lays g Db
Lol Yo Neis siglac shhas iy lislciam —

% Y| 0ra0la P bl \35805 asys p)b —

\

A
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Nelae Glgic 4 abdla m—

A30M0¢,0 0383 ahsla )s Yasaaw slo)Galbw
. § [2)Galw o)yl siils —
(s slayglws Jlac) slp °

Obulas eladl )l guy g o3k JBls O3 ay ahdla jl asls —
S0, Ay ahsls ) Juols

A35¢,0 o)) CLL Gy @ absls A ) °
(N0 aslS jo copn 3losi JPes absls )y Oils)s °

alignment restriction Ll Hlgs )
0l 5ol 3805 guys T b absls sasla MIPS jy &5
big-endian Nttt} )301)))\).2

& - . . - = . S
W Yo gl C5eil p ppCryylp Crbe
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a9 ) =

1636 1 P Jouwy eObs slglas @ (3bIws
Al Absls

SW g lw Olyglws (shal cabdls @) (303ws )b yo sl *
LCw HTw GlygTws shaad (e .Sl )

@ )us) j| Awl e a5 ls G 20 Wabel5 °

A349 as(aiw] s oylgic
a5 (o) dopais o i) 03 3Hls JLIA) )y g0 )y — !
A3 8B G303 ) 35,0 )13 oslaTiwl 3)g8 YeS éﬂ%
Ol oo o303 (sLAS j) aingy dslaTw) — g o2
spilling register 3 &‘S-
\'

FounlS csjloso




.
coU o)ae) ) solain)=—

1> 00 slac) i) cauwl o)) 3)lgs (5)buy )s
G330 gl (o) an .3)5 aslatw) laasly

)es $S3 @y easlody a5 ()0 ) JUBs olgic ay—
Coais adbs) salg

Tw $t0,AddrConstant4($sl) # $tO= constant 4
add $s3,$s3,$t0

ovlwl 1) 3)elws Bais jl )Se aslaiwl ay angl b —
shls MIPS &slyoiams i1 (003 SPEC2006 g0 “

aS Jwol o) g ( siTme cul siglac
Al P 20 wslalwl ) s)lgs —

laddi $s3, $s3, 4 | %g; =
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MIPS csla gy CJEm—1o

op rs rt rd shamt funct

6 Dits 5 Dits 5 Dits 5 Dits 5 Dits 6 Dits

500wy (Slaslas
35,0 gAML 1) JoTws 0P —
Jol @is O3 oIS —
@i O05 ey ot —
a0 O3 ord —

b ol :shamt —
13w | ¢old goi funct —
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Jiom—

op rs rt

rd

shamt

funct

6 Dits 5 Dits 5 bits

5 Dits

5 Dits

6 DIts

add $t0, $s1, $s2

| special | Ss | $s2 | St I 0 | add |

[0 [ 7] 8] 8 ] ol

32

[ 000000 [ 10001 [ 10010 | 01000 | 00000 | 100000 |

¥
00000010001100100100000000100000, = 023240204
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.
<ol Dgloc L sl gy =—o

| op | rs | It | constant or address |
6 Dits 5 DIts 5 Dits [6 Dits

a0 )1 o3(@Tw) @ Y a5 ¢3l)gTws § St Jw Slyglws slp  °
S0¢0 AYos (5)T8s LI 3)ls

a0bs b @is Ol et —

@ (o)gTws @ig3 o3l )s )y +21° = 1 62" 1 (10 e3¢0 QS5 OIsy — % \‘—
S5 \
131 glAy 33350 )5 absls guys) b a5 (INeiws Iy coxinss — N
Constant AB0Go gop ] e @

) (5)bwaing) Lscdim,o Q0 Jo Jelas (008 (,alyb Sy )y ¢ oy

Job 0B0C )3 335¢,0 03381 ) (al)b £oils (SBB ) aslatw] —
Ol as3ils cul GlygTws
A0 Als B uwl sl a5 Il G 00 Jlb 3\ b —
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ol Soby
Basic Block

S Qunla)giws j slacgons b Soby &y °
(LeT) o @) 3Ty gy SlygTws shls —
(1330) jo @) siTuyd sy shls —

) b slaSely Ss)waisgy sy Wbels
35,0 (06w
— [ Shal s331g3¢,-0 aSsp'n.H Sloosdjlsyy © @
Sy @l ) b slaSgly 7
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Pseudo instructions D i coalbm

bge g blt sla)giws
PSS 7 0= @ Gl S 0 g < slaylss Y)dloaw —
BTV

103 5y Ols) @ 3o dlpas () b a5 oGis —
A 3194 13335 Axclngnll ansls )s g A3l
A3g(,0 335 (2)gTws eled IS (I8 —
)33 )| 5yman) (Ns ) guy jeiws MIPS s
(5)0LS HAS .Cuwl 303 aned b PGSBS
830)3 030w Hglws 95 )1 a3ldlwl .Cuwl o338
L) 031 231

FounlS csjloso
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(pmoawd) o)

Pseudoinstruction |Usage

Move move regd,regs
Load address la regd, address > COpy
Load immediate 11 regd, anyimm

> Arithmetic
Set less or equal sle regd, regl, reg2
Set greater or equal sge regd, regl, reg?2 )
Rotate left rol regd, regl, reg2 .
Rotate right ror regd, regl, reg?2 Shift n*
NOT not reg LOQiC
Load doubleword 1d regd, address M
Store doubleword sd regd, address } emory access
Branch less than blt regl, reg2, L
Branch greater than bgt regl, reg2, L
Branch less or equal ble regl,reg2,L Control transfer
Branch greater or equal bge regl, reg2, L
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(pwoauh) Josoww)=——0I

not $s0 # complement ($s0)

‘nor $s0,$s0,%$zero # complement ($sO)‘

abs $t0, $s0 # put |($s0)| into $tO

add $t0,%$s0,%$zero # copy x into $tO
st $at,$t0,%$zero # is x negative?
beq $at,$zero,+4 # if not, skip next instr
sub $t0,%$zero,$s0 # the result is 0 - x

