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not running)
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transistors
_E

Pentium® 4 Processor 100 .ﬂﬂﬂ pﬂﬂﬂ
Pentium® il Processor

MOORE'S LAW

Pentiurm® I| Processor 10,000,000
Pantium® Processor
1 1,000,000
100,000
= 10,000
8008
4004 '4
o 1000

1970 1975 1980 1985 1990 1995 2000
2X transistors/Chip Every 1.5to 2.0 years
“os OSP4 agusa” Jlw 2 U 15 A Al 5 ghen 3 8 ) 2
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Intel 486™ DX CPU

€ Design 1986 — 1989

® 25 MHz, 33 MHz

€ 1.2 M transistors

€ 1.0 micron

€ 5 stage pipeline

# Unified 8 KByte code/data cache
(write-through)

€ First 1A-32 processor capable of
executing 1 instruction per clock cycle
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Pentium® Processor

@ Design 1989 — 1993
# 60 MHz, 66 MHz

# 3.1 M transistors

# 0.8 micron

@ 5 stage pipeline

@ 8 KByte instruction and 8 KByte
data caches (writeback)

@ Branch predictor
@ Pipelined floating point

@ First superscalar 1A-32: capable of
executing 2 instructions per clock
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Pentium® |1 Processor

@ Design 1995 — 1997

#® 233 MHz, 266 MHz, 300 MHz
#® 7.5 M transistors

# 0.35 micron

16 KByte L11, 16 KByte L1D, 512 IIMMISSE |

KByte off-die L2

@ First compaction of P6
microarchitecture

12/13/2013 \cpeg323-04F\TopicO.ppt

25

N




Pentium® |11 Processor (Katmai)

@ Introduced: 1999

@ 450 MHz, 500 MHz,
533 MHz, 600MHz

® 9.5 M transistors
4 0.25 micron

@ 16 KByte L1l, 16 KByte §
L1D, 512 KByte off-chip
L2

# Addition of SSE
Instructions.

SSE: Intel Streaming SIMD Extensions to the x86 ISA
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Pentium® 111 Processor
(Coppermine)

# Introduced: 1999

4 500MHz ... 1133MHz
#® 28 M transistors

# 0.18 micron

@ 16 KByte L11, 16 KByte
L1D, 256KByte on-chip
L2

® Integrate L2 cache on
chip, It topped out at
1GHz.
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Pentium® 1V Processor

N

# Introduced: 2000
® 1 .3GHz ... 2GHz ... 3.4GHz

® 42M ... 55M ... 125 M
transistors

& 0.18::-0:13-0.09 micron

® Latest one: 16 KByte L1l,
16 KByte L1D, 1M on-chip
L2

@ Very high clock speed and
SSE performance
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Intel® ltanium® Processor

# Design 1993 — 2000
€ 733 MHz, 800 MHz
# 25 M transistors

# 0.18 micron

# 3 levels of cache
s 16 KByte L1I, 16 KByte L1D
m 96 KByte L2
= 4 MByte off-die L3

@ Superscalar degree 6, in-order
machine

® First implementation of 64-bit
Itanium architecture
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Intel® ltanium 2® Processor

® Introduced: 2002
@® 1GHz

@® 221 M transistors
@ 0.18 micron

® 3 levels of cache
= 32 KByte 1&D L1
m 256 KByte L2
= Integrated 1.5MByte L3

€ Based on EPIC architecture

€ Enhanced Machine Check Architecture
(MCA) with extensive Error Correcting
Code (ECC)
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Cache Size Becoming Larger and Larger
1993: Pentium 1997: Pentium-II 2002+ Itanium-2°

@ Level 1: 16K KByte I-

8 KByte I-cache @ 16 KByte L1I, 16 cache, 16 KByte D-cache
and 8 KByte D- KByte L1D ® Level 2: 256 KB
cache ® 512 KByte off-die L2 @ Level 3: integrated 3 MB

or 1.5 MB
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Motorola's PowerPC™ 604 RISC Microprocessor

| NSZTF!UCTION
| FETCH
IHSTRUCTION O

CAGHE DATA CACHE

LOGIC

BRANCH
PREDICTION

INSTRUCHON
. DECODE

BUs
INTEAFRACE.
FETLH UNIT
AND
BHAHCH UNIT.

~ COMPLEX
INSTRUCTION
SUPPORT

LOAD [ STORE
URIT

FLOATING POINT
REGISTERS

“'SUPEHSQALER
INTEGER
EXECUTION

DISPATCH {l = i

AND ) mTEcER UM INTEGER UNIT
it »
|

COMPLETIORUNIT 8

GENEAALPURPOSE - .
T S B —

FLOATING POINT { G
UNIT L INVEGER UNIT

e MPLOGIC

Motorola’s PowerPC 604 Pentium
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Intel Pentium 4 Northwood

Buffer Allocation « Execution Pipeline Start Instruction Trace Cache Trace Cache Access.
RengteI' Renar}'lc Register Alias History Tables (2x120) ' Micro code Sequencer Trace Cache Distributed Tag comparators next Address Predlc'[

Register Alias Tables uOp Queue Micro code ROM & Flash Fill Buffers 24 bit virtual Tags

Instruction Queue ({0
critical fields of the uOps )
General Instruction Addre T = = = - — . Trace C iI.L‘.lh.‘ |:m:1|_'|| Predic
Memory Instruction Address Queuc 5 T i = L e MY it |5 i | T'able (BTB), 512 entries.
(queucs register entries and |<'l.lL'[li. ¥ Return Stacks (2x16 entries)
fields of the uOps for scheduling)

Trace Cache next IP's (2x)
Floating Point, MM X, y I et .
Renamed Register File -~ i . g i : e . i : 1 A" Miscellaneous Tag Data

128 entries of 128 bil. v, 4 A . - .
W __| Instruction Decoder
T & “fat . x Up to 4 decoded uOp

" . - m 1 | I i —————— i i ax s rlove

FP Move Scheduler ! 4 o - 7! e —] e TOIETRTEHI . < : (from max. one x86 mnstr/cycl

(8x8 dependency matrix) - e ! 1 E 3 g < - 1 . } f = ' T Instructions with more _lh,m four
H J . | are handled by Micro Sequencer

Parallel (Matrix) Scheduler - —— ! - 8 P o ~ = Trace Cache LRU buis

for the two double pumped ALU's IR . c

Raw Instruction Bytes in

Data TLB, 64 entry fully

seneral Floating nel 5 :
General Floating | associative, between threads

Slow Integer Scheduler:

JO% . R : o8 - Atm i dual ported (for loads and stores)
(8x8 dependency matrix) A e i g ] T f VS m

Load / Store uOp Schedu
(8x8 dependency matrix)

Instruction Fetc
from L2 cache and
Load / Store Linear Adc

Collision History Table : — It - e & . = il : Branch Prediction

o

ol

Front End Branch Pre
l'ables (BTB), shared, 4096
entries in total

Integer Execution Core

uOp Dispatch unit & Replay B i
Dispatches up to 6 uOps / cycle [nstruction TLB's 2x04
fully associative for 4k and 4

Integer Renamed Register 5 e
& : pages. In: Virtual address [31:12]

128 entries of 32 bit + 6 status flags

RREphARULLKES Aan!

s e e e s I . i Out: Physical address [35:12] +

2 page level bits
from the Integer Register File. " __ZSG_kByte i
(4) Flags, Write Back 125 L2 Cache L2 Cache

(5) Double Pumped ALU U 1.& __ Block i e O ___Block : A = v T+t
(6) Double Pumped ALU | | | FTOI‘I[ S]dL BUb 1NLCI

(7) Load Address Generator Uil Ve e —— e Vi T —_— 5 1 faCC* 400800 MHZ

(8) Store Address Generator Unut

(9) Load Buffer ( 48 entries ) (11) ROB Reorder Buftfer 3 (13) Summed Address Index decode and
(12) 8 kByte Level 1 Data cache (14) Cache Line Read / Write Transferbuffers and

four way set associative. 1R/1'W 256 bit wide bus to and from L2 cache April l 9., 2003 WWW .Ch 1 p-'c.lI'Ch l iCCl. Colln

12 read ports and six write ports

Databus switch & Bypasses | __256_kByte__

(10} Store Buffer ( 24 entries )




Intel Pentium 5 Prescott

Trace Cache Acces Instruction Trace Cache

next Address Predict

Buffer Allocation &
Register Rename

Execution Pipeline Start

uOp Queuc
Register Alias History Tables (4x 125
Register Alias Tables

I'race Cache Micro code Sequencer

Fill Bufters Micro code Flash & RUM

Trace Cache Branch Pred
Table (BTB), 1024 entries,
Return Stacks (4 x16 entries)

Trace Cache next IP's (4x)

Instruction Decodet

Up to 4 decoded uOp

(from max. one x86 instr/cy
Instructions with more than four
are handled by Micro Sequencer
Raw Instruction Bytes in

Data TLB, 64 entry full
associative, between threads
dual ported (for loads and stores)

Front End Branch Pre
Tables (BTB), shared, 4096
enltries in total

Instruction TLB's

fully associative for 4k and
pages. In: Virtual address [47:12
Out: Physical address [39:12] +
2 page level bits

Instruction Fel«
from L2 cache and
Branch Prediction

Front Side Bus Inte
face, 533..800 MHz

Iom s et ss todud oy s ons besgpsa

.

o
N

16k uOps
128 kByte

8 way set
associative

8x.512 sets, |
of 4 uOps

La Gran
uControler,
RAM/ROM

Tag comparalors

3Y bit virtual™

] LRl Ir - Misc

LRUI b T28 Dafd!

s |

512 KByte
Y2 Cacle)
Blgc!

§

L2 Cache
Line
Transfers p
Buffers |

|

. s |
|
|

512 KByte
S T2 Chicev e
B

ot

L]

Floating
Point

o Registers

| Legacy

Floating
Point
Multiply

Legacy
Floating

Pnt.Add

.
|
_

gs3 2 == P p———— MY TP p g sas ja = pescgs g s scssy csane ey

Instruction Queue (for less cr
fields of the uOps )

General Instruction Adds

Memory Instruction Address Queu
(queues register entries and latency
fields of the uOps for scheduling)

uOp Schedulers

Parallel (Matrix) Scheduler

for the two double pumped ALU's
General Floating |

Slow Integer Scheduler:

(8x8 dependency matrix)

FP Move Scheduler

(8x8 dependency matrix)
Load / Store Linear Add
Collision History Table

Load / Store uOp Schec
(Bx8 dependency matrix)

FP, MMX, SSEI..3

Floating Point, MMX
Renamed Register File
256 entries of 128 bit,

Integer Execution Core

uOp Dispatch unit & Replay
Dispatches up to 6 uOps / cycle
Integer Renamed Registe

256 entries of 32 bit (+ 6 status flags)
12 read ports and six write ports
Databus switch & Bypasses

from the Integer Register File.

Flags, Write Back

Double Pumped ALU U

Double Pumped ALU |

Load Address Generator Unit

(13) Databus multiplexing (11) ROB Reorder Buffer 4 Store Address Generator Unit

(14) Cache Line Read / Write Transferbuffers and (12) 16 kByte Level 1 Data cache
256 bit wide bus to and from L2 cache four way set associative. 1R/IW

Load Buffer ( 96 entnes )

April 19, 2003 www.chip-architect.com

(10) Store Buffer { 48 entnes |
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Simulator

Level of Accuracy

Simulation Rate

ISA
System
RTL
Gate

Instruction set

System level (OS instructions + interrupts)

Synchronous register transfer

Gate/switch level

> 10° cycles/second
> 1O3cycles/second
> 10 cycles/second

>1 cycles/second
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A=B+C;
)76 U5« C 548 JS= B ¢« 100 Se A e 48 a3 580 avenai ol 53 e Lo
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ADD M[100], M[48], M[76]
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(R 54 (S S ) oaliid

U E 520 21, D76 21, C <48 »1,B 100 1) AL u i
3 (oo )l B 32 )

(84 ) axiS (o lati) |y saldiul (92 S S ) 58

#A=B+C ADD M[100], M[48], M[76]
#temp=D+E ADD M[84], MJ[20], MI[32]
#A=A*temp MUL M[100], M[100], M[84]
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Gl Albalaas G lae j) paK ba o) adadls o
vy Cs 2 2003 \ 1950 Jl. j\gﬂ&mdﬂ\-
gl a4t K adails glew sl e Gadiiia ) sal ) s A e

_Jl):\guaj\)ﬁadﬁlw‘djqudd\Jjﬁqudgdﬁ c_\\_uyw °

lasilad yiy yus |y (SIRE (sledian 10l aidls Hhala 4

Aﬁ@a};d@&bb@@d}j@ygu@BJJ\J@S)AL}@M@M :d;o\J
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(Accumulator)Jm\el\ X aiia s W-aila

Ol 4 sana Sy aiil) dal g e AL GG ¢ RS Cpuile S
S5 1 (3l G Sa ) n alS a LDl uli L D Jatch
A e (51 (Bhaie sulas aal
Saill fan K i 2 ¢ e 2 glee S5 Jadd cchlla g y3eala
L Wb e “OP Operand” s s 42 s )law &) goa 4
acc. = acc. OP operand

Example:
# Load B into acc. LOAD M[48]
# Add C to acc. (how ADD M[76
has B+C)
# Write acc. To A STORE M[100
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A=(B+C)*(D+E) 4S8 JSLdlu) 3  Alsa udila

12/13/2013

M3 aladl

# Load D into acc. LOAD M[20]

Kadls) D IR

# Add E to acc. (now has D+E) ADD MJ[32]
(D+E sl 08)). Kiilil b E aen

# Write acc. ToA  STORE M[100]
A D SR ) e (5

# Load B into acc. LOAD MI[48]
A B IR L

# Add C to acc. (now has B+C) ADD M[76]
(B+C als 8)), S8kl LC (2 gei s
# Multiply A to acc. MUL MJ[100]

AAE) J A B3 S
# Write (B+C) * (D+E)to A STORE M[100]

A DY Aah (14

\cpeg323-04F\TopicO.ppt
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AR e lgidila Cina

5 B ge ylie (g ki (5 )l o Al Ma jl jeia e
iy (e adaila o e

Claslase ) a5 SG (gl Jadd Kailal adl g ja e
M o) (s2my (gl 0 (5395 ¢S Al () 148
Al (o
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JJJﬂMM\ﬁw&A s Wadila
A3 g9 Jgara Al gl s 1 gasals

N

LS‘)JL)&}"AM‘ UJJMUJ‘)JL\-\}‘DJ\.M@‘)LQ_S\_\ °
4l gl sla 5 gaalS -
(8008 « 4004) 44131 (5la smsm 3 35 5 -

(1)) Low-end sl -
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DAL e glgiadla (o) g Cilalg iy

GlelSis et (sl 3 (5 A (51 38 Dd milia A1 e
13 ) 8 RAAL JUS 50 1) ag e (5 e 0 A

Al g e gleipdla o

Gl e slgidle o
o) shaie (ala -
o) shaie ale -
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Uy Al glgisdila

N

bottom) b Se 5 (top) YL S Gl am s )b ol il ) () sl S ol
&

(top)aidy WL Hlate i Jasd Jasll ) s S

Address Contents
top 14 Dhee an b jj AL L eayla cudily p culid
2"d from top 3 (gl 478 S )Ja.\ B 43.,..,_\ YL o) sic 4
31 from top 99 DA 4 (YU 50 )y as jlie axil i e L

a3 4ida (WL LG (Mpush”) ame
. 4 a5 i La (aen Jadd Wl (“poOp”)
bottom 0 prily A0S (s fwd A8y ) Y (i
S A T YL e s S S
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a»:. "
':“ﬁu 4

s Lol Jlec
Mdj‘)}u]ud\dj\ﬁj&ﬁhJ\ J\J&A&_u.ub).\ d)‘ﬁ)\_\

adadls PN u‘ o‘)..jad )43..\»:1 J\ J\JSA tl\.u:\d\).\ LS,)L“‘ OJ.\;J
Ak (59 4ai (Al )8 ealdy G Hlate L So A S Z B ol

S SO ol )8 el Cada sy 4y (VL ) e (8 S (DUP) ) A g
(S 008 dee Gl 1) 485 650 s O ) s

\cpeg323-04F\TopicO.ppt 56

N




10 A=(B+C)X(D+E) 48 Adely i (oina Guila

XXX

(D)

XXX

(E)

(D)

XXX

12/13/2013

AR 2 (A e‘éﬁ‘

N

(stack top at start) (D+E)
l XXX ADD

LOAD M[20] (B)
(D+E)
l XXX LOAD MI[48]
LOAD MI[32]

(continued next slide)
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(€)

(B)

(D+E)

XXX

(B+C)

(D+E)

XXX

Ay 3 (i (paadila

LOAD M[76]

l

ADD

((B+C)*(D+E))

XXX

XXX

N

MULT

STORE M[100

i sad £ 5 AS Canl e ) Al 4idy () $S) 48 2 )

12/13/2013
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Al (A glgiaaila 3 IS

Al gl la yisnalS Gl (s sl o
(Lo %) 8086 L sk aas 2aly o

sl (s )l (il @
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\

Sl S OSN3l oD Sl 03 2 S aiot
g o ol aliil sl ) Al e 8 il asidie (la eslad /oL b LS .
ol sl @ s ol °
ool g e °
(1-2 CPU cycles vs. ~ 100 CPU cycles on PC) _

L5 Sep e bl g O e ol e
2, 3 32 @i 532 MIPS_

Ll I8 Al (o) jieS slein dlaniy e S gla ol S la il
13 95 paldingl b)) Cda b Ay g TS paliind) ailia
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o shaie pald o) shie ale (sledls

GAOJGSM\UMLJ\M\LQ\J,H:JJLJA ua\Au\_uJ; °
AJSJJJM\)JJJLGAbJGL\AS\JuJ\:JALQM\QS\AAJJﬁ

o )l S
_M\ﬂﬁm&sﬂyﬁg\ﬁjyodﬁh\J}Eh@ ;

L;\u&duJMJMJJJJ‘}JGAOJijAebuuL_&A o
Gl JSle (L b yiee o)yl 2 ol saldtu
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The z 80 cpus_shic pald sl Gl

N

.(A,B,C,D,E,H,LBC,DE,HL 53 s 2iil 5 (o0} [ 8 i icuin o

(4l 02 5Le2)62 PC i 16 filian o

(B 8 odijlas) 5d alad) il 5 (0 AL Ll Cips |5y )8, ren e

s alad) Gl slgdaa s by Qb alai b il g8 e (S 5 Gl 3l e

GLS CB o o 5 WS JISI I H(HL) el abadls 5l bl o o
Ay ) 8

25 0A 4 3155 e WE(DE)Y(BC)udl ) (SIS e

38 e Sslie sl 43 2laxi(1X) 5(BC),(HL) O 815 e

Ta s SLLLWS So Gl 6l WA o Sy @
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(GPR) sl rils o) shaie ale &l