FounlS csjloso



e § o o =—o0

)0 @ 1y slac) canul@s ) Slti g slt Olygiws ©

003 SABs (Sl IS0 W63 )y P Ja5s
oslatw) STtul g STtu slaygims ) Crsllc

30U (0

$sO0 = 1111 11311 1111 1111 11371 1311 1111 1111
$s1 = 0000 0000 0000 0000 0000 0000 0000 0001

slt $t0, $sO, $s1 # signed| ffi;

sltu $t0, $s0, $s1 # unsigned‘
+4.294.967.295 > +1 = $t0 = 0 "; '
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Procedure calling

13000 eladl 1) dalys (Jlg) S (Hlgalys sy
Jdlo) @ )ahb Jlw)l —
Jlg) @ JyiS JE) —
jB3 3)08 (sahdls posoAT —
Jdlo) shal —
0 sy @ oxsl Cuws @ sasud J@i3) —
(0! sasby @ JyES os31s)5)0 —

FounlS csjloso

oy e )jpm—

............




o)), ) =—

2385w a3 §) laytalb JGE sl MIPS ys »
oy

— $a0 — $a3:

(V G K€ s)lais ©303) Iwyl slaytehyly sly —
— $vO0, $v1:
(W G P o)lair O03)osm 536w)d (spslas slp —

return address

— %ra:
(W) a)laid 303) sqibe, 0 o)ad O3 ) )y ARSIL gwys —
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e WS plw=—od
— $t0 — $t9:

15 a3taiw) aSb3 ) ) 331930 Wo) «18gs (Slacsly —

— $s0 - $s7 )

A3 )3 ) LS o) pslEs 903 sl (Hlgdhd sayg) —

— $gp: global pointer

(PA 2)lasns) Gl slaos)s (slp (006 )So)lin) —

- $sp:
- sfp

(P9 o)laubs) aliiny @y ySa)lil —

(Wo a)laidr) LB Y\So)ln) —
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U e 9)gd ) jgimy =—
jal ProcedureLabe1‘ &
jump-and-link instruction

copb gwysT @ by 1 0038l geTws (1l shal b
3500 )8 $ra ys QS)h gw)st )

G033 163w Hl Cud (S aslby ay CS)l sy *
025 83(8Tw) (b Gibsl 91 b P31 ) g a3

‘jr $ra‘

program counter (PC) or instruction address

& . — .~ .. .. - - _- =
Dbl V= lplcwa) lynobp Jl =20 CJ"/)/(\)QJ(U
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(BN —ol2) SgulS csjlozo oee
0l csamla

[ =
3 &*t & Csuig e alSui)
b > FoaolS 9 B csnxighd csaaSii)
= 100 &l
M 50Uj) csognan swz)
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)W AlAL (Sla )3k °

(030w slaogid ©

b

......




~

s ) cslaagui m—

0394w C0 (sosly Ay @ a5 385 Hg3 1) (Ils
loabl alinls i 3y
GBS (31 9304w u)sT By @ easlgdy b ¢

1S lay)
» Saa03(,0 slgiiyy (s oly ap *
@o0 )3 1) AlQIEWeIC sac panlgdy aigad sy
NS a3aTwl Cub

SuolS cs)loxo 0000 0000 0111 1101 0000 1001 0000 0000

............




csI99cs cslacollm—

IR0 ))8 aslaw) 398 a5 Ilacul X °
2i8i5,8 Cayy 0313l )3 § siTws 5595

Al @ a5 918 diw $3)lge Oyl @ ©
.O200 axbls Hli Sy

03 ) 1y J3 3y Sosls g0 3)lgs 3l )y

sdglac shls a5 Olygiws jl g 3983 (5)135)L
.33 as(aTw) (aiTma 03

: O 030 (AU 1) )3 johhis o3l sy k2

Tui rt, constant‘ |
load upper immediate o B

= S - — supresm—
FaunslS csjloxo "WO"/‘Q”//O'///(‘UO—’?’//"/&‘/}"O‘/}gé,‘,uo)/(/(//)?cf/f///@oy/u)o,u/




(.. a0)5)) csw9r9csw cslac ol m—

1Tui $s0, 61|

10000'0000 01111101 0000 0000 0000 0000

Sl C@mizyne Cyl ol Code b o CSlp

ori $s0, $s0, 2304|

0000 0000 0111 1101/0000 10010000 0000 |

The machine language version of Tui $t0, 255 # $t0 is register 8:
001111 00000 01000 0000 000011111111

Contents of register $t0 after executing Tui $t0, 255: /

000000001111 1111 0000 00000000 0000
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(- a0)5)) csiwggesw cslac ol m—

@ Mewl G ¢ Wbl bwgs Sy sl
G035 Gy )y ¢ oxb AAD )3AE805 sl
Aol (5)9) gos

slp b slossls sd (52)ls3l gsgy GngS °
slas) st o Iw Silyodws )y oy @ g lagw)s|
Ai5¢0 (510

SO (,0

PonlS csjloxo



cshub b g 1o st ) =—

A33me | £03 31 oyl gup OilygTws

23500 30388 1) gby Olje ¢ Tuas)ilin BN
$)9)0] Slasp)5 sy aslby dob «Sdla ol )s
L) dgn.cus

)OI Jas sy uu).) MODS (5530300 Dg.«m..o
L) un).fx

op rs rt constant or address
6 bits 5 bits 5 bits 16 bits

PC = a register + branch address cr
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PC-relative addressing .
PC cslimo p cotd estoemwp) =—

» Target address = PC + offset x 4

op rs rt constant or address
6 bits 5 bits 5 bits 16 bits

Jeo G 193¢0 asby Job (353038
A0 gwsljel AblBaS

o)lid) 532y wys1 @ PC gty jo (shal olBis
30,6 03(BTw] gy Ol)gTws )s a5 (,m).\.j o o
A0 gw)s] @ Sl aals guysl 165K

L) -

Y
FounlS csjloso



|] Ll‘
jal ProcedureLabe1|

m¢mu»au»<3gacyy)J

Gl €03 @S )1 Olygiws o3l °

Beg

300 J €03 MIPS ys o)gtws g3 oyal

op address
6 bits 26 bits

Target address = PC31..28 : (address x 4)
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lwhile (save[i] == k) i += 1;|

Loop: s11 $t1, $s3, 2 80000| 0 | 0 | 19| 9 | 4 | O
add $t1, $tl, $s6 80002"%.000 9 | 22| 9 | 0 | 32
Tw  $t0, 0($tl) 80008 35 9 | 8 0
bne $t0, $s5, Exit  80012| 5 | 8 | 21 2
addi $s3, $s3, 1 80016 | 8 19"”"..,1% """""""" BE
] Loop 80020 | 2 | . = 20000

Eit: ... 80024 [

FounlS csjloso



o P csjwssly =—

A5 @albly (oo gbyy @ Hh a5 (I)g0 )y °
) oy @ Glas gupsl b o) s saols
)5 230 asubls J0I Sy 231l

‘beq $s0,$s1, L1 P L1 Q./)fa:o
1 <
bne $s0,%$s1, L2

j L1
L2:
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Category

O-address
1-address

2-address

3-address

FeunlS csjloxn

i Ciliis cela S

Format
12
Address
rs| rt 24
rs| rt| rd] |32

Opcode

syscall

mult

add

..............




Nelac 90 < Jjgwdy ¢ Jln=—

e gyl (o

(a+b)x (c—d)

Pusha Pushb Add Pushd Pushc Subtrac Multiply
t
b a a+b d c c—-d Result
b a+b d a+b
a+b

postfix notation




e gyl (o

(@ +b) x (c — d)

i 395 )3 |y losiglac jl (3 a5 cwl (T 0)li]
Sy o opss ol ) Awl aLas 9 3)lse0

Load a
add b
Store t
load C
subtract d
multiply t
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Mgae 9o L clowd)jgwo csjlomn ¢ JUn=—o

e gyl (o
(a+b)x (c—d)

load S1,a
add S1,b
load S2,C

subtract $2,d
multiply $1,$2
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8155 S0 o jgms cslac JB=—

op rs rt rd sh fn
31 25 20 15 10
6 bits 5 bits 5 bits 5 bits 5 bits 6 bits
Opcode Source Source Destination Shift Opcode
register 1 register 2 register amount extension
op rs rt operand / offset
31 25 20 15
6 bits 5 bits 5 bits 16 bits
Opcode Source Destination Immediate operand
or base or data or address offset
, OP . jump target address
6 bits 26 bits
Opcode Memory word address (byte address divided by 4)

FounlS csjloso
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$0 0 |$zero A4-byte word 3

$1 sat  Reserved for assembler use sits in consecutive -

$2 $v0 } = q | memoryaddresses /|2 e

$3 $vi opRlE rEsuls according to the P

54 $20 ) big-endian order // S0

$5 $al Procedure (MestSnincantaray g

$6 saz ( arguments Saved byiehas the /7 [}

lowestaddress), )/ ,/

$7 $a3 _J A / :

$8 $t0 \ . // , { / - !

5 il Byte numbering: | * 3 ¥ ¥ 1%,0
$10 St2 T When loading i
$11 $t3 > emporary a byte into a !
$12 $ta values register, itgoes 1
513 Sts in the low end
$14 $t6
$15 st7 J | Word |
516 $s0 ) h | ~. Doublew ord ! |
$17 $s1 < ;
418 - Saved N E
$19 $g3 across L .
420 - > Operands procedure S
- san calls A
$22 $s6 M :T'-.jﬁ?:_

y Ny

$23 §s7 / y Adoubleword , *_,a:'\".-'nr’.}‘ﬁ
$24 sts } ore sits in consecutive A
$25 $t9 temporaries registers or Eﬁﬁﬁ?
526 k0 memory locations b
27 skl Reserved for OS (kernel) according to the
$28 sgp  Global pointer Bllg-ENEET SrLEn
$29 $sp  Stack pointer Saved \(Nn;cr)jtcs;r%r;;i?;:)
$30 $fp  Frame pointer ave
$31 $ra Return address
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Instruction prefixes (zero to four, 1 B each)

O
7
o)
ﬁ
o
-
Q.
@
j=A
)
Q
®
3
@
>
~

s il o) ¢ Jio=—

Operand/address
size overwrites and
other modifiers

Mod Reg/Op R/M Scale Index Base

FTA-rTA~rTS
1 1 1
oLl

ModR/M

FTA-rrA~rTs
1 1 1 I
LRI O P B T

SIB

——————————————————————————————

Immediate (0, 1, 2, or 4

|A-32 (80x86)

Most memory
operands need
these 2 bytes

b oy




Jiom—

Type Format (field widths shown) Opcode Description of operand(s)

1-byte | 53 PUSH 3-bit register specification
2-byte | 4]14] 8 JE 4-bit condition, 8-bit jump offset
3-byte [ 6 8 | 8 MOV 8-bit register/mode, 8-bit offset
4-byte 8 8 8 8 XOR 8-bit register/mode, 8-bit base/index,
8-bit offset
o-byte [4]3 32 ADD 3-bit register spec, 32-bitimmediate .ﬁﬂ,
SNGE
6-byte | 71| 8 32 TEST 8-bit register/mode, 32-bitimmediate 7 &5
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implied addressing

sl (EJQJ'J-—

2, 3000 (03,3003 °

Oy @ hal oSin ‘sgﬁ)(,,_o& @345 b1 siglac —
S8 JoAS 833)1s) (S1N (Soud

Addressing

Instruction

Implied

Other elements involved

Operand

Some place e
inthe machine

:abunlge,d (03,3003 °

8 oslatw) 3)g.8 eadims C3)g0 @ Cu0 (sosls —

Immediate addressing

op | rs

rt

Immediate

Nl /mmediate/(iteral/constant addressing

S (0

Operand=A




(man)s)) cstoe Ui £)g)m—

003 (osgm)s]
oibgs 03)91 JA5 3)9.6 O3 d)latd (wsT alyd )s —

Register addressing

op|rs |t |rd|...]|funct Registers
I

Register

Register addressing
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Absolute/Direct addressing

(man)s)) cstoe Ui £)g)m—

J SCV\W. A SRS L
S, 0 03)9) Abdla (SAlA (o)) onysT slud j3— ‘

, ] Igtzo F S 4o
Instruction o ) Cmpl Cs

Memory
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(man)s)) cstoe Ui £)g)m—