A
\

sl 851251 )MIPS

Address Contents (= sae Ol \-’32(‘“\-"“'Q
$0 0 MJ\J

z 939 atiualongew32 2 (GPRs)
a4y 58 a3l 5
S — 5 i Azeh S

Ay (it (a3, 8 i 31
_L"nn\ L"n\j L"\m
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3 o« aail A=(B+C)*(D+E) GPR (piéla

#R1=B +C

#R2=D + E

#A = R1 * R2

\cpeg323-04F\TopicO.ppt

M[48], M[76] $1 ADD

M[20], M[32] $2 ADD

M[100], $1, $2 MUL
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Q;Lé.:,o LSLA BNE LSLA o)"J.;‘

N
\

Qe.\.\SJ\_\SJ G glata (sl pala (sla & sl L AJ\_\JJ.L:;
\.@_'ﬂu»‘)jdﬁ)&oﬁoﬁiﬁh\j Sa sl e )l Sa Al

Lg\.@;\&.o‘}\mwd:\)daﬁ)}o&h&dﬁo‘ﬁib °

O S NS S0l IS o Al e

use shift & mask ops

u_"uh D U‘Jﬂ &\J‘J(MIPSJALM&)L@_\.\MLA dad Lu 438 6 ) g yal

akila )3 ¢ (A Gl P8 aia“Byte Adressable”
Db e 5l (5108
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MIPS s~

A€ (S o 50 LRI MIPSad )l (ke (o83 (a3 i (il S (55
\J83U80 sl 48 Canling uq\ 4y oAl OJJ;J 80&)3\‘)3 (u:u32)
(258 (o 548 B4 ar 4alS) 00 S Jlail

N (a2 gl "adat Al Cay cpaia o A3 (5 IR L Jle sl 4
0 L AalS a0 gad (5], 250N 1 (e pmme Al o A3 L (IR L
A 0 R 7 5 ) sles )

U pada oddiul (gl 0 a5 0 A3 5 a5 51X )L e Jal MIPS
DR A8 el S Cal (San Ll el dian e ) s Jaal) ) gl
(1 i o) Adiaa (sl ) ol la_8E
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Byte-Order (“Endianness”) :

€25 oo Sl S Ay Cranad oS Ul dia 00d S gl

D aS o323 80 Ledl o 1 ol L 51000000(F4240k )i sina$l K)o
35 = 80 w2l 4 “Big Endian” “Big End” (il <G 5o e
K g5 ) “Little Endian” osile SG 50 o

00 OF | 42 40
79 80 81 82 83 84

40 42 | OF 00
79 80 81 82 83 84
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Big-Endian vs. Little-Endian

A
\

MIPS,SPARC,68000:Big Endian sluil

intel, Alpha,Vax s &3l siduljttle Endian sludle e

Big wsleinile (m oala Culy cpaia JU <SS (5 8 Sl o
Endian,Little Endian
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A o sl

W3 o lgady Jlsm o ISA's (2 el Uigy S
€A1 g o 1Al A1) ghia aS Wi glae

(B sleinile jisin g )araMIPS 3 s olu o il e 5 o e
Lo Gl D) s 40 anil 8 e Le, ial akadls o Ll
S oa Ll e digee SESG arg 0 AIslae 53 8
oo Gledigy ¢ abaila S SO L Al Gl 50
A e a3l ) ) il o) andili o AU K (sl ol a0
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M\)}hddﬁ)dﬁﬁﬁw)%@od\agd&dﬁ\.@_ﬁ))m\)d

oslw a3 JUJT sled g

1 gl (o 022
Mode name Example Meaning
Register mov $1, $2 R2 R1
Direct (or absolute) mov $1, (40) M[40] R1
Immediate mov $1, #40 40 R1

12/13/2013
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25k ga il L i b S aila e 3l S5 a5

A
\

Mode name

Example

Meaning

Reg. Indirect

mov $1, ($2)

M[R2] Rl

Displacement

mov $1, 40($2)

M[40+R2]  R1

Indexed

mov $1, $4($2)

M[R4+R2]  R1

Mem. Indirect

mov $1, @($2)

MIM[R2]] R1

12/13/2013
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LS o ity Yo o sl 53 1y ol (gl (3L 5 sl

4.’:.9}.:.».::{ L}.fbbu.»)b‘ LSLé“i'j)

A

Lad s° u.:.ib_e\ 4.&9[}- ‘)‘ L}.’L:.L.u.) Jj.b P ‘JLA J"’"‘"‘ ‘)jlw.b sldes

Mode name

Example

Meaning

Auto-increment

mov $1, 4($2) ++

M[4+R2] R1

Auto-decrement

mov $1, 4($2) - -

M{R2-4] R1

Scaled

mov $1, 40($2) [s]

M[40+R2x2s] R1

12/13/2013
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O (510 ol (San (A L3l Gl AT 25d e plail 4S a8

3 gl saldiil ey s 53 (g1 slee
o) ila) Lelead) ) sy 4 agine jsha 40 Wb dans Gl jsid 7l e
anmém el Aﬁg\d:_.\t"\xn\ s )ﬁ.u)\d).\ @\).L: sl yn e

352
J\MQ}MJ@OJ\%\\‘)GAS&L@.S}JL@JS:J)JMLQLAGQJUAJJX

A e 3 sana (re sla gy 4 | i sl
M\fmmumm\ﬁjﬁﬁwyub}hﬂM\sd\} °
g ALy XS Johald e
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Pl wﬁT Sl Jolo

dad AS odd (e diaVaXx( o selS (S5 ) 4ali i 4an
S e il | b, gl

Frequency of mode (%)

Mode Name Min. ave. max.
Displacement| 32 42 55
Immediate | 17 33 43
Reg. Indirect 3 13 24
Scaled 0 7 16
Mem. Indirect 1 3 6
Others 0 2 3

12/13/2013 \cpeg323-04F\TopicO.ppt 74

A
\




2o sla esls as LJ.A)J—"LSL@:;‘})

A
\

a5l Al sl an S a)ge S i (S e

2a 3399 Spec fp92sSpec in92 sla (i p 2
Dl e alail4-275 adala o Lgilsa juad

a5l Al johaas JLio)ge gt culi K e

Cw 8 10 a3 60 U 5O sddi sala (L Gilallas 2
Sl G 16 2 2 80 B 755
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?mﬁsyf\qa\buw\)}u; O3ls sl Lo ol as

e An an K0 A 6l als Zliial G via Ay L e
O 43 48 (e e, @, B A, g Dla) ad aladl
2y Sopcode slee (51 XS

Vel plial dags saiglee 8 ) p G an i la o

2 el gy E sian e
GoB il gadaila (el LEW ) g led o
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e Jsb b lehosll) g

o oo jlal srisles A ) ) sy A Vax osS U e
2L (0 32 6l Gaodl B b deal )5y S il
Jardl )iy ) 53 i 12 (a2 (g 2))

Ol ol 2550 L Al adidia () e (oS et 4 Ll Ll e
oaldius) LA U 3 ) L 48 Jaall ) gy Sq ) o b 12
L dsdine )M NN«

oldinl paie Jsha bsla darll ) gid jlaly o
A i cub 17 U1 ) Jedandl ) staVax pa.2 S
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U sk bgla sl gias

A
\

S aa ) Ol (sl dlaai b Jaall iy a0 R e
bl el el (32 L 16 wlke 7 5) e
)‘ LSJ\JLQQJ}«A}JJA JJLA‘_J.&: JA\}SJSDJ\.N
= 1 22 0o ledis) ded Lag) (e 2 Lo
S Alaidy 2l 63
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i s 32 MIPS L2 Wil aas o

Al So p ) absobaadSaile jshas o
faiiS (e (s IR L

S e IR L S Cn16L8 dilas 2 ) Ly o

S e 15 YL Gla G daa 1dle Gen IR L

Gansi by Yh sl e 1l e IR L
(MSB <l L 4alS ari)arS s SO by jia Cudle
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The RISC Approach

JJ)J.\A\SO\.?\AMJ JJ‘\_\S\A M\SLSLQ dA’J‘JJMJA‘L}AM DRI
DY G 32) atiia AlaSa sl o il ja la Jaall ) gl 4as
(MIPS

aS el Dol ) 2igd e Slaidy oS a0 el lebig ) e
(MJ\J Jﬁ)\s JJ.u.u

ulal sl ) Jarll ) siud sla QI ) oS alaat dada o
(255 (oo pladl

OIS s il ) dd il ol adadla gla sala e
25d ol Load Store _lere o (pl 4S 23 gl

12/13/2013 \cpeg323-04F\TopicO.ppt 80



RISC[COL WELL 85] cls ,L~s

A
\

@l Aa n K dac o

Load Store (il e

Gl Cad J S e

B i Gledigy g oS la Jarll ) giua aday) ) o
Cull B L sla Jeadl ) siun @

HalS la) o il (A3 o
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— Memory

CPU

Registers

$0

$31

-

:

Arithmetic

unit

Multiply
divide

1

Lo

Hi

MIPS R2000 CPU and FPU

\rgument]

Coprocessor 1 (FPU)

Registers
$0

$31

Arithmetic
unit

Coprocessor 0 (traps and memory)

registers

BadVAddr

Cause

Status

EPC
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la ol

0=ROL «Li & 32

R1,R26,R27:028 s jald sla il

(= 9-&-43-*0. Jﬁ)\s -
R28L5)M‘JM 4\_\;\_, 4 )g DJL&.&\
RZQM Jg OJLJZ\

RBO“—’\A Jg OJLJZ\
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solbial old glasls )l 3

LSAE‘JSJA_M on.E.'\AeLGMIPS ‘)Jc_\uu\_\_\bgz o
Hlles dnulae SO 4ah b dislee SO o) sie 40 a0 5
gl sl

S e IS bl 4S )3 a3 ) shite (sla 4S5 il Ll e
u‘c‘)\_udJ}uwd\_\adﬁ@m&ud\{)‘)&ﬁ‘L_b..n\J.u\.u‘
3 g (e odlaia) Calaal o (o) S adl el

A 9 s (g gl edidig )8 Al g 4 Y gara a2l 8 () e
2 gl oo Aluidn La HllulS Al g
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MIPS . Sl slasls )l 3

Names Regs Purpose
$zero 0 Constant 0
- 1 (Reserved for assembler)
$v0-$v1 2-3 Return values/expression eval
$a0-$a3 4-7 Args to functions
$t0-$t9 8-15, 24-25 Temporaries (NOT SAVED)
$s0-$s7 16-23 Saved values
- 26-27 (Reserved for OS kernel)
$gp 28 Global pointer
$sp 29 Stack pointer
$p 30 Frame pointer
$ra 31 Return address
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Register name | Number [(Usage
Zero 0 Constant O
— at 1 Reserved for assembler
. 9 VO 2 Expression evaluation and results of a function
+— vl 3 Expression evaluation and results of a function
- a0 4 Argument 1
@ al 5 Argument 2
> a2 6 |Argument 3
- a3 7 |Argument 4
@ t0 8 Temporary (not preserved aross call)
& tl 9 Temporary (not preserved aross call)
) t2 10 Temporary (not preserved aross call)
@) t3 11 Temporary (not preserved aross call)
o t4 12 Temporary (not preserved aross call)
7p) t5 13 Temporary (not preserved aross call)
= t6 14 Temporary (not preserved aross call)
t7 15 Temporary (not preserved aross call)
© sO 16 Saved temporary (preserved across call)
- sl 17 Saved temporary (preserved across call)
© s2 18 Saved temporary (preserved across call)
) s3 19 Saved temporary (preserved across call)
— s4 20 Saved temporary (preserved across call)
(D) s5 21 Saved temporary (preserved across call)
+— s6 22 Saved temporary (preserved across call)
] (ﬁ s7 23 Saved temporary (preserved across call)
(@)) t8 24 Temporary (not preserved aross call)
(¢D) t9 25 Temporary (not preserved aross call)
S kO 26 Reserved for OS kernel
U) kl 27 Reserved for OS kernel
2l op 28 Pointer to global area
— sp 29 Stack pointer
2 fp 30 Frame pointer
ra 31 Return address (used by function call)
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MIPS

oldes

o A5 IR )L o
ALU Cllae o
b o/l ledil e
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MIPS Loal, s ols I3

A
\

R-Format
op Is rt rd shamt funct
6 bits 5 bits 5 bits 5 bits 5 bits 6 bits

|-Format
op s rt address

6 bhits 5 bits 5 bits 16 bits

J-Format
op address

6 bits 26 bits
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MIPS LSW‘)}.Z«.AJ )J LshJ.l.:ﬁ

A
\

35 palin (lld L)aS ASG) Ly tdee Cladliaiop @
e LS Gl glirs e
e S Cpasairt

lase Oloird e

Gk laseishamt e
opcode fbal Sl aifunct ¢
el by 5 438l S i s )8 culiiaddress e
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sl ikl Ll 3 5e )3 iy 4S Nigd e 5 IR JUMIPS slaali

MIPS slhandl) s ol o pile

N

op rs rt rd shamt | funct

6 bits 5 bits 5 bits 5 bits 5 bits 6 bits

CQuMIPS la daall ) st slaald 5 ol s ) shaie ey
Janll jgis 8 Slec:OP e
gie AL dislee Gl RS @
piie Gl Niglee (e s RT

Gkl SHAMT e
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ALU las Jles

R,,R,,R;ADD
effect: R= R, + R;

(0 e JSE)JEMIPS
ADD $t1, $s1,

$s2

Ry gl 0 17 18 8 0 32
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. :~\ N3 \ .
G ” w

N

AW lad e

0 17 18 8 0 32
6 bits 5 bits 5 bits 5 bits 5 bits 6 bits
G b Gulad e
000000| 10001 10010| 01000 | OOOOO | 100000
6 bits 5 bits 5 bits 5 bits 5 bits 6 bits
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AL Al ¢ e G B4 252l A 320 B2 jpia o

LOSHI: )2 (e paia U 2MIPS

s G 5Ny (L0 onb sl Gl el e
Mgy e Hi 4 Y4

= hiedile AL 535 0|0 4 Crand z A vl iy o
25

s Glo(mflo e )bl cliles ) 5 S sliiad o
oy shaia (sla Sl iy 5 Vb 4
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Ly osls JWadl glglaslly gs

type (base + 16 bit offsets)

op Is rt address
6 bits 5 bits 5 bits 16 bits

;e
/w10, 8 ($s3) --- # Temporary reg tO gets A[5]

rCadlaaly

A
\

It s (2 (oo o2ali adls S (pimad 4 s Gl Ha$S3)ansl 4y LTS prines

(2aie Gl O sie 4) 2S (ca0 i | D B0 48 sad (1l 2)
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Assembly

1w $8, 48($0)
1w $9, 76($0)
add $8, $8, $9
1w $9, 20($0)
1w $10, 32($0)
add $9, $9, $10
add $8, $8, $9
sw $8, 100($0)

12/13/2013

An Example

A=(B+C)*(D+E)ass _» oLMIPS

op rs rt rd sh. Ft.
35| 0 | 8 48
35| 0 |9 76
0 8 |9 | 8 0 | 32
35| 0 |9 20
35 0 |10 32
0 9 110 | 9 0 | 32
0 8 |9 | 8 0 | 32
43| 0 | 8 100
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La g:JL&iJ‘

) s Jandl ) st (s (P C) 4wl s s jlaila 80G Hla j yidin o
M[(PC)]) =8l 51a )3 (o0 4

PC 4lin CPUMS s Jaall 5t Sy 45 Slaw ole sk 4
) M\J}lﬂd sl Gl dlaxs JJSL;AMLA‘

& sliie sleilSia 31 A€ 31 g aiad e o el 4l O s el

Oh) leled (IS 255 dad 0350l 43 (5) 2 sl paldi) Lgalad)
. if-then-else, for, switch, etc Jud )l Yu #hu sla
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La g:JLx..iJ‘ (S Lo c\fda

A

el Ol bl £ 58 90
AS e g ol adida (ol 4 Adnas oyl e

A5 (o0 0 padidia (43 28k G 3 da s Al s
&JL;A‘\.A\J\ pRLX M\J}.\Mibﬁq g_t)hc 4

4 358 (adilie A g e gliie (g b dala sla )
5,608 el Qb Ll 65 aen) Sod sladidee ) s
g;’l-‘-‘-‘MJlSA BRT-BIENLEN 48 2l Gi.\u.ﬁ(édaﬂ\; sl 8

J)..CA
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il Sls Kan Jle

N

\.:'s< d\:'«g \J Jﬂj dﬂ\;‘““\s o

| =] - | #]
=r f (i==])
| Else: ! f=g+h;
f:g+h f:g-h else
f=g—h;
Exit: l
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MIPS ,sIf Then Else

Assume f,g,h,1,] In R8-R12 (respectively)

# Branch if i<>j bne $11, $12, Else

#f=g+h; add $8, $9, $10

# Jump to Exit ] Exit
#f=g-h; sub $8, $9, $10 Else:

# Code after if ... Exit:
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Sy oSyl sla sl gl b b slalalll nin @
Lad e

L gi o oslial Hsb pl Clel Ll @
Ll glsds Jall b olsel ol o6l eslaial @

5 s1MIPS,RISC S5l «ids b sllar -
350 L}.w\.ow‘ g_.g‘.ai.?\
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MIPS ;5 Cleisl 415

beg/bne regl, reg2, addr: b i edsl e

- If regl =/# reg2, jump to PC +
addr (PC-relative)
rreg.Ws iy e
O 4 iy 5 028 (adilia Gl ) e il (58
jaddrihod e iy e
odbm\)dﬁwua}u.n‘)jéuw °
(22 s “pseudododirect”
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JR

el gla el siis

N

b b sla Glei) e

- beq R1, R2, L1 # If RL=R2go to
L1
- bne R1,R2, L1 # If R1 =\= R2go

to L1 AR type slelendl ) sina la ol o

R8 # Jump based on register 8

Testif <O

12/13/2013

sit R1,R16,R17 # Rlgetslif R16 < R17
(slt: set-less-than)
bne R1, O, less # branch to /essif R1 =\=0
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MIPS s Clis

4 PC-relative addressing

op |rs |1t Address Memory
I

PC Word
|

5 Pseudodirect addressing

op Address Memory
|
PC Word

12/13/2013

o
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i€ Jlin 1) il o

switch (k) {
case 0: f = f+

1; break;
case 1: f = f—
2; break;
case 3: f = -f;
break;
}

Note the gap (case 2);
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MIPS 5 iy it

A
\

1 to r8 (f)immed. $8,$8,1 add addi LO:

jump to Exit (break) ] Exit
$8, $8, 2 subtractimm. 2from r8  subi L1:

Another break ] Exit

f = 0- fsub $8, $0, $8 L3:

Another break ] Exit

aladls )y dzal o Jgan (Al

1000 address of LO
1004 address of L1
1008 address of Exit
1012 address of L3
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MIPS LS‘J" o L J%L:Ots @jjﬁu

A
\

(Assume Kk in r13)

#setrld ifr13 1tO slti $14, $13, 0

# GotoExitifk<O bne $14, $0, Exit
#setrld ifk<4 slti $14, $13, 4

# Go to Exitif k > 4 beq $14, $0, Exit
#r14 = 2*k add $14, $13, $13

#1114 = 4*k add $14, $14, $14

# Base of table at 1000 lw $14, 1000 ($14)

# Jump to the address ir $14
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o JS Ol g 03,5 Llls

‘g 4dls o

O axs 4n (S iy dla 45y ) J8 0 S cusiFor,while e
o \L\sJJbJ::J.u)S\MBML

R 4y (S g asla i leii) jada i 0 S caiiDo e
ol i

(50 Ll (mmm 52358 (e 021l 530 3 "CASE") i g @

oo Jgan S idla e

(or equiv. In non-MIPS processor)jrealsial e

sacase L a8 i ) 03 S S ) il iadas e
OJ\AM\UJL
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o3l m sl 3 ledadly sy Lo

Jump and link ‘

jal )i.z)uﬁ ey
rCaudlaab

9 oo 0 A3 5o &5l a0l
Return
Jr R31

iy (59 S8k gl g3 S pAd
3o e 0aldil aliy S o Ll o)) sie 44 R29

18 355 el
el () aied oJ\A.u.u\R4 ~ R7
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S GMIPS (22 aal Ui

S bl gladki s @
LW R24, AddrConstant4(0)
Addi R3, 5 (I type)
Lier w16l
Lui R8 255 Load upper_immediate
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MIPS sl sles

Name

Example

Comments

32 registers

$s0-$s7, $t0-$t9,

$zero, $a0-$a3, $VO-
$vi, $gp, $fp, $sp, $ra

Fast locations for data. In MIPS, data must be in registers to perform

arithmetic. MIPS register $zero always equals 0. $gp (28) is the global
pointer, $sp(29) is the stack pointer, $fp (30) is the frame pointer, and $ra
(31) is the return address.