;0BT aud (osgw)sl

S, aiblap PC il guysl slaciuy j1 ik —
Pseudo-direct addressing
op Address Memory

|
PC @— Word
|

Pseudodirect addressing
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(Memory) Indirect addressin L
- FHD)) ol o)

J STV ST
Q0,0 8301 BB §1 (SIABLA (0)3) (0)s ] b )3—
Ll siglac un)sT Sola a5

Instruction

oreos]

‘ Memory

> —
P
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02193 :003 Goyb jl @eaEimepc (osgu)sl *
)13 )8 O03 Ay )y ahdls sAld w)s) dun

Pointer to Operand
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Base or Displacement Addressing L
OB s £g)=—

S uwopiils b al ou)st ool p asguysl

;) aaid Juh3 Giay 93 §) ooyt —
Instruction “—2‘-‘ ”"'“ Ay ®

Opcode Address A (,._)I(A.)(A )\)..5..6 o

Pointer to Operand

v

A 4

o ’/ PCN/C:L/Iéa:) C)—/)réy O._/’/’OW&C}J : (Re/latlve> O.L_Joa) Q—/)Ir - W e
M0 )@ vt v Ol PO




PC-relative addressing

(man)s)) cstoe Ui £)g)m—

((PC ) Cumi) amd oy gupst
033K (532 )oTws ()3T @ Sl a5 oyb by Slagw)] siils —
Nigi

PC-relative addressing

Memory

op|rs | rt Address
|
PC
l
Base addressing
op|rs | r Address
|
Register

FounlS csjloso
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(man))) cstoeSUis £lg)=—

Indexed Addressing :00AlD (os0w)T *

031 b ) b gysT gvls) p osow)sTab —
bl 1 iady goys] SIsD) w1 ghiy a5 Oglas
) BUIAl 0aAlD Ay a5 JIB )y spsgs HU )
Ao ol 1y givdy o1

Addressing Instruction Other elements involved Operand
Indexed | Req file M [——— |
e A addr Mermn
Index reg MEMOrY | gata
o
Base reg
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Auto-increment Auto-decrement

d0)D)) sl €J95J-—

530381 (,53 )b )& OIS (SlgTns (S0l B3 )
SQU(,0

Instruction

Re,

Pointer to Operand

>

>
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Addressing

Implied
Immediate
Register

Base

PC-relative

Pseudodirect
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MIPS 15 coanemp

Instruction Other elements inwvolved
Some place ¢ g
in the machine
Extend, >
Reg spec Reg file Reg data
g @
= Constant offset Mem
, Reg Mem
Reg base | Reg file Memory | gata
.—
Constant offset
o nstant offse Mem
A add Mem
Memory | gata
PCe—
d PC Mem o I >
dd il
2% Memory | gatq

Operand

] -—




BT O 0)) £)9) plw=—

Addressing Instruction Other elements involved Operand
Indexed T ¥ Reg file |
' > w
Index reg
L

Base reg

Unclsiie Increment amourt := Mem [P]
with base
( ) Base reg
»
Update
(with index ed) >
Basereg
Index reg
Inc rerment
amount
Indirect E— 0 rc ] Mem dats
“ Merm addr
This part maybe replacedwith any Memaddr, *____ | Memdata
otherfarm of address specfication e T
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Synchronization STRIIVESINGES P —

319)8 slopdw «(S)lgs Jojla) SBIs so)b )s
(sLmun)lA)\(,ﬁJmunmoJ\)s‘;mm
Odlsy easled iy S)lgs shal o)l
absla (LA ) DAy a5 3335 )gu3 ) sis1)d gy
33,0 )18 a3(hTw] 3y S5)Is C3)q @ |
Ailgase P2 oanagigo P1 —
C3)00 () PE ) AL Aislas 3006 P2 o P1 —
sl salgd Jiay «osls CulEyp
Gl alungly Absls @ 3isT)s g3 (s Ca3) @ Al

(04_4/(/0/)(\}1/ O,oﬂ/’)/uwg(w(au//)(mu(u I

by ol cuey anl/w multitasking cuwe ¢ Olo,u/l)/uC/b
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W6 sladlg) sl )s Voozs (sjlwalBsn (sla)Sg)lw
S SINTYAEN]
AiTue Auly (5)isldm Olyglws (30T w bdly) o3l L

OMNGA § HIWY SIGD,0 o3BTw) (SjlwalBan (sl a5 ¢I)gTws il S —
Ol pasbasyal
3lg3ad (533 Oblac o5 95 Il OB A Awlbiezs IS (SR0BWLT —

, , 301 elas
Atomic Operation il RRISE R (T e | —

solgd D0 )y sHlwolBoas (saizia «5)SIcaam (I0aT0Y )93y
080 solod gisljal 13 laasijlsy slaa3 b g sgy

b a18)5 Y43 1> elwaw OluygiasBy Sy ¢I3)eTws 3xia
)
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(o)) cojnalSna 9 cjlgn cbjlop =—

Ol pasbasyal (aloals Slyglws gl jl o °

Atomic Swap/exchange

sBB Gy g 303 slgias pnbaas (Il b
A0 solod bals R2Baal Cygo @y absls

@ 1y lock plg30 (5)oTmws paia jl aslaiwl b
@ 032 0 )00 )3 a5 30.83 (8l (Slaigs
W O)g0 G BE)s § Jad p3g s slies
Sl 1 0301 gu)ws )y sGzo

mutual exclusion (Mutex)

- & . . < - _ : - - 4 A
NN Cpsle CSlp Lgpam Crapirolep p o) Sl calyghl s btaiasaos] :

Y0 pilia Jl )G ]




(o)) cojnalSna 9 cjlgn cbjlop =—

RGBT (lals j) oslaiwl b ol G
il gl a5 ¢3)em0 ) 350 JoB s @ elssl

S0 A38)3 J03AY ) |y S (5)Ts m\)s ¥a%)
3135001 1) 1 y)lads aiySg O ylads

0 33)3 (,o5) 150 ) 01 «Jb8 3 (o) )0 )s *
A315)54,-0 )0 1) O ylsbs

M3103¢,00 olokas job @ ola1)d g3 QTP
A3PAy )03 )s 1) Jod
39¢,0 AaS (sjlwalBes @ aS $slasss o
Nl BUSVIANE SES (S IEN VLY
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p2bajad e )jgims cslac g =—