Memory [0], Accessed only by data transfer instructions. MIPS uses byte addresses, so
2% memory words|Memory [4],..., sequential words differ by 4. Memory holds data structures, such as arrays,
Memory[42949672920 |and spilled register, such as those saved on procedure calls.
MIPS (s Ol
Category Instruction Example Meaning Comments
Avrithmetic add add $s1, $s2, $s3  [$s1 = $s2 + $s3 Three operands; data in registers
subtract sub $s1, $s2, $s3  |$sl = $s2 - $s3 Three operands; data in registers
Data transfer load word Iw $s1,100 ($s2) &s1 = Memory [$s2 + 100] [Data from memory to register
store word sw $s1,100 ($s2) Memory [$s2 + 100] = $s1 Data from register to memory
branch on equal |beq $s1, $s2, L if ($s1 ==$s2) go to L Equal test and branch
branch on not bne $s1, $s2, L if ($s1!=%s2)gotoL Not equal test and branch

Conditional branch

equal

set on less than

st $s1, $s2, $s3

if ($52 < $s3) $s1 = 1; else
$s1=0

Compare less than: for beq, bne

jump i 2500 go to 10000 jump to target address
Unconditional jump |jump register jr $ra go to $ra For switch, procedure return
jump and link jal 2500 $ra = PC + 4; go to 1000 For procedure call

12/13/2013
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MIPS ¢rdila Gl

Name | Format Example Comments
add R 0 18 19 17 0 32 |add $s1, $s2, $s3
sub R 0 18 19 17 0 34 |sub $s1, $s2, $s3
lw | 35 18 17 100 Iw  $s1,100 ($s2)
Sw | 43 18 17 100 SW  $s1,100 ($s2)
beq | 4 17 | 18 25 beq $s1, $s2, 100
bne I 5 17 18 25 bne $s1, $s2, 100
slt R 0 18 19 17 0 42 |slt $s1, $s2, $s3
J J 2 2500 J 10000 (see section 3.8)
Jr R 0 31 0 0 0 8 |Ir $ra
jal J 3 2500 jal 10000 (see section 3.8)
field size 6 bits | 5 bits | 5 bits | 5 bits | 5 bits | 6 bits | All MIPS instructins 32 bits
R-format R op s rt rd shamt | funct | Arithmetic instruction format
|-format I op s rt address Data transfer, branch format

12/13/2013
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MIPS s sl sl

Wb sl L) s ra JEAL Sa b Sl eal 2 e
A el 8 adiln g dia aladl (o) ) 2l S 4l

) e ) s CPUS s alail i 48 28 5«
2« Aald) sdd ) gA) 8 46l 4S
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MIPS s ol sl

Jal(“jump and link™) Jdeall ) siwa 31 salaiul
220 lse a4 &l J adrr k& Jal addr

(pc)+4placed in R31 "<l 3L (u

Swjal ) a ams Janl) ) gt a3l oyl

Al (e oaldind S8 3L ) Hjr$31 )
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Callee

F: 1w $6, 0($4)
1w $7, 0($5)
sw $6, 0($5)
sw $7, 0($4)
jr $31

12/13/2013

sl s L

N

Caller

add $4, $0, 1000
add $5, $0, 1200
add $1, $0,1
sw $1, 0($4)
add $1, $1, %
sw $1, 0 ($5)
jal F
sub $1, $1, $2

What does F do?
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¢ yohada Lol 2S o IS Gy Jlia o

2S e Alsal iy K i F s

C2ORR73R6 Glelh )2 pge 4350 S oS 1) 4A) )8
Pl s el b | B sA el Il A s

Al ) pala arde (S 2L AU S Dl 4ad s
L Gl ) Osie Sa Ol e 4y Al S la cpladly

_Jﬁ‘ Jare L_HJA
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IS

’ AN S‘ N
IS
N

N

D C, BsaS Al g1)B A &l aiS (a8

S e A B A0 BlaS ) Al

C’s vars

C’s vars C’s vars

B’s vars B’s vars B’s vars

A’s vars A’s vars A’s vars A’s vars
start A A calls B B calls C Ccalls C
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Jes) J i€ o

Acquire s bw o il @

D8 (Rl aladl e

i G I LN

a4y Ay S K s o
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p
$fp — Argument 5 )
Argument 6

Saved registers

Local variables

Aidy Q8 ()
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High address
$fp —

$sp—

Low address

A: before

$fp —

$Sp R

Saved argument
Register (if any)

Saved return address

Saved saved
Registers (if any)

Local arrays and
Structures (if any)

B: during

g S

$fp —

$sp—

C: after

N

(From Patterson and Hennessy, p. 139; COPYRIGHT 1988 MORGAN KAUFMANN PUBLISHERS, INC. ALL RRIGHTS RESERVED)
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gl sl

S e IS bl 4S )3 a3 ) shite (sla 4S5 il Ll e
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s sl el

N

dw(caller)cj\)s\)é o 313 _yroaiiS Al Al )8 53 S5 A @
j\e\ﬁﬁQdﬁoﬁbojgjdj&dﬁaﬁbé\ﬁﬁ.u\
o 1Ay, 5 (5 eSS (S5l s o b aS el
Cud g (e 1) S8 » dil 8 s(callee) oxd (S A 2
o151 53 58 4S (sl 0 31y o2 AL B (53 K 0 pad
e\JS)Add)ﬂb)ﬂibb)&jd)ddﬁoﬁbcg\ﬁﬂ.u\ d}:wm
g ool ol (S 4S il )

Ll a8 ol o lasn ek (1A an (53 1) Ll (o 53 8
A e ook 31 5AT 8 Sy ) am
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Solw o3 lgls -

0o ek aaal a auS lsal i) i S el S e

i aS Sl ) sl Cpaaal Wil 2 ,aESOUSST
b 4y 23 R a0

alus 5 43 2iiafair game $t0 BP9 (sl Ll
J}ﬁawoduh\ aJ\A.jJ eb

fatiia ola (g S as
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MIPS s wls o odle

$a0 $a3 2 ) &l slele KT zan ) A

Loy e JEE Ll G €0 28LSH0 9 )2 pee i o K

&b 4 jal

a2 aladl (5 S Lol 230 JYJS\$raj$SO $S7 2 S 5 yA)
$VO $V1 P (J..u:\_a PRR JS\ )\J k_w.:SJb J.LJ\AA 9

25k 433 (a5 ) RN Bras$s0 $S7 ariSae s pdd o jlis
3 alad 4SS la U 2ad 4sld)

P20l (oa b S Olsie 4 ) O (S An 1) sm
€ 0 alad Lo sleild R il o 8ld) 4a
Ca83 e aladl |y (53 S o 1A Jee (5 a4 Ladl
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dLSA

N

9 JaS g (g22e Gl @
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)90

B ®
Decoded 0pcode |,y , sis (S5 4l a) Ja) 1o m

N

R i Jaall ) sty S slaald @
S result {8 m
b 3 tLadigec Sl m

e 55 inandl @
e dulal m
Hhnlas sla &1 K
)38 i (6 Y ool m
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$3S lad

) o B4 x4
A ilat 43 Sa |y e dlac) m
s dlac (Range) Al g
25005000 )l z la e SO Sl m

?J%@Jﬁb}#&d\&\d)ﬁ)d.
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dac) g L G

I 1Y (gline zoas tats Cuy dadd L@
ANS e et )y alae) gLy Guaday) yladla )l @ m

R 8 As AS M e g i Ka ) Cdu
Sl salatad Jla

Add $s1, $s2, $s3
Addu $s1, $s2, $s3
s $53 5 $52:¢Ps] Cadle
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J.ubmbmasu.um BCD@
Cull e @
Ol e @
ol Soa el sl @
(b Sl ) la JuSy m
s )l a5 K m
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12/13/2013

Cadle (gl pmava

PC, SP, RA, 4hédls 43 liu
In C, unsigned int =

J\Jc\elu:w@)\d\_'g.q.
9876543210 :aliseslad]0:pmare

n -1

Z (di*loi) = o

i=0
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(She) fis 4ol slie) QoM Gt e

K lw saae ddunn So o Salls 0@

n-1

Z (di*ki) = i

i=0
Tl S Dae u.t)ﬁ)).\ *
fualaS 2ae o yiSa S @
el slaline @
(Binary) 2 sl =
(octal) 8 slie =

(hexademical)16 slic =
a3 o Calise dlai alaxi aa Ll @
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(2] Siusges 4l 51 sline) CLaDAS () g aasa

€3S i 16 58 sl ) 53 line ol 58 (o 3 Ko
JE@

010100=(0 *22+1 *214+0*20)*23+(1*2240*21+(0*20)
=0*gL+ 4 %80= 24,

Hexadecimal: 1 9 4 8 B 6

A
\J

Binary: 000110010100100010110110

—— N Y~ Y Y~ Y N Y

Octal: 0 6 2 4 4 2 6 6
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12710:4_%?;*\/«SQP
?C;u\jQJJJ}A[3CH3L5LHQL§gﬂA£3¢? O

C sk (55 6l
?oﬁﬁéﬁjﬁqg‘}uaﬁﬁgu O

?qﬂu@\)carryd\jﬁwﬁﬁ 0
“If a+b,>10"vs. “If a+ b, >2”

Tl i HIS JS}LM\S ) SalS @

12/13/2013 \cpeg323-04F\TopicO.ppt

BCD

(BCD: binary coded decimal) <3 () g pmaua

N

A
\J

Number

0000
0001
0010
0011
0100
0101
0110
0111
1000
1001

1010-1111

©OoOoO~NOOhA~WNPEFO

No use
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(JMia caade) Cadle U e

-12: -(sign) 12(absolute value)#®
| e Gudle S m
BECTESE

J\}‘Q&u&\ﬁ@’
?M\JQﬁ?ﬁAJJ\}\;S\JQANLQ,Q N

(bl 4ls 5

Q e -~ N Q o~ e o~ \
\ Qg.glﬁa 1 G \mg? e G e -
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2 JaSa

S SO Ll el g 4\&\@

S O Ol gle oad Ly 2t 313 )8 SO e Lilal

16 gl BCDmAwQquASA (s Wdilad Gl Al e So m
2 9 94 Jasa

und 538 iy 5 35 ) gt 4S8 Sl ) £ 35 5 23 aSen m

e Culal

b, *(=2") + Z (b, * 2" o JNUT o RPN o o &
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b =242

0000

0001

0010

0011

0100

0101

0110

~N ook~ lW|INIEFL|O

0111

-8 ---1000
-7/| 1001
-6/ 1010
-5| 1011
-4 1100
-3| 1101
-2| 1110
-1

1111

CrEUSZ S oA Topeo.

ppt
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Katz: Contemporary :&>,
Logic Design, p24:

o

W

fa5) 4bed 0000 51111 ) 2

fiualaS 2ae o yiSa S

$Cial XS dae o 5K 5
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99 Jaka /

\J
X s e SO ulai @

N

Ve U Loy

X '::>bn_1 bn_2 ...... blbo Iq wwsSo | bi D
' ' N & LU G 1035

X<=—=D n-lb n-2 e b 1b 0 S go>

(g_h J.J g.\\_u\ ]
o)) oS 5 S G Sra |y AT G )l .S Uy il L ) Iodle w
_Jg‘)b NEW 1 \J t_i_1

Example: - (0100) = 1011 +1 = 1100
Example: 100,, = 01100100 - 10011100 = -100,,
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Sy slghy 3 a8 las) (ailaé

¢ oxd long integer S L integer S 4wlie
S G b S IR L .

i 32 220 S 58 A S (2 S 4dlal g o m

i 32 6l s ) )30 palBa L kit MIPS Bhic 5 4mlae sl @
AS e S

02 S S 8 € sla ol b o) si e 5 S m
?osha S el ol a5 )2 m
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Sy slghy 3 a8 las) (ailaé

® Example(2-bit): 10= 1 *(-2%)+0 *2°=-2,,
o 4 Taad alad) i il 8 e bl S i 4 5210 sl -2 il
€3 gl o RIS

(u.d:_u»p.us ’)ﬁaa@ﬁukaﬁj\)ﬁﬂ

0010 ->0000 0010
1010 -> 1111 1010

¢ ) 14sG(1X(27(-7) + 111 1010 = ?)
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S g pea

Ol (s Ol ) 59 2iile o 50 cﬂéﬂ
0110

+ 0001

a-b=a+(-b) : B s ®

Cul sl 93 oS Jlae | m
0111-0110=0111

__ *10J0
10001

0111-0110= 0001 ¢l A w
Sl 03 gad o )L ) e lein bapada i Ul o
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G 9 pd
|l 525 o€ i) gy Sy 8K o ®

0111-0110= 0111
1 +1010 sk cads 21l g3 a1 I
10001

YL

IS LQCAAJJJ.\SL;AJ\:\QJLA\
0*23 0*23
1 1*(-23) + 1%93
1*23 1*23
0 10

tt=t41=0- G- T-ot&as 5

s a1y (Oew 1) 141 alis g3 02al 3 g2 g3 carry e aSile ) U ol iy w
Al ol aladi) s a eyl 4 s
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QLJ\J::J.\.\S@JJS.\«_&AJDJ.\.\SCA;JAMLJ =
(“j\_\um@;«_&)*‘)#w)\s UJLJ\J.C\ Jdygs P m
2 e 5 ool L) 5e @

AS oAl man b (S e 3hate ) 2 ¢ (3 8 m
AS U8y aae  Jgare Can SO aile 23 6 0 Gadle Can

L it () il ) ClsG Le) m

12/13/2013 \cpeg323-04F\TopicO.ppt 143



(S IH )

A

s @ \
0111 1111
+1000 + 0110

QQ_\M.\ALSJJJJQAM

? - e . j J.; s \*

silie 236 Sy 5 e 30 Sy gan 3 (5 m E s Sl L @
Talaaeag

faolhasms shaly )y g 85 Sl @
€4k 5 AB 5 A+B i) m
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L 4

O 0P o

e ®
1111 0111
+ 1000 + 0110

10111 1101

QM&JJJ}M)‘;

? s 4o . j J.; s \l
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A0 e e 50 (A e ) pea m
AL die Mo S Gutle e 9) ke

e Al 5 aiS Gy )i Cale ) ) Glle e SoLim
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Y s e 2 CPU LB

N

?J):\ig a.J.J..JU @
35 JSA] (5 30 m I A e B
(Drow 2 53 a2e:MIPS) Addu, addiu, subu =
SIS L g G g Aal g o) bl aS Al G Al 6

J.\Su»)ﬁl_\.\.\u" \odﬁwﬁui.\g‘)\u.n‘)jﬂud s o
G T CO R YT PR R PR

04)9"‘6‘“;’
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L Jandl ) g

p
i &
Caadle-ygdr-dlae) g
sltu: set on less than unsigned
sltiu: set on less than immediate unsigned
GaSle Lialae) m
slt: set on less than
slti: set on less than immediate

CCuma $51 5 $S0 i 1l @

$sO= 11111111 1111 1117111111111 121111 1111
$s1= 0000 0000 0000 0000 0000 0000 0000 0001
(1) slt $t0, $s0, $s1 (2) sltu $t1, $s0, $s1
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A
\J

fCuua $51 5 $50 e @
$sO= 1111111111171 11111111 11111111 1111
$s1= 0000 0000 0000 0000 OO0O0O 0000 0000 0001

b
L e Lo K1 $t0 <l 1slt $t0, $s0, $s1 -

AL e su 2 s K Sl 0 sltu $t1, $s0, $s1 --
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L Jaadl ) gt

p

\J
6 b 0 A5 )X L @
Ib: load byte =

Ibu: load byte unsigned =

Ib $s1, 100($s2) Example: €

G $S0 alia
When memory[$s2+100] = 0000 00007 «
When memory[$s2+100] = 0000 00017
When memory[$s2+100] = 1111 11117

lbu $s1, 100($s2) Example: @
Lli.u..}%$81 las

when memory[$s2+100] = 1111 11117
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Llide slediny Gl 40 YL 4503 @
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Sllee @
add, addu, sub, subu, addi, addiu =
Do s ke ST L 2 JaSa o2 (3 4i 01K man @
and, or, andi, ori =
i Jlac) @

10 = Juel & gans
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B ladad ol ) B m

Culgd ol )y Gl .