)3 9 )abs W) (933108 @IS ((5)0Tws (s Slhal °
103w 5y elail b abdls sAla ) PIibg Y C)go
Ll addge,)

O 8)43 (11938 Ho3ws 93 ) PS8 B Rl slb w °
A0 P20WIAT es (59) 1 )93 9> (SlaieS

|11 rt, offset(rs)‘
SC rt, offset(rs)‘

store conditional
sC O/QIMJ//J:J | oj_z o,U’/ak 11 L}J(\) lefub(\)o.i/}w/)
C)CU/), o)/)oo)/l,{zo l"t/l,{.zo Ol/nﬁﬂb C St o,Lz(u_sz’/ao,C,wzo}o

s fpo 1 jlai pppo
C/w/d,(a:l,?//wrt/) O/’,(zo C/l_l.zCJ/}qo/)




pobajd el =-—

try: add $t0,$%$zero, $s4 ;copy exchange value
1T $t1,0($s1) *load 1inked
sc $t0,0(%$sl) *store conditional
beqg $t0,$%$zero,try ;branch store fails
add $s4,%$zero,$tl ;put Toad value in $s4

1) Sl PIGaad (SHlwosly iy golws gs (Bl jl e
Qs 0)) Ol

ol g s — SREPE
dnlidl g Slg —
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Compiled with gcc for Pentium 4 under Linux

3 O Relative Performance 140000 O Instruction count
2.5 120000

2 100000

80000
15
60000

1 40000
0.5 20000

0 T T T 0 T T T

none o1 02 03 none o1 02 03

180000 O Clock Cycles 2 O CPI 20
160000 v el
140000 1.5
120000
100000 1

80000

60000 —

40000 _— 0.5

20000 —

0 T T T 0 T T T
none 01 02 03 none o1 02 03
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3 O Bubblesort Relative Performance

2.5

15

0.5
V] T T T T

C/none Cc/0o1 C/02 C/03 Java/int Java/JIT

25 O Quicksort Relative Performance

15

0.5
o ——— jrﬁ

C/none Cc/0o1 C/02 C/03 Java/int Java/JIT -I-_'L'-'v-" '-:'.- !

3000 O Quicksort vs. Bubblesort Speedup

2500
2000

1500
1000

500

[ 1]

C/none C/01 C/02 C/03 Java/int Java/JIT
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clearl(int
array[], int size)
{ n n

int i;

for (1 = 0; 1 <
size; 1 += 1)

Salid) plp o a))) =—

LgZep b Aw pi.Sal p size .$a0 p array

array[1] = 0;
}
move $t0,$zero # i =0
loopl: s11 $t1,9%$t0,2 # %tl =1 * 4
add $t2,%a0,%$tl # $t2 =
# &array[i]
sw $zero, 0($t2) # array[1]
addi $t0,$t0,1 # 1i =1 + 1
slt $t3,$t0,%al # $t3 =
# (1 < size) :
bne $t3,%zero,loopl # if (.) |

# goto loopl
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clear2(int *array, int <CLQJ_)J> }f&)lﬁ)] )JJ)J )° Q,J}J —

size) {
int *p; : - :
for (p = &array[0]: Lg=ep b e $10 p p . $al » size .$a0 p a
p < &rray[size];
p=p+ 1D
*p = 0;

move $t0, $a0 # p = & array[0]#
Toop2: sw $zero,0($t0) # Memory[p] = O
addi $t0,$t0,4 # p =1p + 4

s11 $t1,%al,2 # $tl = size * 4
add $t2,%a0,%tl # $t2 = &array[size]
sTt $t3,%t0,%$t2 # $t3 = (p<&array[size])

bne $t3,%$zero,loop2 # if (..) goto loop2
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~

clearl(int array[], int size) {

int 1;
for (i =0; i < size; i 4= 1)
array[i] = O0;

clear2(int *array, int size) {

int *p;
for (p = &array[0]; p < &array[size];
p=p+ 1D
*p = 0;

move $t0,$zero # i =0
Toopl: s11 $t1,$t0,2 # $tl
add $t2,%$a0,%$t1l # $t2
# &array[i]
sw $zero, 0($t2) # array[i]l =0
addi $t0,$t0,1 # i =1 + 1
sTt $t3,%t0,%al # $t3 =
# (i < size)

bne $t3,%$zero,loopl # if (...)
# goto loopl

I

-
3

N

move $t0,$a0 # p = & array[0]
s11 $t1,%al1,2 # $tl1 = size * 4
add $t2,%a0,%tl # $t2 =
# &array[size]
Toop2: sw $zero,0($t0) # Memory[p] = O
addi $t0,$t0,4 #p =p + 4
sTt $t3,$t0,5t2 # $t3 =
#(p<&array[size])
bne $t3,%$zero,loop2 # if (...)
# goto loop2
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ARM B

:33)1s )oTws Jss 93 ARM slaasijlsy *
(A3 93043 Ol)gluws acg.ans —
(thumb) (31 231300 O)gTws acqans —
SHBICAWw syl (3613 ARM slaaims (a0 °
.A3)ls 1y Java byte code

A3)ls 5)5 wglwl Cbas ARM slassijlsyy ¢ o0

P e T R
ard p.

T A"'::_:..'l.