Q) shsd 48y 5l (568 Gl gid (2 S a1l @

ALU OV ddla s il m
vt JSE SO ALU leas s oS @
Gl o2ile (I (5 )8 & Joc 6 m
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(ALU Interface) ALU bss

\J

ke Lo S el A sk G 32 ALU oL @

C32
32 ALUOp | Function
000 | AND
Result 001 | OR
Z =1, if Result=0 010 | ADD
V=1, if Overflow 110 | SUBTRACT
C,, = 1, if Carry-Out 111 | SET-ON-LESS-THAN
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o UlS A SO pieale i)y A 32 ALU W cabiss gl ) 0 @
PR
) (oo puit iAo € i aliie S ) K a5 Jile m

oY oo A aa S &)l da gl n ) ledd @
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||

ALUS3L [a b ] 3
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i

e cout  cin

5

l A¢3E B ,1132

s 32 ALU <o &) »
ariS (e Dl SS )L 32
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o)

Canyln

ki

and

or

1-bat
Add
Subtract

I CamyOut

-

5 - select

<

NN

v

e S ALU &34

\J

Joiua g 1o leSOh 4 audi @
i o
duslae m
BRI VST RSTRES FRSY W VUK.
).. :~.'u~. ua'd;" g 3
sthie (5LeSh JuSS u

sleddn 4 Jhulae GSSh 4 ) m
A sl
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Full Adder saiiS e alal

A
\J

Sl ALU )2 ol adale SOL SO caJLSca;em &
_AAJGAe\;}\ \JC’_\.\J‘_S\ACA;caJ.\.\ScAae\.AJ;S\A &

at b+ Ci=2C,,+5s

b, &
L iy, G 1110
a4 0101
Civ— FA —¢ gi 0111
i 1100
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AL 1 Loy (Olibn b) 222 81l “17¢ Ci+l @

Ak S keadgoyy i ade - eSS deSy- R G 412 G- 4

pALIS paad alad a3 g

N

Sj = aiBiCi + 5ibi6i + aiBiEi + aibici

Si = aj ® bj ® C;j

Cii1= Eibici + aiBici + aibiEi + aibici

Ci+1= aibi + adjCj + biCi

Cii1= aibi F ci(ai + bi)

Cii1= aibi + ci(ai ® bi)

a | b | G ICyl S
O/ 0[O0 [0 O
O/0[1 1071
O/1/01]10 11
O[(1/1 10
110101011
110111110
111101110
11111
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od‘)g)&g ga’[eg 4503.1.\5@;?\.&1;&_1)\ u&motg‘)\.uod\_ua_i_\ @&
Cawl
bia
Si = aj ® bj ® Cj
Ci+1= aibi + ci(ai ® b.)
dj ® bi = (ai + bi)aibi
| CI
Cii1
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less;

G

1-bit [ G
ALU «— ALUop,., _ Ci

C|+1 +—

i
ALUOp | Function
000 | AND
001 | OR Cit1
|
|
|

010 ADD |
110
111 SET-ON-LESS-THAN
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MSB ! i S ALU y e

1L MSB s/ 2 ALU @
Caadle g HE ) (5

a3 HLE i)y ass

N

\J
Yai less;

V=C®Ch_1

(.

Y

C.
set = (A< B) ik

\

0) 2
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i S Gl s dle dly S5 e S Gy als A1y b oo @
d-ly SO JeSKES 5 s Bladl eal Al pre NOR 54 ,MSB

Ly w4 (ALU) ghe 5 <

b;850 b,a,0 b,a,0 b, a,

900 Y S 0 O AR O R O A

T-bit | C —1C —1C —1Cc~=ALUO
Cq |\l/|§g 3 1-bit 4 1-bit Y 1-bit P2
V'_mnj ALUT ALU«1 ALU &
set 7 e . | ALUOpz:O

Z y

kﬁéﬁﬂj%@bb&jﬁ&@j%@bb)&glﬁ
ij,u}agwﬁpmjs@NORJUSZJMSBL;ﬁ
MJ@\)L;.:.:SZ (ALU) slas 5 aclws a1y
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ai less;

" U a4 P
G85=53505 4 sy Al w

@f3=XOR &£ =

&£1=AND/OR &:£ =

i _ Ci SR B luaiy )l w

s g 4 Gl Jli QS B an @
fin 1 Ghindulasaal; Sy =
fin 4ghi dulas aal; S =

fin 32 hindmba ;S =
i | foin N Ghic dsdlas 2aly S, m
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WE A e
less; GfB=sa505 4 Sl il w

c&3=XOR & =

&L1=AND/OR &2 =

SR [B=ludig)ls

a4l Jlo Gl U as @
16%..n 1 Ghicdudac asl g Sy =
4*16% Sn 4shic Anulas aal g Sy w
32*16%in 32 Ghisc alas aal g Sy m
N*16¢u N Ghic dudac aaf g S m

I

2 LOR @f s (n-1) s

ALUOp; o S 9 Sl adg )l @X;b LSF:J:E
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bi ALUOp, L oS U

h Vai less; ol Al o 2 @
2t=35,54 S Sl

2t=XOR &8 =

1t=AND/OR <& =

Tt=) ludigyly =

I —— Ci PRSI TN 4

1 Ghicavdasanl g Sy =
10tf Av
Coin 4Ghie ulsa ol g O m
Coin 32 shicdanlacaal g Sy =
Ci 1 Coin N (b Aulae dal g SO =

L el Sl adloa) Az e gl g
[

N

12/13/2013 \cpeg323-04F\TopicO.ppt 166



)‘JC‘}ALSJSOJMS@?- .

5 4amlane a3 SO Al g s S A8 al )b 0@
398 o 2l 5 g2y (5 n S S (Bhia

b;a, b,a, b,a, b,a,
TV I o I S Y
ﬁ 1-bit {44 1-bit [ 1-bit [} 1-bit il

ALU T | ALU | | ALU || ALU
j16t j 14t l 12t j 10t

3 > 1 o
b 2K Al glejlul BaS 2l o cnsela ()l @
Caal 3l Ot adaal BAA
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bi ALUOP R
Va' less; LI ¢
h i ! s palaiS a 4@
2t=s25,54 S Al =
2A=XOR &k =
1t=AND/OR <X =
It=) Luaigyls =
L _ Ci J.i;b ) )Js; ®
10t n 1 Ghicdmlas aal 3 Sy @
16t i 4shic dnidas )5 Sy m
32 Bhicalbanly sy m
(2*32+8)t=721f i
. N Ghic duulac aal; S o
41 | (2n+8)tS
0 2 1E_ALUOp1’O Lg9)lsl 5595,90R G‘L‘“‘lrlogz(n)—l
Li 212 JHZ aalae )y e
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Carry Lookahead Adder (CLA)

S ) Gl e Gy a5 SCLA S0 0@
X = 4aslascalrry lookahead logic(CLL)

b;a, b,a, b,a, b,a,

S 0 SR I B

Cs C, Cq Co
1-bit 1-bit 1-bit 1-bit [7]
ALU* ALU* ALU* ALU*

IRRUNE!

l31P3193[121P2192|11/P1]91|"04Po}Yq

] Carry Lookahead Logic
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S S ks dslas

:wéﬁ@dswﬁc
Ci+tl=aibi+(@ai+bi)Ci

propagate ..s .« i =5 alie S S L@
pi=ai+ bi

generate s . W g J S @

gi=ai bi

woslss 65 e dslae &S AS e sl |, Ol 1@

S AL g g S gl
Ci+l=gi+picCi
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Carry Lookahead Logic

4l s S 4 carry lookahead adder &< ¢l @ ‘

cl = g0 + p0cO Do oo Arilaa p) Q) sua
c2 =gl + plcl= gl + pl(g0 + pOcO)

=gl + plg0 + p1p0cO
c3 = g2 + p2c2= g2 + p2(gl + plg0 + plp0cO)

= g2 + p2gl + p2plg0 + p2plp0cO
c4 = g3 + p3c3= g3 + p3(g2 + p2gl1 + p2plg0
+ p2p1p0cO)

= g3 + p3g2 + p3p2gl + p3p2plg0 +

pP3p2plp0cO

il anil g by G aS 81 a4 CLL S U
Tadl 403ld dgana U (534

a2t I CLLAGL 4idla]t pals i Jihie < a SI@
AL aslig cﬁ\j SR as CJn el Ol Ay O )
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vai less; il Syl el jshas @

) i S Ghie g 4uilaa
248 RIS Jyaes
€250 oaléind 3, 5«CLA

.JA‘) LS‘J-’ o d.\.l:u L"\.ji (i AEEN &
i S hie 5 e

w4 CLA ) p @8 U via @
Tl
T gl o.JLJGiJPi

—

0

2

1 —ALUop, o
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N

Cosa 4 la s S Carry lookahead adder &S »~#®
Carry lookahead logic ) 2 sd (o 4sulae la et
b;a, b,a, b,a, b,a,

1 S 0 SR I N O

Cs C, Cq Co
1-bit 1-bit 1-bit 1-bit [
ALU* [Pt ALU* | || ALU* [9Y] ALU*

10t| |3t l l l 3t
31P3193|121P2192|111P1]91]|%0}Po|Yq
5¢ <4

Carry Lookahead Logic

danlae O30 2 b Zlial 8 15%4414=74 4 )k I @
ZLv
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10555 010 Gl 5 acil=s 215

N
semd CLA B4 oS sl ead aiale Au]16 ALU So @
@44 anu é)\_}u L.),-H” ‘)‘J E}Au L;)S d&\ OJIA\

Ci6

“—

11t

A

D512 A15:10011:8 @11:8 74874 Dapazg
P
4-bit ot 4-bit 7t 4-bit 5t 4-bit [~
CLA CLA CLA CLA

llet l 14t l 12t j 10t
l15:12 l1:8 (7.4 3.0

Z LV 4sulae (50 874%4=2096 4 2l jli sl b o)l @
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<wlCarry lookahead 10gic g (e s )l ealiinl S algiiin @

200 3 (s i sl ol ag Ll sl Jiag s iy Ol @
LS W16*15+5%14=310

D510 A15.10011:8 Q1.8 D74 874 D3 a5

CU T

—1C14 —1Cs —1C4 1.0
4-bhit 4-bhit 4-bhit 4-bhit

CLA* |t cLA* | || CLA* |7l cLA*

14tl 5t j l j ct
l15:12 18 (7.4 3.0

“— Carry Lookahead Logic
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=4 CLA

a4 Gl g CLA ol 48 (BLOCK CLA) w4 CLA @
oA sl 4 7S3L 5 S e 5 "SOh Al o SOCLL Sl
T
Apalase i i (pn @
c4 = g3 + p3g2 + p3p2gl + p3p2plg0 + p3p2plp0cO

P3:0 = p3p2p1p0 iy aqend s @
G3:0 = g3 + p3g2 + p3p291 + p3p2plg0
Note: ¢4 = G3:0 + P3:0c0

SR 14 4 ) s CLL 54 41, FansiSha o€ e 350a0 dgidy ool @
A-fha
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ALU Un 028 Gall alis g 43 2l 68 (0 Gn ALUS @

G s il ) () 2l 58 (WCLL . 258 (Al sk i S
3o aliind lindae

255 5ALU  (alb ¢l (alob sla (i 8 o ALK ¢ 5l @
a )l

by (gaie o )58 5 peali Al g 3 )y (S aljha o i @
Gl (Jsaal (55515385 & 53 (alusl o 48
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A
\J

S 5 alae JU@

D90 1000
WS U9 a0 * 1001
1000
0000
0000
1000

walol> 01001000
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A*B

\x:x.&\% A'h:fa\,j L..ﬁ.:.\ h N B)g‘
n—1 _
B= 2(2' *B,)  Product, =) (2'*B,* A)

0
L N1 B RSty oo

Product,_, = Z(Zi *B *A)=2"*B,_* A+ Product_

L2 A D il a4 A e SOIHA®
SIS ran 5 Qi Jaldia @ puia 4S Gl il 5 ()l @

]
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00000110 0000
00000110
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goalala  4d g e g paa
0000 0000 0011 0010

1: 00100000 0011 0010
2: 00010000 0011 0010
3:-+-0001-0000 0001 0010
1: 00110000 0001 0010
2: 00011000 0001 0010
3: 00011000 0000 0010
1: 00011000 0000 0010
2: 00001100 0000 0010
3: 00001100 0000 0010
1: 00001100 0000 0010
2: 00000110 0000 0010
3: 00000110 0000 0010
0000 0110 0000 0010
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C_paliala Gl g a4 sl o,Hi MIPS sl &l

2 o be | Gdle (90 @ daadl ) 51MIPS
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s (eSS o2l audly 4tdly Al 4 g 213l e g 8 AS Caal Al ) Ja ol o il
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el ol | el da g | yal gl

OP Jie  muagd (ol Q)o@
sub 0001111000 1S 3lales,s 1 0

none 0001111000 1S jlIalhu; 1 1
add 0001111000 1ss'sl ot 0 1
none 0001111000 1s ) allaug 0 0

Jhaid) So (esmadd O sime Gl 4S (28 5a) Ce e ) g @
S G Rl B8 (il L4 g e 0 15 ]S
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(2*7)oq Jlwo :

Sloc O PW-¥. Jo > TSy
0. initial value 0010 0000 10 -> sub
la. P=P-m 1110 +1110

1110 0111 0 shift P (sign ext)
1b. 0010 111100111 11 -> nop, shift
2. 0010 1111 1001 1 11 -> nop, shift
3. 0010 1111 1100 1 01 -> add
4a. 0010 +0010

0001 1100 1 shift

4b. 0010 0000 11100 done
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(2*-3)oe Jlwo (

Sloc O oD Jo > Sl ?
O. initial value 0010 0000 10 -=> sub
la. P=P-m 1110 +1110

1110 shift P (sign ext)
1b. 0010 1111 0 01 -> add
+ 0010
2a. 0001 O
2b. 0010 0000 10 10 -> sub
+1110
3a. 0010 1110

10 shift P
3b. 0010 1111 010
4a 1111 010 shift

4Db. 0010 1111 1010 done
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Switching energy 1s 70% of total energy.
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12/13/2013 \cpeg323-04F\TopicO.ppt

247
“leakage” currents

65nm: 50/50!



S b)) D) @) LA

\J

s Ol Jud Sl asd S Gl s )@

oo Bl r ) el i) 3l 5 (WSPEC S
2 a5 5 saalS IS Alia

) n Ll it lul saliinl) ) xMFLOPS SMIPS
Al masia U ol S galy Ll

OV e giasi sl )y Sise gy S Jlaal 56
SIS e Al ol sl Jale 4) 4l 5 ag

asilad yiny o |y SIAGN (sledidy 1audly 4idhs HhIA 4

12/13/2013 \cpeg323-04F\TopicO.ppt 248



~ .
SN daah

Madu )y el o il
JA.%JML’A‘JCJE:LQJLMA

(IS e sCpr )1 %

% e 1 2 1 2
$IA. E = — CVid E = . CVid *

12/13/2013 \cpeg323-04F\TopicO.ppt 249

N




\/

¢ S 03ly slgdig )
Jﬁj\d# LQJLAM

/4

\cpeg323-04F\TopicO.ppt




dLSA

N

0l P oajj\.u Lgl.@_..u;_\ °

() A3 a CK5) oalus 0213 yrae S s b oaly @

Lg\d\a‘);d.\;&)\.uodl_u o

12/13/2013 \cpeg323-04F\TopicO.ppt 251



12/13/2013

dadia

N

L@Aﬂ\)}hdd\ﬁ\@\ﬁdﬁjJ °
Laalayl B Ay e
@.1.132 DJ\J‘)..}UAA

(4 4 (lan) 3 el (5 51

S oo S A MIPS )l gl 4o sane pyaa e o
SW ¢ lwiadasls 4 bty (slelasl) ) ginn
add, sub, and, or :ALU e

() S @l )siwy 5 (beq)esbud &) pa jo bkl &) giu

\cpeg323-04F\TopicO.ppt 252



FismalS o jls (sledan ) 4dsal i

N

)gufl 313 1
JAE asila
031 s

6299

DIA

L Jard) ) gid 48 gara Ak

& 58 $isS

12/13/2013 \cpeg323-04F\TopicO.ppt

A
\J

253



S Sl adar Ll sled Ko

ZUNFPVRRIN. SEPRSTR Sl Py Sppr X |
(Inst. Count)ld Jaall ) siw dla'im

(Cycle Time )4 > 4 Jl)m

(CP')M‘)}S—UAJ Al dd am

a5 ) & G (JHES 502l ) Sd O sl b @
Ao 8 J)m
Jerll ) sid 2 sla 43 o m
JA,J\JJL:AJAL;\ﬁaj\ad%dﬁ_g\uﬁdjﬁj\qﬁﬁ
S CPI sods al yhall o m
GRS Al g 434S 050 e daely ) 5 Col (Y s 4d e e yiculacm
A gl 3 gana Jaall ) sl

12/13/2013 \cpeg323-04F\TopicO.ppt 254




ala o dg ala i pd e (alob BG5S sk as

N

p
\
0313 e (5L i <= danll ) i 4o sana Jilad g 4y a0 @

Ly Gl Galy Juas) Lo glise salaleal) ) glad )8 a 9eda m

R[rd] <— R][rs] + R[rt];
I5EISA sl Gl (gl ke o ppad Jame Jald Al 0ald Hue

WS Shid 1) Gl e Galy Jlasl Al pald e w
) Cele sleds ) (Al Ay ey e ) (ledidn Sl ) 4o sana (5 S Al ?

b 5l e ¢ 8 Sl 50 Leald s sl k@

Analyze implementation of each instruction to determine setting of @
control points that
effects the register transfer

sibie J SIS (L@
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MIPS Gla Jaall ) gy sla lld: s ) slaly

N
\J
i Jesll ) sien Q8 3l cay 32 Ll sbMIPS b Janll ) s 4aa
31 26 21 16 11 @_Tylnp s O
op rs rt rd shamt funct
6 bits 5 bits 5 bits 5 bits 5 bits 6 bits
31 26 21 16 |-tvype m O
op rs rt immediate
6 bits 5 bits 5 bits 16 bits
31 26 J-typem O
op target address
6 bits 26 bits

At S gldia glaald o) Hla
d"j\))i‘“ A J)S‘L“"':OP n
L Ol (a pade dates il RS 1,1 =
Gl o Hlail :shamt =
"op”ald )y Ggldte Sllee o S QlATIFUNCE =
G Jlae by ol udladdress / immediate =
g Jaadl ) sy cana e palitarget address =
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op|rs|rt]|rd|shamt|funct= MEM[ PC ]

(RTL) Ji e il

N

§
\

3 e )y Janll ) siud 2 50 8RTL 9
gd e el Janll ) sind (3815 L e Jaall ) gind Aardd

op|rs|rt| Imml6 = MEM[ PC ]

inst Register Transfers

addu R[rd] <— R[rs] + R[rt]; PC<-PC+4
subu R[rd] <- R[rs] — R[rt]; PC<-PC+4
ori R[rt] <— R[rs] + zero_ext(imm16); PC<-PC+14
load R[rt] <- MEM[ R[rs] + sign_ext(imm16)]; PC <-PC + 4

store MEM[ R[rs] + sign_ext(imm16) ] <- R[rt]; PC<-PC +4

beq iIf (R[rs] == R[rt] ) then PC <- PC + 4 + sign_ext(imm16)] || 00
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0o 03 iwS S599 ,I080 L (3,8 9 Ro>®
Add 4 or shifted extended immediate to PC#
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PC<-PC+ 4 pd)w Gy 1S ¢
PC <- “something else”: jw, 9 wlewiul *
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\J
;addu  rd, rs, rtdus R[rd] <- R[rs] op R[rt]

rdsrs, rt, sl Jeall ) sin slaaléd 5l aluRw sRa, Rb, =

NS w Ahaie J S Jaall ) sins 5 la n X5 ALUctr and RegWr =

31 26 21 16 11 6 0
op rs rt rd shamt funct
6 bits 5 bits 5 bits 5 bits 5 bits 6 bits
S 3
busA
Rw Ra Rb A
buswW / il G 32 32 / Result
32 = 32 32
Clk busB
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2 orirt, rs, imm16 Jbe [imm16] 6o Ju,iawSR[ 1] <- R[rs] op

31 26 21 16 11 6
op rs rt immediate
6 bits 5 bits 5 bits rd? 16 bits
31 16 15 0
0000000000000000 immediate
16 bits 16 bits
| Rd Rt
RegDst Mux
Rs
ALUctr
busA
BUSW Rw Ra Rb /
u
y 32 32-hit 32 R‘jsu't
32 Registers 32
Clk ; busB |,
32 Z
c
X

32

n
(@]
. -
imm16 7 m /
16 y I
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DSk Jae 3

> lw rt, rs, imm16JLo[imm16] coMe v owSR[11] <- Mem[R[rs] +

D
\{
31 26 21 16 11 0
le |Rt op rs rt immediate
6 bits 5 bits 5 bits 16 bits
RegDst MUX R/ rd
| S
ALUctr
Rengr 5// S/I/ S/I/ )
busA W_Src
- Rw Ra Rb / t -
/ 32 32-bit 32 > \l\
32 Registers c| 32
CIk ; busB/, MemWr
32 < <
cC =
" < WrEn Adr >
at / Data | 32
imm16 / S |32 329 Data 7|
16 % Clk Memory
ALUSrc
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6 b o Al Jee: 30

2 swort, rs, imm16JLe[imm16] <- R[rt] ] wwMe Jv,uSMem[ R[rs] +
p

31 26 21 16 0
op rs rt immediate
6 bits 5 bits 5 bits 16 bits
|Rd R ALUctr  MemWr W_Src
RegDst 3 MUX /4 )
Rs Rt 3
RegWIr 5} 5+ 5+
busA
e Rw Ra Rb WA D’
y 32 32-bit 3¢ g , N
32 Registers cl 32
Clk busB ,
= 2 5 <
m XJ / WrEn Adr X
. = A . Data In 32 Data 32
Imm6 16/ § 32 | Memory TV
Clk : ;
ALUSIrc
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31 26 21 16 0
op rs rt immediate
6 bits 5 bits 5 bits 16 bits

rs, rt, Imm16 beq

Cladil by awdas Equal <- R[rs] == RJrt]
s Jaadl ) sid (u ) dpulsa if (COND eq 0)
(immM16) x 4 )<wde (i i&PC <- PC + 4 + (
else
wegmorom  PC <- PC + 4 *



Gledi)) Jae (g p 020 e

beq rs, rt, Imm16

q
31 26 21 16 0
op rs rt Immediate
6 bits 5 bits 5 bits 16 bits
Inst Address

nPC sel

Rs
4 — RegWr 5J( 5+ 5+Rt
\L 32 | busA
<
[
X

Rw Ra Rb 7
32 32-bit 32

00

bus/W

/

Equal?

Registers

T~ O Clk busB |
oL 32

T

Clk

Imm16

1X4 Od
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Inst iy A A A Instruction<31:0>
= o -
Memory O O B T
ol S a |9 d
Adr V Y, v
Rs Rt Rd Imml6
‘ |Rd | Rt
4 Rs Rt
R
N busA ,
) N S| lbusW Rw Ra Rb 7 :(
% = - 32 |
- 32 32-hit g \
L § g, 32 Registers busp O\ - 30 0
Clk ‘>§< Y =
T -?- m 32 WrEn Adr | |1 [~
16 % Clk 5 —{1J) Datain )
ol imm16——=—=13 32 ] Data
ELS 1 3 Memory P4
= - Ik
£ X >0
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0 =>PC<-PC + 4; 1=>PC<-PC+ 4+ SignExt(Im16) || OOnPC_seI.

~
\{
Inst
Memory
Adr
4
N
D o
- (@)
‘; 2| |
I——> § O

D Clk-?
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“zero”, “sign”ExtCpMemWr:  akils ;0 (il

0 => regB; 1 => immedALUsfci@mtoReg: 0=>ALU;1=>Men
“add”, “sub”, “or” ALUctrr&gDst: 0 =>“rt"; 1 => “rd”

° RegWr: Jale G 3 (S 68
‘ |Rd IRt
4——>\1 0 3//
Rs Rt
5// 5// 5//
busA ,
busW Rw Ra Rb 7 B
| 3232-bit 32 > AN
32 Registers busp 0 | 32
/
(;EP 32 N § ¥ g
m 2ot 32 WrEn Adr | |1 ™
= —|1J Datain N
imm16 7 232 7] Data
16 ) Memory /
= Ik ?
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instruction <- mem[PC] o=l giw> -
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G 5l o sJyiuS Slpay a<= Adr

imm216

1X4 Od
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QA;JA.GJ}LJJ@\‘\A‘)?&::J\JM
21 16 11 6

31 26 0
op rs rt rd shamt funct
p
\J
R[rd! <- Rgrs op RIrt]
Instruction<31:0>
NPC_SE=*4 1 |nstruction A lA A |a
. o
Rd IRt Fetch Unit ':) g :: =
RegDst = 1 Clk —o > Vil AR R Y
—ALMux 0/
o1 Rs Rt ALUctr = Add Rt Rs Rd Immil6
egWr =
J S S MemtoReg = 0
busA =
o oW Ra Rb p t Zero | MemWr =0 1
/ 32 32-bit 32 > )
32 Registers busB / 0\ c| 32
Clk <
=0 > 32 < -
‘ = 32 |x
m —{ WIEn Adr | 7—|1-
§ i 1 Data In 32 J
i m16 y S [ Data
16 @ Clk Memory
ALUSIc=0 OD
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20> Sl 5 Joasllgiws LsuisSly 1>l

PC <- PC+ 4

Ao LSl_H U.Jll
B Jol,giws
Jvx 9 vl

Inst

Memory
Adr

DD\

Imm16
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MD%J&J#JJ&\%P@oJ\JMOR

31 26 21 16 0
[IMmM16]cwoMe SuvoSR[rt] <- R[rs] or @
Instruction<31:0>
nPe sel—_+4) Instruction 5 A A |a
| Rd Rt Fetch Unit SO RO =
RegDst = 0 Clk —o > a o |9 |V
=L Mux- 0/
) Rs .Rt AL 2 Rt Rs Rd Immil6
RegWr =1 5, 5, 5J( U= og MemtoReg = ()
busA =
i T ) t Zero | MemWr =0 \L
y 32 32-bit 32 > h
32 Registers busB / 0\ C| 32
Clk 7 <
— g 32 Z c
c 32 X
m = 4—| WrEn Adr | {1/
= / 1 Data In
: @ 32 Data
imm16 / 3 | 32
16 @ Clk Memory
ALUSrc=1 Ol;
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31 26 21 16 0
op rs rt immediate

N

\J
R[rt] <- Data Memory {R[rs] + SignExt[imm16]}¢

Instruction<31:0>

La s seI:_+4) Instruction A A A A
|Rd Rt Fetch Unit o B B
RegDst =0 gl 0 y Clk —o|> o S & o
B Rs .Rt AL Uctr Rt Rs Rd -~ Immil6 Jl
RegWr = 1| 5, 5, S/i/ = Add MemtoReq = |
Rw Ra Rb busA._, t Zero |MemWr=0 \L |
busW .
/ 32 32-bit 32 > ’
E /
32 Registers busB / 0\ | 32
Clk 7 <
0> 32 Z =
>C< X
m v, WrEn Adr 1/
X
s / 1 Data In
imm16 / S 13 %2 Data /32
16 ® ol | Memory
ALUSrc=1 O|;
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31 26 21 16 0

op rs rt immediate | a

{R[rs] + SignExt[imm16]} <- R[rt]osl> alrsl>#

Instruction<31:0>

NPC seI:_+4) Instruction N A A A
| Rd | Rt Fetch Unit SO O =
RegDst = x Clk —O|> g o g (¥
—ALMux 0
—E =D Rs Rt ALUclr Rt Rs Rd Immi6
eV = l 5V 5, 5/ =Add MemtoReg = x
busA =
~— v UsA_, Zerd | MemWr =1 \L
, 32 32-bit 32 , ;
32 Registers busB / 0 32
Clk <
0> 32 < c
< 32 X
1 / WrEn Adr | # 1/
, |/ 1J Dataln 32 s
Imm16 > =
16 ® P2 Memory
ALUSIC = O|;
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31

26

op

I'S

It

immediate

If (R[rs] - R[rt] ==

0) then Zero <- 1; else Zero <- 0¥

Instruction<31:0>

A
\J

NPC sel= "Br Instruction 5 1A A |a
IRd Rt Fetch Unit SO I =
RegDst=x g —— Clk —o[ > VAR BRIV A
ALUctr = Rt Rs Rd Immil6
RegWr =0 Rs Rt Sihtract
_g—l sk-sh—sk Subtrac MemtoReg
W busA Zero | MemWr =0 \L
buswW :
¥ 32 32-bit 32 > 0
32 Registers busB O\ cl| 32
Clk /) <
=0 > 32 < =
= 32 |X
m v, WrEn Adr [ 7—{1-
% i 1 Data In 32 J
i m16 v S s Data
16 @ Ik Memory
ALUSrc =0 OD
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oleisl Slewl 5> Josllginws (suisSly Al
31 26 21 16 0

op rs rt immediate
(\
Inst if [(Zero == 1)
Memory
Adr Instruction<3rlr;@
[IMm16]*4 ; cwMe juv,oas PC=PCH 4
=
| PC = PC -
See book for what the datapath and =

control looks like for jJump instructions.

Compared to book our processor also

supports the ORI instructions.
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RTL->CONTROL: osa_w o3Iy 03> juin:4 al> 0

Instruction<31:0>

C\
Inst 5 1A | A A
Memory SR O LN
ol o ol ol
Adr v v Vv |V
Rt Rs Rd Imml6
e N
Control
\_ J
DATA PATH
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ALU JAs

N

ALU operation

a —»\l
— Zero0

SALU— Reslt
—> Overflow

CarryOut

.J)..Su.a‘)\)éad\éh\ JJ}QALU@“&Md\}dw‘)}bm&&u\dduuﬂ
O S s s ) il 058 (e waldid 50 0018 raa S llal (51 et alai ()
Cua ol S bgha 003 e IR Cua  Adder L ALU sl g

sl e A re 2 JSG 0 ALU dee 5l jlase 284 ALUOperation
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ALU JAs

N
L/

12/13/2013

ALU Control lines Function
000 And
001 Or
010 Add
110 Subtract
111 Set-on-less-than

ALU hlie Jac o) ot a0 ALU J i€ bl an palia
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Instroction Instruction Desired ALU control /]

opcode ALUOp operation Function Code ALU action input -
LW 00 [Load word XXXXXX add 010
SW 00 |store word XXXXXX add 010
Branch equal 01 |branch equal XXXXXX subtract 110
R-type 10 |add 100000 add 010
R-type 10 |subtract 100010 subtract 110
R-type 10 |AND 100100 and 000
R-type 10 [OR 100101 or 001
R-type 10 [set-on-less-than 101010 set-on-less-than 111

xS s ALUOP S (slein 4 4l s ALU J8S slgin adaii K5 & Jsan 0l
A3 e LI ) Al g 8 Gl s (5)  sliia (2

L IR oS aled a8 e cpand ) ALUOP sslein Cuna s 008 Gl (5t (il 5 52 4S «Opcode
8 3L 280 01 1 00 il ALUOP 348 ile 5 25 dn 55 30 58 e 0303 (el (539353 oy 3o 4
Lo (s (ol sla S jlaie aS 0 g e 4K €3y 50 Gl 2 ot Al adli gaxS ald g (2554
ey 2 gd e 02l Giled XXXXX Sy g 4y (o8 S ald 5230 « (doN’t care) “as 58 oy
R oo DS ALU DS (255 aabati (gl (28 S all 10 Lol 0 ALUOp Llaie 48
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AS e 0alii) ALU ) 48 (slgdand) ) gicd

paa - o Asulaa Load/store:
B8 Branch eq:
and/or R-type:

set-on-less-than

P s 4y Gl
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ALUOpP) o=U o) sic 49 ALU (A 58S S a6 0 (S pa 52
u—’—.’u aS m 3

ALU JAS Ak

ALUOp

Function code

ALUOp1

ALUOpO

F3 | F2

ALU control
input

X

010

110

010

110

000

001

N R =)

XXX X X|~|©

<[> ><|<|><|><|<|H

x| << <] ><|><|><|Z

= (=] =] (=] [=] P4
oOlr|r|olo]l X X

~lo|lo|r|olx|<|X

o|r|o|o|o|x|x|T

111

ALUop «Jbs ) sic 43 aiia (dON’t care)“as 58 (s a2l 4dlal sleadg s ) s )b
lem s s Jebd laa 55 23 65 e iy Jsan cpl ol i€ o (gl oaléind 11 51X X )
22001 510 s 4 x1 51X
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ALUOp

ALU JAls 3y
ALUOpO
[ 4
ALUOp1 N
P
Operatjon
F2 +—T—
[
F (5-0) + z : Operation 1
> ]
F1
[ —
\ Operation 0
FO / °

ALUOp slein 58 S 5 G 1) ALU JS G4 ALU S S3
S e s
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Field
Bit positions

Field
Bit positions

Field
Bit positions

12/13/2013

MIPS (slgdandl s lld 5 jga

A

\

0 rs rt rd shamt funct
31-26 25-21 20-16 15-11 10-6 5-0
a. R-type instruction

350r43 rs rt address
31-26 25-21 20-16 10-6
b. Load or store instruction

4 rs rt address

31-26 25-21 20-16 15-0

c. branch instruction
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y <
—_cont’d¢
4 ald Gl 4 L 0,8 e 831 U 26 sleiy 0 4daes 0pcode 4 s yre Oxined ¢ op alé e
_&\.‘\SGAUL&\ Op[S-O] Q) g
G sl e padBie 20 B 16 525 B 21 Cumbse yort 5 1S slaald b adied 23l & ylas ) g3 e
ﬁ@é“d)@bﬁ;d}&)uu‘)jmjjuw\c@\u&\‘)}mdd\}&_ﬂh
201 D18 (rs) 25 U 21 (w sleiuad o )2 4l StOre s load Cl st gl pah S e
15 U 0 sleiand s o 4duad StOre s load < sbd Gy sa jo Glald) &) Hghn ) o Caudl w16 @

_JJ\J J\Jﬁ

00 5 (r)20 B 16 Cuedse slgin 3 Joad &) siwd o) p Gl G 93 Gl ) (S 03 dale DS e
S 0258 41 Lo gl iyl ()15 1 11 i slemise 50 i Jaall ) sinnd S sl 4S s
JASG.ADJL»\ umy}u:\;)o‘)mmw‘)wdﬂﬁe\ﬁw\ - ek Ls\}‘)uﬁJL;\jLA
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>AL D

Read

PC

> address

Instructin
memory

InStructiof=
3

Shift
left 2

RegWrite
Instructiongzs-z;ﬂ Read
register 1 Read
. data 1
Instruction(20-16) | Read
— 7 | register 2
. Read
Write data 2
register
Write
data
Instruction§15-0 )
16 Sign
| 7 exten

RegDst

Instruction(5-0)

ALU
>Add resul

MeWrite

o
(I— xc< O)_m
i3]

32

ALUOp

A 4

Read

address
Read
data

Write
address
Data
memory

W[ite

ot

MemRead

Merr\ItoReg

xc<Z

o

é%k#wwjungwwo\ﬂﬁodbw
o ALY
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N
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Jardl ) giid g1 ) ) JAIS aalg Ak

5\&&«5&

/4
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Signal name

Effect when deasserted

Effect when asserted

MemRead None Data memory contents at the read address are put on
read data output
MemWrite None Data memory contents at address given by write
address is replaced by value on write data input.
ALUSIrc The second ALU operand comes The second ALU operand is the sign-extended lower
from the second Register file output. 16-bits of the instruction.
RegDst The register destination number for the The register desination number for the Write register
Write register comes from the rt field comes from the rd field.
RegWrite None The register on the Write register input is written into
with the value on the write data input.
PCSrc The PC is replaced by the output of the The PC is replaced by the output of the adder that
adder That computes the value of PC + 4. |computes the branch target.
MemtoReg The value fed to the register write data The value fed to the register write data input comes

input comes from the ALU

from the data memory.

5yl uSly (e Can 4 (1) DS G Sl S JSSom a5 oIS a dee
G 4S Fosa 0 Qpgall je 3 S e AT 1 4L Ll g0y sl il
Dbl 4 € e il ) 0 Al 4 b e g2 eSh ke (280 0) 2258 310 J s
5L e aa (535 S Olsie 4 Gela a5 S gl Al ualic e 48 4 L

12/13/2013
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0pS
Op4
Op3
Op2
Opl
0p0
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JAIS 2l g Ak

J A

RegDst
. ALUSIrc

» ALUOp1
~ ALUOpO
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op_/
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Main
Control

RegDst func
ALUSIC ; -
ALUop /

o/
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ALU
Control
(Local)

ALUctr
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R-format lw SwW beq
Op5 0 1 1 0
Op4 0 0 0 0
Inputs Op3 0 0 1 0
Op2 0 0 0 1
Op1 0 1 1 0
0p0 0 1 1 0
RegDst 1 0 X X
ALUSTrc 0 1 1 0
MemtoReg 0 1 X X
RegWrite 1 1 0 0
Outputs |MemRead 0 1 0 0
MemWrite 0 0 1 0
Branch 0 0 0 1
ALUOpl 1 0 0 0
ALUPpO 0 0 0 1

a9l (o il d Jsta abis 4 SlS sale (5l 48 SO b aaby ) r JAS 3 See
b€ (i 5 28l e (Opcode) Shlee S 4 L g je 4S 53555 sl S 5 Jsaa YL
slein L b e Op(0-5) 48 2k 4l Hhla 43) a8 o Cwd 4y ) 2t J3S a9 A puajg
4 )y Lea g )a Jean ol i (sl o« (Opcode)des XS alé a8 (sl Jaall j i 31 B 26

LAY e Cud
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L..S\—'L‘J 9J kSl).g“ D LJS.L>_‘“

op 00 0000 00 1101] 10 0011| 10 1011{ 00 0100} 00 0010
R-type ori Iw S beq | jump P
RegWrite 1 1 1 0 0 0
RegWrite = R-type + ori { Iv

= lop<5> & lop<4> & lop<3> & lop<2> & lop<l> & lop<0> (R-type)
+ lop<5> & lop<4> & 0p<3> & op<2> & lop<l> & op<0> (ori)
+ op<<5> & lop<4> & lop<3> & lop<2> & op<1l> & op<0> (lw)

op<5>. op<5>. op<5>. op<5>. op<5>. op<5>.
.<0> .<0> .<0> .<0> .<0> .op<0>
R-type ori Iw sw beq jump
¢ d ‘N RegWrite
¢ y
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op<5>.

.<0>

R-type

op<5>.

ori

sdol J,iS slpivg,PLA

op<5>

op<5>.