..'E' T
I
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User FIQ IRQ SVC Undef Abort
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Advance RISC Machine

ARM s MIPS cclacalyim—

1509)s Sloelmaw ¢y axdjlsp adolsis ARM -

Data addressing modes

Registers

Input/output

Memory
mapped

W00
ARM MIPS
Date announced 1985 1985
Instruction size 32 bits 32 bits
Address space 32-bit flat 32-bit flat
Data alignment Aligned Aligned
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ARM p e bpb cibp 9 amglio=——

Olygtws sy Cnabg sloesy ) ARM s
13000 a3aTw) by
— Negative, zero, carry, overflow
3¢, 0pdd PSW ol )s ooy o3l —
(a@o)) )Isbs (,Bhis g (100) Ol)glws ) sy —
39 ey 331930
)aBo Al (5)1se 093 cumlie Oilygiws

SOAR,
| | .l-_ .-‘-__

Ay s )y sespy
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bopis (shal cubie ARM js alyglws (olad °
03zs 1) by )oTuws (Bj)l) O Hlga a3)ls )
39,0

Jlac) )olws B3 (59) a5 (b (SIy Iy
O s Sl)gamws @ ()0 Sgbes

@ 0 g pold (slaigs ay HoTws byl ay alwy

30,6 181 NOP C3)guo 2

IWCal
38
L= ]
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31 28 27 20 19 16 15 12 1 43 0
Register-register a1 26 25 21 20 16 15 11 10 65 0
o (B ~ | v | = [ o [Re]
31 28 27 20 19 16 15 12 1 0
PR e I G
Data transfer 31 26 25 21 20 16 15 0
MIPS - Rs1® Rd’ Const'™®
31 28 27 24 23 0
o 0w [ o | Gt
rnd a1 26 25 21 20 16 15 0
MIPS Rs1® Const™®
0
ABM Const™
Jump/Call 0
MIPS Const™

O Opcode 0O Register O Constant
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ARM =—

03 )} (,00)5 331930 a5 Cuwl (5)0Tws (syls ARM
535 opas )

Bbis g (I lwa slaygTws )3 @9y GBI (59388 (XL

S)s 1y ol G cube

integer sub

OldCarryOut

Load immediate Rd = Imm addi, $0,
Not Rd = ~(Rs1) mvn nor, $0,
Move Rd = Rs1 mov or, $0,
Rotate right b = e | ter

Rdo. . i1 = RSz . .31
And not Rd = Rs1 & ~(Rs2) bic
Reverse subtract Rd = Rs2 - Rs1 rsb, rsc
Support for multiword CarryOut, Rd = Rd + Rs1 + adcs —
integer add OldCarryOut
Support for multiword CarryOut, Rd = Rd - Rs1 + sbcs —
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X860 csoo)plt e )jgims acgaan=—

)B)bw Ban b Jo(55 sig) °

GVA 19V

Ve 19VYA

1oluh jaos (saadjlspaas  19A.
MMU G slyans IuPIE guysl  19AP
s3a st slasgs pab astal (30 WP |QAQD
olgd sabdla (g b shly  19A9

superscaler 1qqp
3 (s laczs)y) 1990
1999

Pool

Technical elegance # market success
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8080 —
3086 —
8087 —
80286 —
80386 —
1486 —
Pentium —

Pentium Pro -

Pentium |l —

Pentium 4 -




xX86 css)gld cslac W =—o

Mame

3 0

GPRO
ECX GPR 1
EDX GPR 2
GPR 3

ESP GPR 4

EBP GPR 5

ESI GPR 6

EDI GPR7

Code segment pointer

Stack segment pointer (top of stack)
Data segment pointer 0

Data segment pointer 1

Data segment pointer 2

Data segment pointer 3

EIP Instruction pointer (PC)

EFLAGS
FouolS csjlozo
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x36 )2 QS.Q)JQ)J)))T-—

:3)15 a3glac 9y Jolws ) °

Source/dest operand Second source operand
Register Register
Register Immediate
Register Memory
Memory Register
Memory Immediate
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=Address in register

sAddress = R, .. + displacement

sAddress = R, . + 25¢@¢ x R, .., (scale =0, 1, 2, or 3)
sAddress = R, + 25¢@¢ x R, + displacement

base

Register
Description restrictions MIPS equivalent

Register indirect Address is in a register. Not ESP or EBP | Tw $s50,0($s1)
Based mode with 8- or 32-bit | Address is contents of base register plus Not ESP Tw $s0,100($s1)# <= 16-bit
displacement displacement. #displacement
Base plus scaled index The address is Base: any GPR | mu] $t0,$s2.4
Base + (2599 x Index) Index: not ESP | add $t0,$t0,3$s1
where Scale has the value 0, 1, 2, or 3. Tw $s0,0(%$t0)
Base plus scaled index with The address is Base: any GPR | mu] $t0,%$s2,4
8- or 32-bit displacement Base + (25%€ x Index) + displacement Index: not ESP | add $t0,$t0,$s1
where Scale has the value O, 1, 2, or 3. Tw $s0,100($t0)4# 016-bit
##displacement
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X860 < )jgims j) cs)dignim—

| nstuction | Fumcton
je name ifequal(conditioncode) {EIP=name};
EIP-128 <=name < EIP+128
Jmp name EIP=name
call name SP=SP-4; M[SP]=EIP+5; EIP=name;
movw EBX, [EDI+45] EBX=M[EDI+45]
push ESI SP=SP-4; M[SPJ=ESI
pop EDI EDT=M[SP]; SP=SP+4
add EAX,#6765 EAX=EAX+6765
test EDX, {42 Set condition code (flags) with EDX and 42
movs ] MLCEDII=M[ESI];
EDI=EDI+4; ESI=ESI+4
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(..an))) X8O < lidiws i) c<laign) m—
| mstructon | Meammg

Control Conditional and unconditional branches

jnz, jz Jump if condition to EIP + 8-bit offset; JNE (for JN7), JE (for J7) are
alternative names

Jjmp Unconditional jump—8-bit or 16-bit offset

call Subroutine call—16-bit offset; return address pushed onto stack

ret Pops return address from stack and jumps to it

loop Loop branch—decrement ECX; jump to EIP + 8-bit displacement if ECX # 0

Data transfer

Move data between registers or between register and memory

move Move between two registers or between register and memory

push, pop Push source operand on stack; pop operand from stack top to a register

les Load ES and one of the GPRs from memory

Arithmetic, logical Arithmetic and logical operations using the data registers and memory

add, sub Add source to destination; subtract source from destination; register-memory
format

cmp Compare source and destination; register-memory format

shl, shr, rer

Shift left; shift logical right; rotate right with carry condition code as fill

cbw Convert byte in eight rightmost bits of EAX to 16-bit word in right of EAX

test Logical AND of source and destination sets condition codes

inc, dec Increment destination, decrement destination

or, xor Logical OR; exclusive OR; register-memory format

String Move between string operands; length given by a repeat prefix

movs Copies from string source to destination by incrementing ESI and EDI; may be
repeated

lods Loads a byte, word, or doubleword of a string into the EAX register
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&gy JG=——o