.<0>

lw

.<0>

SW

op<5>

ap<0>

e

jump

=\ ~\ RegWrite

N

=
-\ ~\ ALUSIc

o RegDst

12/13/2013

MemtoReg

MemWrite

Branch

Jump

ALUop<0>
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Irstruicticn [25-0] 5, {;.:\.\ Jurnp sddress [FL-00

v .
25 M 2[an -
Po-d [31-28] "1""
\ x
b,
o
£ i
|
Ingtruction [31-26] |
I Cantrol |'-' li7
I & y
rkiacbian J25-21] Masd
Pl
Fe andnss PR Rieta]
efnacton [20-18] Raad g
i refizher 2
I"'""i.'.';".l'!g:i Repisters ou. _r
TR Wnte Sl s Foad
Instriction TEpigtar Ll
TRy PRSI P i
] 1=l H :‘?:T:I;I— . pa'a
+ mema
Wi .
ﬁ st
2 N R
s N 1 3 f
Astristar |15-0] | SiEn L ‘i i
| sy |

I."'H.JI|1I|'I||
| i

=1
-
-
£
&

irrslrgctive [5-0 W )

L.\u\‘\.\ﬂbua).\ugu.n).\u\JyudLg\);\LQ\J.\ASO.JL»DJ‘JJMJJJ.\.\S
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¢ AA SO gl ol ) Alaaa ¢

2L (A a e Gglite sled s (61 )1y Gl San aiile (slglandl ) gl
Load Jdeall ) s
DS rae Gl s
S glita (A a3 sl

sl e (e Sl a ae G i Al g Celu da ja )

ALl 4y sl (Seas FU 085G
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Cal 85 313 CPI=14S (e y 2 g (oo JSiie daely (5 jua 4a

N

Arithmetic & Logical
PC_ [ instMemory | RegFile [musd ALU [nof setud

Load

PC | Inst Memoryl Reg File Imuxl ALU IDataMem Imux‘

PC | InstMemoryl Reg File Imuxl ALU IDataMem

Store |

Branch
PC | Instl\/lemoryl Reg File |cmp|mux

as>,> Ulo; Usq (s Vgb®

2 s Ulo) Heiowd S o5lul e 1 Jowll giws aon®

Real memory is not so nice as our idealized memory#
cannot always get the job done in one (short) cycle =
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Cut combinational dependency graph and insert register / latch

>

storage element

-

\
Acyclic
Combinational
Logic

/

N\

> storage element

Acyclic
Combinational

J

>

storage element

12/13/2013
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Combinational
Logic (B)

> storage element
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QLHJ jJA.A

sla

SR

43 a k) s

N

910]S ]jNSay

9|l
-] 0Oy <

-
SS920Y

i WoA

Control
Exec

yale
pueladO

ssmu
uonanisu

od
——| Od ¥XeN
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< E——

Next PC

PC

Ihstruction
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1=CPI b apus
s 4la e SR NS 3 S Ll

—
ol
( \ : @
-c%% | Exec| |8 [ 3 2 S
EB — CD8 o Ll N
O LL EQ D\ =
@ > <C 03)
__/ &

dAa a dia 3 Jard) ) g alad) Glsal
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< E——
< E——
< E——
< E——
@ muen
< E——

Reg |A
File |7

B

(
\_
1
>
Mem
Access
>Z

Instruction >
Fetch

N
Next PC
PC
N
>,
I|R
Ext
ALU
DALU_OUT
Reg.
Result Store Eile

Fetch

T
c
@
e
)
Q
O

A

Jal e Gm palee 50 S o Ad (g) 20 gdine adlial Al sl
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D g e 0Ll W 02la 5l gt (o) g Ol adadls s g SO

Silua gad

I

(|R).J)JGAJ\5@M\JJLJQ\_.§@ o
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(add, sub, . . .)sl Jdedl ) siusR-type

inst Logical Reqister Transfers

ADDU  R[rd] <- R[rs] +R[F[;PC<=PC+4"

inst Physical Register Transfers
IR <— MEM[pc]
ADDU [ A<-R]rs|; B <-R]rt]
S<-A+B
R[rd] <-S; PC<-PC+4
T ? o |A lé 8’%
Lol o] S| |xi | il
5 z| || 8 Ney r
Al ((E)A]| (% g M
<

12/13/2013 \cpeg323-04F\TopicO.ppt 305



e (558 sla Jaadl ) gl

Inst Loqgical Reqister Transfers
ADDU  RJrt] <= R[rs] OR sx{(Tm1b6); PC<—=PC+ ﬁb

inst Physical Register Transfers

IR <— MEM[pc]

ADDU | A<-R]rs];

S <— A or SignExt(Im16)

R[rt] <-S; PC<-PC+4

File

P Reg. =—

[Next PC J‘_
> PC
Enst Memj

IR
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UJJSJQ M‘)WJ inst Gl Alais Gl JUS)

LW R[rt] <- MEM(R[rs] + sx(Im16);

p=

p
PC <- PC + 4 )
inst Gl So 5 ala JU)
IR <—- MEM[pc]
LW A<-R]rs];
S <— A+ SignEx(Im16)
M <- MEM[S]
R[rd] <- M; PC<-PC+4
2 & i i T S i R
Z c Al E O
— A _— A (CD o |M
b
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GRS o pad daall st

[Next PC J‘_

PC

»

1

Gnst. Memj

IR

12/13/2013

Reg

il Alale Jlads)
SW MEM(R]rs] + sx(Im16) <- R[rt]; Py
\
PC<-PC+4
inst Gl (S 5 J)
IR <— MEM[pc]
SW A<-R]rs]; B <—- R|rt]
S <— A+ SignEx(Im16);
MEMI[S] <-B PC<-PC+4
|_
o |A 3 -
[ 2 H
—— <
B A
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[Next PC J‘_

12/13/2013

o
|

Gnst. Memj

»

IR

inst

Gl Ahala JU)

BEQ

if R[rs] ==_R[rt]

then PC <= PC + sx(Im16) || 00

else PC<=PC +4

inst

Gl S b Juai)

IR <= MEM[pc]

A<-R][rs]; B <= R][rt]

BEQ&EQ PC <-PC + sx(Im16) || 00

il

Exec

|

S ALU_OUT

\cpeg323-04F\TopicO.ppt
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)327 (Figure 5.26, p.cs) 43 > dia 0213 Hua

L"Fq: [nEtn yohon; -{r
L Address [25-21] reg 1

ALL
Memory Insip oy iy zero
. B ALl L |
MemDataj=—a=—. oo ction Wirite resul

[1540] eOSEr gaiy 2] B

1 Write data Instruction Write 4
regictar data

Instructio
[15-0¥

Memao
. data

registern

6\@}&}&\@)}&403\3%% sle & ylay
d gl (a0l W sald g Jandl sy 0 ja (o) e adadla aal g S
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MemRead
IorD MemWrite IRWrite RegDst RegWrite ALLISrcA
LPC [nstructon, Fuead 3
Address [25-21] reg 1 .
Read REAd gl 4 . A
Memory [”Sﬂ-ﬁ:"fg]' rag2 datal 1 ZBro m_i ,:,ﬂ
—— - i AL
MemData [nstruction ertenwftt:;; Sy
[150 rEOSter s H a
= \Write data Instruction . Write 4 1
| _register | data 2
3..-‘
L
Sign
extend’ o
_
Instructon [5-0]
MemtoReg ALUSrcB  ALUop
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Signal name Effect when deasserted Effect when asserted
MemRead None Contents of memory at the read address are
put on read data output.
MemWrite None Memory contents at the write address is
replaced by value on write data input.
ALUSelA The first ALU operand is the PC. The first ALU operand comes from the
register given by the rs field.
RegDst The register destination number for the The register destination number for the
register write comes from the rt field. register write comes from the rd field.
RegWrite None The register given by Write register number
Is written with the value on the write data input.
MemtoReg The value fed to the register write data input |The value fed to the register write data input
comes from the ALU. comes from the Data memory.
lorD The PC is used to supply the address to the |The output of the ALU is used to supply
memory unit. the address to the memory unit.
IRWTrite None The value from the memory unit is written into
the instruction register (IR).

AL e padiiie (i 1 S LS dae

12/13/2013

A leliSan Jlee
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Signal name Value Effect

00 The second input to the ALU comes from the register given by the rt field.

ALUSelB 01 The second input to the ALU is the constant 4.
10 The second input to the ALU is the sign-extended lower 16 bits of the IR.
11 The second input to the ALU is the sign-extended and shifted lower 16 bits of the IR.
00 The ALU performs an add operation.

ALUOp 01 The ALU performs an subtract operation.
10 The function code field of the instruction determine the ALU operation.

AL e et (i 2 S leliSon dae

12/13/2013

SRS S Jae
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Fleslug b

Sl ) ah (Bee Dl S Jile @

jdj.ﬁ:wcdul\.n\ﬁﬁdﬁﬁdﬁ)d}@&ﬁﬁdﬁ)dd@dﬁ 1
= 25 )y A ol 4S (functional block) S WS sledsys 2

JMJ)M@PJJ\A‘}AL\L‘)Jd@w‘&‘)\dﬁm‘ywﬁ

Al S R4l
ALU >5»
ALU slersus4 B s A sldld
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Jard) ) gl dpulaa A4y o) ya

Jaall ) sicn J3S)
IR= Memory [PC]
PC=PC+4

Lisles (IS)5 5 5 la 0 oS
[IR(25-21)]; s

[IR(20-16)]; s

[IR(15-0)<< 2];4i8L (i il CdePC + (

als |F

those .3 alail’ailind &7 ) Gllee al sa oo Leiadlaag
are common to all, or at least do no hurt any.
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(cont’d)

Jard) ) gl Asdaa 49y Ja) 44

\

ledd) Jaasa U ¢ ddadla ) dswlas | dsadaa EX .3

A gad
adadla 4 pla
ALU= A + sign-extend [IR(15-0)]; «=>s5.~

P ALU G Jandl ) g
=A op B;e>s»~ALU
g € Po]
If (A ==B) PC= Target;
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(cont’d)

M\Jﬂuammquﬁf

R_TYPE Jeall)siun JaaS3 Ly abidls 4y o yiwd MEM .4
A gad
alidla 43 la )
MDR = Memory [ALUoutput];
Memory[ALUoutput] = B; or

ALU sl Jaall ) gis
Reg[IR(5-11)] = ALUoutput;

BIVELgIE WB .5
Reg[IR(20-16)] =MDR
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2P C &) JAS

TAdia g 4 394 e (el s 2aPC

o 035 )8 aal 5 SO i 5 Jardl ) s (ISI5 6] pPC A4S (Sl e
Sl e SQOALU 25 4

s Al CSg oadi sl Jaall ) gy 48 e ) Cild aoie ¢ Coaa Gl e
AS bl aanl A Sl LS o b g sl e JiSan S 4 Cpines Lo 23U
A58 e a8Target Writeg) 4

Yo ) w2 A JuSew o PCSource
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Action for R-type Action for memory- Action for
Step name instructions reference instructions branches
Instruction fetch IR = Memory[PC]
PC=PC+4
Instruction decode/ A = Registers[IR(25-21)]
register fetch B = Register[IR(20-16)]
Target = PC + (sign-extend [IR(15-0)] <<2)
Execution, address computation, ALUoutput=Aop B ALUoutput = A + sign-extend if (A == B) then
or branch completion [IR(15-0)] PC = Target
Memory access or R-type Reg[IR(15-11)] = memory-data = Memory[ALUoutput]
completion ALUoutput or
Memory [ALUoutput] = B
Write-back Reg[IR(20-16)] = memory-data

g o4 alad) Jaadl jsied £ o8 8 1) ) A8 Aol pe ) ) dadla

¢ ¢ ) Jotie J gl Ada ja g3, Conl Ads 50 56 3 W Jaall ) ghid (51 ja) ) e 2laad
G nad a3 S U] ) deadl H5ias Ko ¢ dal ye ol ) am, At Jaall ) st
Gl Jandl ) sld & g g Aol g Gl 4S 3 e Gl ) O JaeSS
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Signal name Effect when deasserted Effect when asserted
PCWrite None The PC s written; the source is controlled by PCSource.
PCWriteCond None The PC is written; if the Zero output fromthe ALU is also active.
TatgetWrite None The output of the ALU is written into the register Target.
. e - . v a 0y .
Signal name Value Effect
00 The ALU output is sent to the PC for writing.
PCSource 01 The contents of the register Target are sent to the PC for writing.
10 The jump target address [PC + 4(29-26)] concatenated with
IR (25-0) and shifted left two bits) is sent to the PC for writing.
- e ./ 3  aat 3 N3 I
ﬁZé)ﬁ&&dh&u)\dﬁﬁﬁ@)\w\Ad&
S2=PC GRS JUAS
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(Ui o) ya)s) 4 a i (51 JalS (S (sl Jiaus 5 090 pesar 5, 285

/’H_C BCWriteCond N, __PCSource
O A il
Url.llr_: fc.l:.'.l:. .\ L]
I_'* - ALLISR
WemFesd
Control .
Memiiirite ALUSCR
MamioReg
Rl \ [?Eﬂ S st
Instruction [25-0) I I EJE- i
_
I r
Instrection
[31-26] P [31-28)
- P ) ]""-‘*ETE"E":_IE“L"I'I_ | - |F!.-=ad
E Acddress reg 1 "
Irnstructiaon Raad ;
i Ple=rrier [20-18] I'Egaz B
LU
MemData fubmpied ;0 ction Wit F'"ﬂ'.'lll'-t"‘-'f; maa 1
[15-0] regisbar
] T Instruction Wiite
data register date
Instructic
[1&-0
Memary
' data
register 1 Sign i
1‘:_ exbend)] conibrod
[ 12
: Insirueton [S-0]
i
321
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FSM_tiaba

el e e

Specify a set of output to be asserted - inputs (conditions)
Assume signals not asserted are left - \ \

disserted by default e

. . Next State
addia Ual) pa 4ien Lo o2iiS agud 3 S J S | Logic
Gl s
>
o clla ol o Control State

Output Logic

outputs (control sugbaks)
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(FSM )saliie Wl piile J S 51 (YL dass 2
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Ssar
¥ T
Instrucson letch/decods ard regsier fistch
(Figure 5.32)
i ] ¥
Memarny access RA-hpe insirechons Branch ingtructicn Jump Insiructan
instructions {Figum 5.34) (Figure: 5.35) \Figuma 536)
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Insinuchion feicn

Mam Read
a ALUGCA = 0
BarD = 0
IR rita
Start 4‘1 ALLISrcH = |:|1
ALUCD = )

Memory-felerence FSM R-type FSM Branch FSM
{Figune 5.33) {Figura 534} (Figura 5.35)

ARITUCTON dRoo s

-lr!':'li..ll. Rtk

ALLl'En:ﬂ = 1}

AI..L'EIJ-W

N

(5.32 v 5,37 JSb)ania W Jaall ) i das gl g (SlaSa Grad (g )la S g LGS g Jaall ) g
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3558 (5 s o2l a3l () dla 52 FSM S L a3 55 e R_typecsts desl ) siaes

12/13/2013

From state 1
(Op = Rtype)

Fxacuiion

ALUSICA =1
ALUSrcB = Q0
ALUGOp =10

vy Blype completion

RegDst =1
RegWrite
MemtoReg = O

To state O
{Figure 5.37)

New 5.32
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From statm 1

(0p = LW} or (Op = "5W)

Memory agdnass. computaton

Memory road ocomplefon Eep

4 \
RegWrite

MamioRsg =1 } To sista 0

\tf :f/l ~ [Figure 5.22)

5.33 w538 JSb)ajlaals je 4 abadla g la ) sla Jaadl ) iy 3 S JAS ) WFSM
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From state 1
(Op = 'BEQ’)

Branch completion

ALUSrcA =1
ALUSIcB = 00
ALUQp = 01
PCWriteCond
PCSource = 01

To state Q
(Figure 5.37)

New 5.32

(5.35 u3a 5.40055) )
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From siate 1

(Op —_ IJI}

Jump complation

PCWrite
PCSource = 10

To state O
(Figure 5.37)

New 5.32

The jump Instruction requires a single state that asserts
two control signals to write the PC with the lower 26 bits
of the instruction register shifted left two bits.

(Figure 5.41 — new 5.36))
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(Figure 5.42 — New 5.38) W s2l2 joe 55 » Jel€ &) pm 4y aliie s (8l J € aal
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L Instruction fetch
MemRead

Instruction decode/
Register fetch

ALUSelA=0
lorD=0 ALUSelA=0
IRWrite ALUSeIB=11
Start AkUSeIB=01 ALUOp=00
‘i;'-é(a\ﬁﬁgo TargetWrite
PCSource=00

Jump
+ comptetion

{Op="JMP")

PCWrite
PCSource=10C

o2
. o>
Memory address 00.,.‘9" ) Branch
computation -\:N'\ ot \ Execution completion
2 0= 6 8
ALUSelA=1
AlLUSelA=1 ALUSelA=1 ALUSeIB=00
ALUSelB=10 ALUSelB=00 ALUCPRp=01
ALUOPp=00 ALUODP=10 PCWriteCond
PCSource=01
C
= 2.
=z %,
'& -
=) Memory Memorty
"4 access access ¥ __ R-type completion
5
MemRead MemWwrite ALUSelA=1
ALUSelA=1 ALUSelA=1 RegDst=1
lorD=1, lorD=1 RegWrite
ALUSelB=10 ALUSelB=10 MemtoReg=0
ALUOp=00 ALUOp=00 ALUSelB=00

| Write-back step

MemRead

ALUSelA=1
lorD=1

RegWrite

ALUOp=10

MemioReg=1
RegDst=0
ALUSelB=10
ALUOp=00
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IR <= MEM[PC]) Instruction fetch”

N
L/

“decode / operand fetch”

R-ty ORi L BEQ & Equal

S<=AfunB)\S<=AorSX) (S<=A+SX) (S<=A+SX Q C<S>E)ICI:

Execute

Memory
Access

Write-back
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Mapping RTs to Control Points

K @ “instruction fetch”

A <= R[rs]
B <= R[r]

“decode”

Execute
a
1
>
=
o
o
wn

N\

I
>
o
%)
e
wn
N\

1
>
+
%)
P

Memory
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BEQ & Equal

00

Write-back
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OV auadl

IR <= MEM[PC]) Instruction fetch”

N
L/

“decode”

BEQ & Equal

R-ty OB LW S

S<=AfunB)\S<=AorSX) \S<=A+SX) \S<=A+SX

Execute

Memory

Write-back
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Al Alla il J 5K o8 (gl sal

(-"'

Combinational
control logic

== Qutputs -<

ALUOPp
Datapath ALUSrcB
control ALUSHCA
outputs RegWrite

ReqgDst

12/13/2013

_—

Inputs

PCWrite
PCWriteCond
IorD
MemRead
MemWrite
IRWrite
MemtoReq
PCSource

NS3

NSZ2
N51
NSD

SRAE L]

instruction |5tate register
register

opcode field ‘ l 1 —
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control
outputs
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Output Current States §
PCWrite stated + stated For Example:
FCWriteCond stated . S —
LorD state3 + stateb PLCWrite = 53-5_2.5_1.5[] *
MemRead state( + state3 53+52-51+50
MermWrite states

[RWnte statel

MemtoReqg stated

FCSourcel stateS

PCSourced stated

ALUOPp1 statet

ALUOPOD stated

ALUSrcBL statel + state2

ALUSrcB0 state( + statel

ALUSICA stateZ + stated + state8

RegWrite stated + state?