S Ol pzis ()glws Job °

4 4 B
' Condi-
- tign

Displacament

@ |y Alyglws Helcidw °
2 SPosbw sla)gws
——— 2350 aAs8)3 ()o3ws )

b. CALL

[ 1 1 B
MO rm
. |a|-.-.-_ Postbyte Displacemant
d. PUSH ESI
5 3
FUSH |Reg
e ADD EAX, #6765
4 3 1 3z
ADD |Reg|w Immediate < _,:';,_,‘.I, 1K
f. TEST EDX, #42
7 1 8 32
- | ] Postbwyte Immediate
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Numerical
Precision is the
very soul of science



ol
Iner PC Nextaddr [&—
Next PG '_|
G
PC |,
| Data
: Instr | inst addr Data
| cache cache
: Data
: in
: op| |fn
i
Er&..'lurrp vy
= . -
Apeo=ly




Inputs Outputs xl l y
X y c S
c

0 0 0 0 ‘ HA

0 1 0 1

1 0 0 1 Sl

1 1 1 0

Inputs Outputs

X y Cin Cout S
0 0 0 0 0
0 0 1 0 1
0 1 0 0 1
0 1 1 1 0 Cout
1 0 0 0 1
1 0 1 1 0
1 1 0 1 0
1 1 1 1 1
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G
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Inputs Outputs xl l y
X y c S
c

0 0 0 0 ‘ HA

0 1 0 1 :

1 0 0 1 Sl

1 1 1 0

Inputs Outputs

X y Cin Cout S
0 0 0 0 0
0 0 1 0 1
0 1 0 0 1
0 1 1 1 0
1 0 0 0 1
1 0 1 1 0
1 1 0 1 0
1 1 1 1 1
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Add'Sub

Owerflow region malx_ | |

. max " Overflow region

Numbers smaller

>
| |
- Numbers larger

than max~
Finite set of representable numbers

- =7 .,/// C}o’
Q)\)OW /-
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FA L SIS 02 ey m—

y
X
—
Shift X; Yi
Ci+1 Ci
Carry — FA <
FF Shift
o | >
Clock S; > S
(a) Bit-serial adder.
131 }131 X1 Y1
C32 C31 C2
«—— FA [@— = «— FA
Cout l l
S32 S31 S1
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010114001 11000011c,
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;| Carryis:

propagated
generated
(impossible)

p
0 | annihilated or killed
1
0
1

9o P2 9i+1Pj+1
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;| Carryis: : y

propagated
generated
(impossible)

p
0 | annihilated or killed
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Carry-Lookahead Adder

oD d) sl i b SIS R0 =—

Ciy=X;y;, tX,C, +).C

l

Cinn =XV, +('xi +yi)ci

Cin =8, TPC,
g =XV,
Pi :(xi +yi)

Generate function

AR

L

Propagate function
T

Cn=8 0 (& +p, c) :
=& TP 8iatPiPiCi )




(anb)) ¢l (08) cslesic fes) =—
C, =80T PCo
C, =8 TPi8oTPiPCo
C; =8, T D8 T P08 T PP 1P
Cy = 83T D38, TP3P281 T P3P2P18o T P3PrP1PCo

X3 Y3 Xy Yo X1 Yq Xo Yo

.............

A AA AA AA 1A

YY VY VY VYV VY YY VY VY Y Yy vvy Yvy




Ci = got CoPo
Co = g1+ GoP1 T CyPyP1

LY
TIT
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Py

P

Co

(c0)3)) e (08 e ) =—

g, * g1Po T goP1P2 + CoPoP1P2
gs + 93+ g1P2P3 + GogP1P2P3 + CyPoP1P2P3
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Py
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P
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Generator
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Carry Skip=—

4j+1 Paj+ 4 P4y
Caj+4 C4j+3' Caj+2 Caj+1 Cyj
4
NG
v v v v
. 4-bit block | 4-bit block |«
/0 ; o[
71le 7l
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4-bit block

Carry Skip=—

8

g

g

4-pit block

<+—— One-way street «—

: /AK
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Carry Select=—

X a, b] Y la, b]

L v v
Cou 0 Cout Ci
Adder 7/ Adder

Version 0 Version 1
of sum bits of sum bits

FounlS csjloso




(P11 —all) SounlS csjlosn eos
o conul

I =
$ &*t & Cs g e a8l
% > 90l 9 By cswign csaaSainls
kA wal )l
M 50Uj) csognan swz)

http://faculties.sbu.ac.ir/~a_mahmoudi/



FounlS csjloso

(aosiiSgon —
@ SloosiiSgesn ©

(DD ZBD —

b

el o




FounlS csjloso

Carryis:
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(anb)) ¢l (08) cslesic fes) =—
C, =80T PCo
C, =8 TPi8oTPiPCo
C; =8, T D8 T P08 T PP 1P
Cy = 83T D38, TP3P281 T P3P2P18o T P3PrP1PCo

X3 Y3 Xy Yo X1 Yq Xo Yo
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Cy = go+ CoPy

Co = g1 % GoPy + CyPyP1

C3 = G+ g1Po + GoP1P2 T CoPP1P2

Cq = 93T GoP3 T G1P2P3 + GoP1P2P3 T CoPoP1P2P3

097

pg.u.olS cs)loxo Co




Carry Skip=—
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Carry Skip=—

< 4-bit block ~ [* - 4-bit block

g /B 1B B IB IB |B |8

<+—— One-way street «—
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Carry Select=—

X a, b] Y la, b]

T
N Adder 7/ 0 &"”t Adder CiP/

Version O v v Version 1

of sum bits 0 1 of sum bits
\T/ “a
” [a, b]

A
PWB CS)LKW«O m




) Ny =

1) §3))w )9 C sddls ugiaslby slaply) ap °
WSiles osnl
el pyw jop fortran sisls (ol ¢,Ap ) ©
S0 ,0 (3w slay)
I (5)3)asly (sxaling (asdy L) Galw)
3l 339) syl adgy el ol 19N A5 Cuwl

sodiio oty
nterrupt

ABhS andg o)1 (,8)B s a5 (laliiw) @ —
interrupt SO0

L) -

add, addi, sub
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Binary-Coded-Decimal

Q o305 e8)l @ W)W B3W)5 8y )s

) Aussl hae Oy

onslad 0 (sGas )y slac) ,Ap aS (wlw ang3 b ©

(29393 O)g0 @ glad LB o3)ls §ads
Lmu\ GECHS oslad Ls\).) Gl @)l 33w

0

O 0 1NN AW

Decimal BCD Code

0000
0001
0010
0011
0100
0101
0110
0111
1000
1001

0 23] ($1083

L 230> ©3) }o glad 3l )s @
230 ¢,0 031y glad G jlgs

BCD  jicsloim—

............