RegDst state/
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Output Current States Op —4

NextStateQ stated + stateS + state7 + state8 + stated

NextStatel statel

MNextState2 | statel (Op ="'lw") + (Op = "sw")
MNextState3 | state2 (Op = "lw")

NextStated stated

MNextState5 | state2 (Op = "sw’)

NextStateb | statel (Op = 'R-type’)
MNextState7 stateb

MNextState8 | statel (Op = 'beq”)

NextState9 | statel (Op = "jump’)

For Example:
NextStatel = State0 = 53-52-51-50
NextStates = State2 = (Op[5-0]="lw")
= G63+52+51+50*0p5+ Opd * Op3 * Op2 * Opl
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Combinational

control logic Ddtapath control outputs

T

Outputs =<

Inputs ‘

T

Inputs from instruction | State register
register opcode fleld N W

Finite state machine controllers are typically implemented using a block
of combinational logic and a register to hold the current state.
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SUB £
AND
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DATA s
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e.g., Fetch
Calc Operand Addr

--------------- Fetch Operand(s)
IIIIIIIIIIIIIIII B Calculate
------ Save Answer(s)
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Values for field e —————

PCWrite control

Ay string Used to specify l[abels to control microcode sequencing. Labels thatend ina 1 or 2 are
used for dispatching with a jump table that is indexed based on the opoode. Other labels
Label are used as direct targets in the microinstruction sequencing. Labels do not generate
control signals directly but are used to define the contents of dispatch tables and generate
control for the Sequencing field.
Add Cause the ALU to add.
ALL control subt Cause the ALU to subtract; this implements the compare for branches.
Func code Use the instruction’s funct field to determine ALL control.
SRO1 PLC Use the PC as the first ALU input.
B Register A is the first ALU input.
B Register B is the second ALL input.
SRC2 4 Use 4 forthe second ALU input.
Extend Use output of the sign extension unit as the second ALL input.
Extshft Use the output of the shift-bytwo unit as the second ALU input.
Read Read two registers using the rs and rt fields of the IR as the register numbers, putting the
data into registers & and B.
. brite AL [ [ [ [ [
Register control T A Write the register file using the rd field of the IR as the register number and the contents
of ALUOWUL as the clata.
Write MOR Write the register file using the rt field of the IR as the register number and the contents
of the MDR as the data.
Read PC Read memaory using the PC as address; write result into IR (and the MDR).
Memaory Read ALl Read memory using ALUQut as address; write result into MDR.
Write ALL Write memary using the ALUOUt as address; contents of B as the data.
ALL Write the output of the ALU into the PC.

ALUDut -cond

If the Zero output of the ALL is active, write the PC with the contents of the register ALLUOUL.

Jump address

Write the PC with the jump address from the instruction.

sequencing

heq

Choose the next microinstruction sequentially.

Fetch

Go to the first microinstruction to begin a new instruction.

01spatch 1

Dispatch using the ROM specified by 1 (1 or 2).
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ALU Iinglltar PCWrite
comtrol control Sequencing

N
L/

Fetch

Read PC

ALl

A
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PL

Extﬂhft

Read

D15patch 1
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T

Register
Label control nnltrnl Sequenci

Maml Extend [ispatch 2
Lkl Z Read ALl aeq
Write MDR Fetch
o Write ALU Fetch
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Hnglltar PCWrite
control

s pe 4al pR-type

N

Hformatl

Func code

lWrite ALL

Fetmh
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ALL egister PCWrite
comtrol nnltrnl comntrol Sequenci

BEO]

Subt

ALUCUL -cond

Fetch

12/13/2013

\cpeg323-04F\TopicO.ppt

344



95 4wl y Gy

ALI.I egister FEWrI‘ta
nnltml Sequencing
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JUMP1

Jump address

Fetch
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Fetch PC Read PC
hdd PC Ext;hft Read D15pat_h 1
Meml Add A Extend Dispatch 2
Lkl Z Read ALl aE
Write MOR Fetch
sWZ Write ALU Fetch
Rformatl | Func caode A B Serq
Write ALU Fetch
BEC] subt A B ALUOut- | Fetch
cond
JUMP1 Jump Fetch
address
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Scalar pipelined machine vs. vector
machine

12/13/2013 \cpeg323-04F\TopicO.ppt 356



sl (S &L@JAQ\J}L»J ) =)

rol Al ba llee ol 5 @

A

Ole)y Ll e (e (il 531 1) (Ui s yl) (Sllee O 58 0 S gl A lad 0l il @
Ale oo Lt (90 Jaadl ) gl 4 sl sal

12/13/2013

1 Coal ok 3 gams pdd gl Al ol pile So el F 5 @

latch time =
clock skew =

A5 5 S0 0 el Jin L ) Jliase paAligle) m

\cpeg323-04F\TopicO.ppt

357

N




Mﬂb&@Jduﬁb\S ¢ \g-ad gdaa

N

il L"\CJM J\.b.u\ AJ;JA u.iJJJ.\S J\ u\y GAJ@

) Caslite i)y slgila ) cCuml g L@_Sa.m.w@v
D g coh-aakd L;';m)\j ety uS.AA — dA‘JA

(L)

12/13/2013 \cpeg323-04F\TopicO.ppt 358



clock skew slatch AU ¢ (43 )l gl jia 3 aga sla gisle

12/13/2013

STAGE

1 LACHES

Y
S )i hic

A

STAGE

2 LACHES

A 4
) dLLLA
c_s—.‘:‘s,)-‘

A

STAGE

3 LACHES

Y
=S i Ghis

€ - === =

STAGE

n LACHES

l
(b)

\cpeg323-04F\TopicO.ppt

359

N




gl gl bd il )3 (Overlap) s il ALY

Sl alg) bhs> @
(sub functions)lpiuiz ;5 Sgd bly,)l =
al>,0 b al Ulo; =

e 4y a6 (L)) m

G yile @
als jo ppie ) m

U O (Sl s (L)) .

12/13/2013 \cpeg323-04F\TopicO.ppt 360



1

2

oslae K

) ESPUCTBY

(stage 1) BVBIEST

(stage 2)
Task 1 Task 2 /Task 1 Task 3
Task 2 Task Task 3 W Task 1
Time —— [ ] =Idle time

12/13/2013

CPU/I/O sl pgs)

\cpeg323-04F\TopicO.ppt 361

N




Uew) @
L;A(Q\A.?\ L_ij\s.\ALg\A oJ\JL)JSC)LAA Jj\.qdu, @L\)J\L@—\:\ o
A g
- no dynamic data dependencies between =
initiations
Vi L Cansl dliaia Lol gy @
(G 5]) =
(S8 2 (59)) m
Ulw) 4l ¢f Jad 3 UJC\A &
ﬂjj A 3yl jras el

12/13/2013 \cpeg323-04F\TopicO.ppt 362



Al i via 4l ghaal gl S

N

Agl sy als Sy @
Ayl peniJbe m

Agl s dis @
Jlk m

PR

dgl Jlapy @
S 4abipn J g J 5K u
(3 e omad )y a5 satdas ()l Jaall H5id) m

12/13/2013 \cpeg323-04F\TopicO.ppt 363
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(a Cls LASI o+ ) 2 X)ID m

L_ILLutAA O
alsdla 4y i) m
o L m
Instruction Clock number
number 1 2 3 4 5 6 7 8 9
Instruction | IF ID EX MEM WB
Instruction i+1 IF ID EX MEM WB
Instruction i+2 IF ID EX MEM WB
Instruction i+3 IF ID EX MEM WB
Instruction 1+4 IF ID EX MEM WB

358 8 5 b Jeall ) i o Rlash e el ala 05 3l sal gead (LaSIs (5 80 Jaall ) siun el 43 a4 2
Gelw4a a4 astarted every clock cycle, the performance will be five times that of a machine

that is qgﬁg%'ﬁg““ned . \cpeg323-04F\TopicO.ppt 34



MIPS 414l las

2

S i
1 2 3 4 5 6 7 8 9
IF 1 2 3 4 5
ID 1 2 3 4 5
EX 1 2 3 4 5
MEM 1 2 3 4 5
WB 1 2 3 4 5
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10 ns/cycle x 4.6 CPI x 100 inst = 4600 nS =
Jexl o) Al gl bas il
10 ns/cycle x (1 CPI x 100 inst + 4 cycle drain) = 1040 ns =
) 43 S5 Opile 5 Jl sl Al gl Bad g jusi O e
4500 ns /1040 ns = 4.33 =
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. Ifetchl Reg I Exec I Mem I Wr I Ifetchl Reg I Exec I Mem I Ifetch
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Load. Ifetchl Reg I EXxec I Mem I Wr

Stor] Ifetchl Reg I Exec I Mem I Wr

R-type Ifetchl Reg I Exec I Mem I Wr




o~ (N O =-

= DO O =

layla Lai) 50 1) aolie 4Gl () Sl gl dad | ja

Time (clock cycles)

Im

Inst O

Inst 1

Inst 2
Inst 3

Inst 4

N




S alan) IS e (g o il g8 e ad d ol L

) Add b slay )l jaal
o Gl S 2 (gl plasa e S ) el (5] e (A3 g
SRS
adadls SO ) Jaall Hgiwd 90 Gle jatd G2 & 3 2w JBa @
35 oalal a8yl ) Jad 2l S ) saldiad (gl e (3D u
o Al gl ot 0 Hoin aS 18 Jaell ) ghid st 4 Cosl 4l g Jaall jgiwd @
add-rl;-¥2;-F3
sub r4, r2,
398 1 pal oyl a8 ) Ji asealt SG 0 S el ) g (536 ¥
il s Janll jgie o
beq rl, loop
add-rl;r2;-r3

N




28 @y T a5 O e Adpes @
2 i 1y a5 5a Al gl ld s O S g

IS dady oy m A8 e (ee pall)dee (1510 5 m

12/13/2013 \cpeg323-04F\TopicO.ppt 371

N




Time (clock cycles)

Mem

Load

|
n
S . s
t Mem-EI Reg | :
.

Instr 1

Mem .[ Reg

o Instr 2

Reg

r
g Instr 3
r

Instr 4

Mem
| Memt Reg | >E 1, Mem Lid Reg

N




MS@J;JM‘J@\J\S&JUSM&\AJJ\}Q

abaila G dash 50 gd ol Jeall jsiaa ja jaakils 1.3 ShJU. @
4350 o 538 e B (hiud 3 )5

(BeCPl = 1.3
02 il 5 skl 3530100% ) sidy auie

RSy ) Jeadl jsiwd geala adadla (3 S laa tdg dael ) @

S 3 Gl g 5 oAl sa SO ) Gl abils ama o al tasa daol ) @
283 aladl 43 s

%—'éﬂiaj-wdéb\) &

N




=~ N 5 -

= 0O QO =

SIS )8 sl dael

3 gh adidie manalt 4SSl ) el g

Its possible to move up decision to 2nd stage by =
adding hardware to check registers as being read

Add
Beq
Load

Mem

Reg
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Mem
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S )8 sl da el
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Time (clock cycles)  Predict not taken =

Add

'V'em-g[ Reg )E f Reg

Mem
I\/Iem.éf Rtgi > :
Reg

\v/

N

Beq 1)k HMemy; Reg;

Load EMemj: _% EMem Reg
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Impact: 1 clock cycles per branch instruction if can find instruction to €

put in “slot” (- 50% of time)
Launch more instructions per clock cycle=>less useful®
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Instruction rw  pusB— o > ALU[—| [—p— addr. EI;EJt.T: —
Memory M M
= busW . Data u
1 Memory 3;_
Instr,
[15-0] { sign ! Di?;fﬂ
i exben
Instr.
[20-16] f.‘;}
Instr. . |
[15-11] j
|| || 1 || ||




L

—| O
H
u
x
r" 1
ED IIEI EKﬂEM "'IEN_-"-".'E
4 >Ad
Shift
l=ft
Registers
Address J: = hush —
] b Equal |— .
Instruction , busB |— 0 >ALLI fddr, Detal 0
Memory w M ,..f’J out M
—] bus\W e | L Data u
1 Memory T_
nstr,
[15-0] { Sign D%ta
exbe
Instr.
[20-16] rﬂ
Instr. Lol -
[15-11] EJ
|| || 1 || ||




|:.
H
x
I_‘ 1
— ]F;'IIZ?I IOy EX EX / MEM
4 %
Registers
P : - @
-|: Address E b \P
| rb >E-:|ua [
Instruction . busBl— 0 ALU—| |[—p— addr. D.:EL.
Memory W M out
—= b= . Data
i Memory
Instr,
[15-0] { sign D%tﬂ
i exkern
Instr.
[20-16] '._3.1
Instr, H
[15-11] -
|| || 1 ||
12/13/2013

MEM [ W

B
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.

¥

4

Address

Instruction
Memory

.

Registers

W

— busW

busa

busB

Instr.,
[15-0] ¥ Sign

exten

Insir. _
[20-18]

EX / MEM

Shift
left

RS

1/

Equa
::}JhLlJ

\s

Instr,
[15-11

out

Data
Memory

Diata

iri

Addr, DataL__

dg) al>,0 (o, lp=>MEM:

MEM | WB

(e o)
(S =

- mE T

e eg——— ~ e

B e ot o




Mﬁgﬂ J.Qsz“)gwb CngJ CLJ.>).Jo U.Juo.z.uWB

— IF/ ID IDf EX EX | MEM MEM [ WB

7 \Y/

Registers
P . - E ra
-[ Hd':hE..l_'l be:l' .
- rb >E-:| 3 .
Instruction busE == 0 ALUI—| |—e—{addr. Detal—
Memory w E‘I / out
—= busW x Data
1 Memory
Instr,
(=0 { sign I D%ta
i exben
Instr.
[20-16] ’._:1
Instr. H -
[15-11] \;J
|| || 1 || ||

B e Dot LI WIS VIRV 7 PN ~w



R-type Jol,gws adg) al> 0 ol IF

IF 1 IDf EX EX / MEM MEM / WB

N\
E

Shift
left
Registers
Address | = T —
rb Equa - .
Instruction - busB > ALU addr, DeElEl 0
W IIIL.It
Memory M
busW / Data u
Memory T_
Instr.
[15-0] { sign D%ta
esthen

Instr,
[20-18]

Instr.
[15-11

|
|
|




R-type Jo=ll)giws> alg) al>,0 (juog>:ID

Address

Instruction
Memory

Instr,
[15-0] [ Sign

i exben
Insf

[20-16]

IDY EX
Shift
|=ft
Registers
@
| busa—
rb
W busS
= busW

EX / MEM

MEM / WB

Addr, DEEL-

out

Data
Memory

Crata

Instr.

[15-11]

in

= e =0

e mg——— - e



R-type ,JAQ.”)_QJLUJD CLJ9J QL>)J0 0w EX

H
u
i
r" 1
IF/ ID 1DV Ex EX { MEM MEM | WB
4 > ad
Shift
left
Registers
Address | = Y —
| rb qu"la - -
Instruction W busB [— 0 > ALU Addr, DaJtT-: 0
Memory E‘I 0 M
— busW - Data u
1 Memory X
Instr. Data i
[15-0] [ Sign =
exben
Insfr.
[20-16] o
Instr. H -
[15-11] -
|| I y Y [ | ||




R-type Jo=dl)giw> alg) al> 0 (yuo,lp>:MEM

H
x
I_‘ 1
— IF/ ID 1D/ EX EX | MEM MEM | WB
4 >‘!uj
Shift
left
Registers
W o a
Address | : bush — \P
- rb >Ean .
Instruction o busB— 0 ALU—| |—p—{ addr, DautE_. —
Memory M . M
== busW . Data u
1 Memory 3;
Instr,
[15-0] { sign I D%ta
_ erben
Instr.
[20-16] )
Instr. o -
[15-11] -
| I 1 | |




R-type J.o.sszgJL,uub CLJ9J Cll>).o oy - WB

M EE S

IF ID IV EX EKﬂEM MEM [ WB

Shift
l=ft

v
j/ ¥

Registers
5 o | g
—H H':Id|E..l_1 be:l' f—

rb >E-E|JE| . - —L
. =l side Datz

Instruction W busB ALU Addr. D'Et 0
Memory M
— bz Diata u

Memory T

Instr.
[15-0] [ Sign Data

exten in

Instr,
[20-16]

Instr.
[15-11

!




A

ST 0dd o S el b Jodl)giws i aS (siloj 5l @
JSiuo Us,S Sy Sl wlgi s uligl o Ll Sl as >
ol
S dlgs> Ugojl Uy AS Us,S Jlos @

Iw $10, 20($1)

sub $11, $2, $3

Time (clock cycles)

L )

cc1 iccz §ocosd tocs focce | ooy

/ CC 4
mn

S

| esiozocsn [ B
r. i

0 |
AETEERNE L o
d

e i

r : :
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Clock 1

Wi $10, 20($1)

Instruction fetch

SE— IF IO Iy EX EbiﬂEM MEM / WE

’ Shift %
S

Registers
—E Address | = b —

- rb Equa -
Instruction W busB —= 0 > ALU I DELE: 0
Memory ' M o M
—= busW N Data u
i Memory 3;
Instr,
[15-0] { sign D%ta
i exkben
Instr.
[20-16] "-.;1
Instr. M |
[15-11] EJ
| | || 1 || ||




Clock 2

sub $11, $2, 3 hw $10, 20{$1) |

HHEID

|
Instruction fetch ! Instruction decode ': | :
1
: | | i
1 1 1 1
I I I I
i I I i
1 1 1 1
1 1 1 1
; : : :
} 1 ; :
i | | :
]F;'ID II'.'LE}: EKﬂEN HEF:'-".'E
4 >A:|:|
Shift
left
Registers
. 3
_E Address | huss —
- rb Equall—| |—
Instruction W busE i e [ >ALLI | 2, DEIE e
Memory y v
— |:IIJ5".|'-.r 5 DEtE
1 Memory
Insir.
[15-0] f Sign . Data
i exhe
Instr.
[20-16] ’E]
Instr. ~ -
[15-11] -
| || 1 | |




Clock 3

sub $11, $2, $3 I hw 10, 20{51) |
Instruction decode Execution

~HEE o

-

-l o —— i ———

— IF/ ID 1D/ EX Ex [ MEM MEM | WB
4 > ad
Shift
l=ft
Registers
Address J: = bust —
rb | .
Instruction W busB — —p— Addr. DELEG
Memory ) o
— busW Data
Memory
Instr,
[15-0] { sign D%ta
i exten
Instr.
[20-18] ’._51
Instr. L |
[15-11] EJ
| || 1 || ||

[ =]




Clock 4

| sub 11, 2, $3 I hw $10, 20($1) |
! ) Execution ! Memaory ':
! i i i
o] | | | i
- | | : :
u | 1 1 1
[ | i i i
| | | |
IF/ ID 1DV EX X/ MEM MEM | WB
4 >M
Shift
left
Registers
Address | = bus —
rb |
Instruction . busB f— ——| 84dr, Data
Memory W out
—= busiV Data
Memory
Instr.
[i5-0] { Sign Data
ey