(..awn)>)) BCD =—

carry




BCD N =—

e D NU
T 4 L,
AT -
o .._?._,F...Mu.. % ..|..._ L 3
e e ——
"._.ﬁw,.,..\.. .qu..l.ﬂ....m
- ..r..r...J...u.... .-_,...".lin_rl
“IHY e

I\

S2
0
0
1
1
0
0
1
1
0
0

S4
0
0
0
0
1
1
1
1
0
0

S8
0
0
0
0
0
0
0
0
1
1

Number
0
1
2
3
4
5
6
7
8
9
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........L.._.l. . .
B T A
== wj...n... = B * b
P
S |~
Mo | —|o|—|o|—|o|— || —
MMo|lo|—~|—~|o|o|—~|—~|o|o
P o | oc|lo|o|—~|—|—|—|o]|o
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Number
10

11

12
13
14
15
16
17
18
19

)
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Binary sum

BCD adder sum

1w
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e Ifsumisupto9
— Use the regular Adder.

e Ifthe sum>9

— Use the regular adder and add 6 to the
result
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=l [y e
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Y Y Y Y vy v oy

K 4-bit binary adder
Zy Z, Z, Z;

Carry
out

Carry
in

Output
carry

n Gl

Yvyy

4-bit binary adder

NN
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X3 X3 X1 %o

RN

Y3 Ya V1

RN

Yo

Four-bit adder

Z3

Z7

A0

out

B

24

Two-bit adder

52

So
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Michael J. Flynn csobaib

1999 Jlw ) s)laczs glgil sy sxivaisb 3l [
oulw) p «awl osid slgiibs Flynn G bug3 |
:3)1> 3089 S)lazs £ )go (Sxaws O3l

Single Instruction, Single Data stream (SISD)
Single Instruction, Multiple Data streams (SIMD)
Multiple Instruction, Single Data stream (MISD) &
Multiple Instruction, Multiple Data streams (MIMD)
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SISD

Instruction Pool

Data Pool

PuolS cs)jloxo

SIMD

Instruction Pool

»PU |+

»| PU [+

Data Pool

PU
»|PU |+

CPU, Cstldé Cswai e




(...an)>))Michael J. Flynn csabaib =—o

CMev fy CShis Copie CIME porde polia e «Eabiyely CStaso
Alepai C It CSipid Colyp Ao

A By B ol 0 i s TSt S Gl

Sl ok C It CStans 2p Cotrl CStangar |
MISD Instruction Pool

MIMD Instruction Pool
— |PU |+~ L= |PU|[+

3 .
[::—-rPU-q— — | Pl |+ FE:_.PU‘_ —|PU|-
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Saturating Operations

W Julbs (slalen gas sl @ Japw C)g0 ) —

03i5clun) (sloySlac

JIsT (858 35 (3)3505 [ § CXs 35c IIPS))
30,0

Unsigned add/subtract | Eight 8-bit or Four 16-bit
Saturating add/subtract | Eight 8-bit or Four 16-bit

Max/min/minimum Eight 8-bit or Four 16-bit
Average Eight 8-bit or Four 16-bit
Shift right/left Eight 8-bit or Four 16-bit
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Sypac

L_./M-—

multiplicand
— \1000
multiplier | 75— 1001
1000
0000
0000
1000
product | —>1001000
Spochot S —
Multiplicand
Shift left j-g—
164 bits
Y —
\_/ Multiplier
64-bit ALU Shift right |-e—
& 32 bits
Product _ Control test J
Write
- P
pg.u.olS cs)m 64 bits




Dot Notation

Multiplicand 0000
Multiplier 0000

. i 0000
Partial 0000
products < o000
bit-matrix

. 0000

Product 00000000

20D = (20 +y,x 28 271 with z% =0 and z¥ =z

- add —|

|— shift right —|

FounlS csjloso

X
y
Yo X 20
y, X 21
y, X 22
Y3 X 23
V4
3
U)o




Multiplier0 = 1

i

1. Test
Multiplier0

Multiplier® = 0

1a. Add multiplicand to product and
place the result in Product register

FounlS csjloso

A ¥

2. Shift the Multiplicand register left 1 bit

i

3. Shift the Multiplier register right 1 bit

No: < 32 repetitions

32nd repetition?

Yes: 32 repetitions

o J)jo)

-

Multiplicand
Shift left

_l 64 bits
N

64-bit ALU

Product
Write

I 64 bits

—

- A

Multiplier
Shift right

32 bits




s 0Cs jnally o po=—

Multiplicand

32 bits
1 N l 9= 0N CSpe Syppo 0o S g 2e2

32-bit ALU

—_—

Product Shift rlght @
Write

64 bits

N - .7 . B = - & =
M0 Ew@ CSylho Cpizr AZ0 (0 o Mot Slar) Crppo o

From adder
Cout Sum P
| , |
Partial product Multiplier
J{k—1 i
: e
v
To adder Y
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Mplier31 « Mcand Mplier30 » Mcand Mplier28 « Mcand Mplier28  Mcand Mplier3 = Mcand Mplier2 « Mecand Mplisr1 » Mcand MplierQ = Mcand

S S B N S S

N N N N
32 bits 32 bits e 32 bits 32 bits
N AV
32 bits 32 bits

N el
o/
32 bits

Producté3 Producté2 Product47..16 Product1 Product0 ‘@\
L =

bl

1
1

1 bit -~ 1 bit A 1bit-+ 1 bit+

LG )G oGl b Typo o
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