Instr.
[20-16] -
Inskr.
[15-11]

ez
|

= EET O




Clock 5

b 510,
| sub $11, $2, 53 | 20(%1) |
: : : Memory T Write
: ! ! I Back
" ! : | :
= | 1
= | | |
1
M : i ; ;
! : : !
N IF/ ID IEE}: EX EEM *~1Er~1'_.- WB
4 >,!uj
Shift
left
Registers
" o ra
H':I':“E..l_'l E I:'J:-J:'- —
rb .
Instruction| | e buss == ] Addr. Dauii:—.: 0
Memory . M
—| busW Data u
Memory =
Instr, Diata 1
[15-0] | Sign o
_ extern
Instr.
[20-16] ’.‘:1
Instr. " |
[15-11] EJ
| | 1 | |




03,5 | alg) hs:as\ls

N

T35Lw s lwl [ Ol S ase

05> UlwSy Jgb aS (suld ol )giws aod

Jodl)giws Sld LJB 5l oS slae Sudnsd

g (s b Silw 0,33 9 WS,S,UL ) Lo akhdls sSlaaiglec
T35lw Lo w | Ol Sju> ase

pols ahdls> S hhsd b auS (0,968 lew slas,)la

il Ulesinl sl el giows Ul 10U boiisd,iuS slas,) s
Cowl (8 Sl Jodl)giws 4 aciuuly Jodljgiws Suisl osls sSlas,)lis
Cowl Sxlau pgpon Sy WSS Sl alg) e

J=>o Us,S las> Sl e s osleiwl dd> o (i

2GS (oo Wew | UTI&‘)'Q > LSL&S.A.U)'))J’

suls,S Liswl

.9 Gow)db Sl SO LU )8 Gaols8l sl s S (sew
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o Sl algd b osly o J,iuS
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Address

Instruction
Menmory

IF ID IOV EX
F.EG:_'.I'.'
Registers

=]

buss
rb

——
W bIJ S0 p—
— busW

Insfr,
[15-0] f's ign

exten
Instr.
[20-16]

Instr.
[15-11]

MEM [ \WE
- :I.
5 - D- — f—r
Addr, DT.It
Data

Memory
Cata

in
MemR .-II

i b ey estadgh bas sy g

tofleg

oM ET e




ALU (sJ,iS Slpsinisole>ly

Instruction Instruction Function Desired
opcode ALUop operation field ALU action ALU control
LW 00 load word HHHXNX add 010
SWW 00 store word HIHXHX add 010
beq 01 branch egual FHFRRN subtract 110
R-type 10 add 100000 add 010
R-type 10 subtract 100010 subtract 110
R-type 10 AND 100100 and 000
R-type 10 OR 100101 or 001
R-type 10 set on less than | 101010 set on less than 111
func
opcode : 57 ALU ALUctr 4
4 Main Control 3/ I
67 Control | ALUOP /
57 (Local)




o) s 45T al>,0 3 Sy (sd,iS bahs 4slio

Execution [ Address Write Back
Calculation stage Memory Access stage control
control lines stage control lines lines
Reg ALU ALU ALU Mem Mem Reg Mem to
Instructions Dst Op0 Opl Src  Aranch Rd Wr Wr Req
R-type 1 1 0 0 0 0 0 1 0
Iw 0 0 0 1 0 1 0 1 1
SW x 0 0 1 0 0 1 0 X
Beq x 0 1 0 1 0 0 0 X

Il.'I'.IIE
Instruction | |_

—+ Control } M

IR/ ID DY EX EX [/ MEM MEM [ WEB

N




S o JUSaw b oonis ol alg) bas 0515 yuumo

A

IF/ 1D 1DV EX EX / MEM MEM [ WB

|:| - SN E—

M l,-"'f Fhr‘h':

o F 1

x f \ |_——

| ' 1 C-::ml:l-n:ulI b A L
RN — £ || WH
4 >.|!u:|
= shift
i IE‘Ft o
Registers
= =
Address s
— r-b
b
. —
Instruction w busE *
Memory
— busW
Instr.
[15-0] Sign
ke
Insir.
[20-16] N "
nsir, | )

o MEEH

N




gl s JiiS aliwnn Ui gy Sy Jlio S

N

A
\

325 Wl 5> gl s ol sl (8Ll ax puin e o5l>le
W $10, 20($1) N
sub $11, $2, $3
and $12, $4, $5
or $13, $6, $7

add $14, $8, $9

3100 S 9 s)lisbwe slosls 5)le gud AS
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MEM | WB

CoME T

IF/ ID EX /[ MEM
i : | :
: i i !
1 1 1 i
I ! I
I - I :
1 £ = 1 i
[ % Cantrol 84 AT i
: \ |-
| % |
! M A e B WH
|
4 >mI
= Shift Branch
i ) l=ft -
Registers :D_ :
PO Address = bush ;
. ' 1 rb Equa |_
Instruction| o busB/— 0 ALU L Addr, Data
Memory E‘I out
—s busW x Data
i 1 Memory
150] e Diata
[ Esl:tgen - JH""\. Irl
Instr. (A ) MemRdl—
[20-16 o | Control j=—
= + q o A BLUoD
Instr. : — .
Clock 1 [15-11 J )
leqlist
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IF: sub 511,%52,%3

IFf ID

Address

Instruction
Memory

Clock 2

12/13/2013

|
ID: lw $10,20{%1) i
IDf EX EX .': MEM MEM / \WEB
| | "
: | g
_ 1 i !
-"'-.. % - Wy ! I
J - L ! |
lw | | | 010 i
rICcuntrnll t_' WE L |
i 1
- y 0001 - !
l\h_ —] £ = WE
DAdd—-
= Shift Branch
) left 2 || -
1 Registers _D— =
@ 1 :
X bush
L r-h H
. Deta
ny  DusB —p—t{ Aol oy ::1
= busW Data u
Memory E
nstr
| ris Cata
Instr, [ f“""l ’ lemRd ———
10| [20-15] 10 /E,] 'ﬂg---ntrnl,.-;m .
* * o ALLIOD
Instr, " — o -
¥ | [15-11] ¥ u
i 11 Feglst
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IF: and $12,54,%$5

IC: sub 511,42,%3

EX: lw $10,20(%1)

MEM / WB

IFf ID IDY EX EX | MEM
| - i :
! : |
: P — | |
! T -H"'-__;".-'-.': - = ! :
I EUI} | III |:I: : :_3 L | !
! ‘ICnntrnll " Ww: I
1 ! - - |
1 L 1 1 3 i -\.-.- L
: O — ,.; o
I -—
* Sadd——
e Shift Branch
g ] lefe 2] -
- Registers :D_ . .
+ P = 5 i
Address 3 % 3 |
. ® £3 Equa ' |_
Instruction| o oy | DusB 0 AU e agsr Deta .
Memory M " L
u
— busW » Data y
1 Memory X
Instr. p
ik o
Instr, o i AL —
A | [20-15] X 10§ | Control| —— — ,
i i MH__.HALUE-J 10
o ety 11 v |
Clock 3 [15-11 . ¢J —
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IC: and $12,44,45

Ex: sub $11,52,53

MEM: Iw $10,20(%1)

IF IC ICY EX EX .': MEM MEM [ WB
i | [ I
| ! : g
I 4 ! "t I :
: _,-"'- - — AT o : !
| f "-.lI L I I
I and | | | 000 000 L 11 !
! .ICnntrnll M i i
1 f LLRLE —
i S —igl o | impd WE
4 > Ad ,
= Shift Branch
0 lefr 2/, [ -
Registers _D_ = :
Address e busA $4 |82 1
™ b _ -
Instruction yy  DusB —p—|Addr. = 1
Memory o M
~ busW Data .
Memory x
Inztr. 0
exteni—
Instr, lemRd ———
X | [20-18] L .
10
o1 12| 11 |
Clock 4 14 [15-10 1
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IF: add $14,55,59 ID: or $13,%6,57 Ex: and 512,444,455 MEM: sub §11,52,43 1WB: lw 510
IF 1D IV EX Ex / MEM MEM [ 'WB
| 1 Ll I
! i i
: sl I 1 : i
I or | | | 000 [ 000 L by 10 :
! ‘IC=:||1|:|--:-|| M WH !
I W /gL £ |_ iy 1
: . EX | M wH 1
I - t
4 >Ad
S Shift Branch
) |=ft -
. Registers D :
ra & 54 =
Address 7 mi.
+— h 1 L
) + 10 57 52 Data
Instruction o pusB— —p—+ Addr, ¥ 1
Memory o M
—+ busW Data u
Memory *
Instr 1]
X [15-0) { sign o -~ . D%’Eﬂ
xk i
Instrn s ff AL 4 MemRd ——
¥ | [20-1£] ¥ qﬂ '-.Cﬂntff:];*—ﬂ
Instr, ) | = = Alllep 11 10
. - 13 u
Clock 5 13] [15-11 | (L2 'L"J -
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Sl oosly slas,le

A

3165 Jaiao o Josallsiws aS 185 (o 0l o @y Jd Jlio =
Ll oo L=l Heha> seui (s oslaiwl S8 wlhgiws 5> Ll gulo
) (sBlg Sd a0l U aigos Sy pule
pusS Jlos 1 505 e SaaS auds ojl>le
sub $2, $1, $3
and $12, $2, $5
or $13, $6, $2
add $14, $2, $2
sw $15, 100($2)
3Jgi Jgl Heiws 5 aS il awwlg$2 wls a4 (sSod 3| jgiwd 4 e
D9 (S\0
20 5la80 9 5,15 (guy80 Joe 5l JB | 10 08032 Wl auS 5,9 @

.))I) UI )l A |)
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The value of $2:

sub $2, 51, $3

and $12, 52, $5

or $13, $6, 52

add $14, 52, 2

sw $15, 100($2)

12/13/2013

CC1

10

Im

Al

Sl osly slas,)l e

CCa CCo
-20 -20
R

=||_'T
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Sl oosly slas,le

sub- Sl Jeell)giws g | isdodlgiws zud ,LLolS : odluw J= ol
LS Lswu S)lgand

9 AuS sw i | Sl osly a4 Jodl)giws 95 (ol 51 SO gud @
sub $2, $1, $3 Nowwgs (s | Sl asuis
nop
nop
and $12, $2, $5
or $13, $6, $2
add $14, $2, $2
sw $15, 100($2)

o D U wclw as,> 2 bol sguiu (s plul )8 (ol 1 Axaide

(Ll o GudlS (ul)S) 59,
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(forwading)JLw,l g sl asls sSlas)le s

|, owlio Hlaso Luww 9 dgu S Sl oosls 5)le aS el (Sow ﬁ\
’ ! oS (Forwarding) JLw,l 5,1 J> LS'TJ

Aoawgio W CLL>)D 3 ))l).)..agL.S)SJ) 29 J.D&Jbgwb

sub-and S | Jeelljgiws Hw Cowd Agos Sl @

sub $2, $1, $3 I:ﬁ"'}ﬂi Reg] | _l%- I Dmr —| Reg

and §12, 52, $5 Im H HReg

ol (10 S Sa SO alis g 40 0 98 CAS Nl 5 e )l 38 (ple
EX/MEM.RegisterRd = ID/EX.RegisterRs = $2
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(forwading)dLw,l 9 Sl asl> Slas,lie kS

N

A
\J

SUB OR & dexll sins o casl Kaa 3 58 @

sub $2, $1, $3 | Im Reg| | ? { Dm [H+H Reg
; = i"]

and $12, $2, $5 Im H [HReg|] : Dmb- — Reg
or $13, $6, 52 Iuif_]. i R.E.g: ?F | Dm ?I:I_tm,g

|

sl (12 S Sa SO aliu g 40 0980 CalS Nl &5 e )l 8 (ple
MEM/WB.RegisterRd = ID/EX.RegisterRt = $2
)l 39 5 SUb-sWs sub-add sl deadl ) siwy G g) 0312 2 ) Jae
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Sl osly 5)lie Sl cusog 5l Sl aMs

A
\

ia. EX/MEM.RegisterRd
ib. EX/MEM.RegisterRd
2a. MEM/WB.Regist
2b. MEM/WB.Registe

ID/EX.RegisterRs

ID/EX.ReqgisterRt
ID/EX.RegisterRs

Rd/= ID/EX.RegisterRt

This actually refers to destination field of an instruction. It is rd filed in R-type
instructions and rt field in I-type instructions. Mux in the EX stage chooses
the correct one, therefore, EX/MEM and MEM /WB pipeline registers store

this information as a rd filed (EX/MEM.RegisterRd and MEM/WB.RegisterRd).

= Since some of the instructions (i.e. =w, b=g) do not write to
register file, the above policy is inaccurate. Consider the following
code sequence:

sw $1, 100($5)
add $3,(51) $2

ExX/MEM.ReqisterRd = ID/EX.ReqgisterRs
l:: 591@
____,.-J"’

=  This problem can be solved simply by checking RegWr signal.
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Sl osly 5)lhe Sl wusog 5l Sl aMs

Cgr 0sleiwl rase wli Ulgic a$0,3] sl Lo sdlail a>
o Jlw)l Sye0 Hlaso gud @

Sy Jis 5 wyge Wb s)le s il @

EX hazard:

if (EX/MEM.RegWr

and (EX/MEM.RegisterRd = 0)

and (EX/MEM.RegisterRd = ID/EX.RegisterRs)) ForwardA=10
if (EX/MEM.RegWr

and (EX/MEM.RegisterRd = 0)

and (EX/MEM.RegisterRd = ID/EX.RegisterRt)) ForwardB=10
MEM hazard:

if (MEM/WB.RegWr

and (MEM/WB.RegisterRd = 0)

and (MEM/WB.RegisterRd = ID/EX.RegisterRs)) ForwardA=10
if (MEM/WB.RegWr

and (MEM/WB.RegisterRd = 0)

and (MEM/WB.RegisterRd = ID/EX.RegisterRt)) ForwardB=10
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Sl osly 5 Sld cuog ;1 Sl anMs

A
\J

)y ey AuS aas>Mo @
add $1, $1, $2
add $1, $1, $3
add $1, $1, $4

)5 @i aSigl Sl ooss Jlaw,l MEM @l o 5l aseiic disas ol 5 @
WB Qb)p)bwwwuw|¢\l.~>y>|WMEMCLL>yo

MEM hazard:

if (MEM/WB.RegWr

and (MEM/WB.RegisterRd = 0)

and (MEM/WB.RegisterRd = ID/EX.RegisterRs)) ForwardA=10
if (MEM/WB.RegWr

and (MEM/WB.RegisterRd = 0)

and (MEM/WB.RegisterRd = ID/EX.RegisterRt)) ForwardB=10
and (EX/MEM.RegisterRd = ID/EX.RegisterRs)

and (EX/MEM.RegisterRd = ID/EX.RegisterRt)
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(Forwarding)JlLw,l U oaccs sl adgd b osls juuno

iy
IDY EX
T Se——WE
A N |_E=;-'r-1Er-1
_plll:-:-ntr-:rl I M WH
. | i |1Er~1 / WE
.-'I | | |
IF ID S EX gl WH
—~
e _— " "
e .  u
Registers ]
Instr. - o
Memory ) . >ﬁLLI , -
. M Data r:
— . Memory X
IF/ 10 RegisterRs Rs \
IF/ 10, RegisterRt Rt
E =
IF/ 10, Register Rt Rt
T " EX/MEM Registerfd] |
IF/ID.RegisteRd || Rd ) EJ
_ _ Gl _

Forwarding - MEM/WE.Reqgisterfd
unit 4

1L/ 1O/1 VLD \LPEYOLO-VU4r\ 1 UPILU.PPL “4£90



Time (in clock cycles)

Program
exocution order

(in instructions)

CC1

9gi g Sl osly slas,le

CC2

lw 52, 20(%$1)

Im

Reg

and %4, 52, §5

or $8, £2, 56

add $9, 54, $2

sit $1, $6, $7

12/13/2013

Im |

CC3 cC4 CC5 CCoh cCcy CCa cCco
: Forwarding does not solve
g' DppriRes the problem. We need a
I-‘ hazard detection unit.
- and instruction needs to
NReg i Dmb Reg be stalled cne cycle.
Im eg|’ % Dmh -E':E-gl
Im H IRT?g: % -Dmh. -|R1-‘E|
Im IReg- %— - DI[[I Reg
| i .
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JJ\)'.Q CiS

A

5158 @i Sl JyiuSe

If (ID/EX.MemRd Cowl Us,S U el giws S S S>
and L,
((ID/EX.ReqisterRt = IF/ID.RegisterRs) or
(ID/EX.ReqgisterRt = IF/ID.RegisterRt)))

- A
adg) b edgj
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9qi g Sl osly slas,le

Time (in clock cycles)
Program
execution order

(in instructions) CcC1 CC2 CC3 CC4 CC5  CCe CCY ccs CC9 CC10

w 52, 20(51) [ Im [ [HReg]] {Dm
. ? -_

and $4, 2, $5 Iﬂl-.-l‘ OReg| | {Reg
Gt

or $8, $2, $6 \ [mm il Im -

A
add $9, $4, $2 ———
sit $1, $6, $7 l

and and or instructions repeat
in CC4 what they did in CC3
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4 M Data :I
L= Memory x
IF/ I Registerfs Rs v
IF/ID.RegisterRt Rt L
! -
IF/ID. RegisterRt Rt
* — M Ex/MEM.Registerfid
4]
>

IF/ID.RegisterRd Rd . ] ]
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¢
) Time (in clock cycles) +

Frogram

execution order

(in instructions) CC1 CcC2 CC3 CC4 CCS CCoB CC7 CC8 CC9

Adgdr,  Insir. _ B
40 beqg 51, $3, 7 Iu_if Reg'_ %— Dm
v H Hreol =
44 and $12, $2, 5 I, Reg| | %— |[ Dmb -|:;R__eg
48 or 513, $6, $2 Im | IIReg_ '.r- |[Dﬂ1k-

52 add $14, $2, & Im H HqReg

72 lw 54, (50)%57 Im A

Actually, the number of instructions needs to be flushed can be reduced from 3 to 1
instruction (shown in the following slide) when the direction of branch is mispredicted.
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Performance
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Relative performance

Memory

1980 1990 2000 2010
Calendar year
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lcpu 4ea Ly i) sacache cud b dsa s b Siad
A sad dasscache  (2liwd le )y alus g 4 laad
cache (liwy ey aia b 438 5 (5 5l )
Dl a2l 3 adle 24l sad sala LlalS
-Alan Smith-

Even more so for MPs!
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Memory Technology [Typical Access Time $ per Mbyte
SRAM 10-20 ns 200-400
DRAM 90-120 ns 50-100
Magnetic disk 10,000,000 - 20,000,000 ns 2-5

€:2000s U2 o9l A
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Memory Technology|Typical Access Time $ per Mbyte
SRAM 5-10 ns 1-20
DRAM 10-60 ns 0.1-1
Magnetic disk 2,000,000 -5,000,000 ns | 0.001-0.006
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The CPU-Memory Gap

The increasing gap between DRAM, disk, and CPU
speeds.

100,000,000 —
— .
10,000,000 —— o -
1,000,000
100,000 —— Disk seek time
e 10,000 DRAM access timg
1.000 —&— SRAM access time
| —8— CPU cycle time
100
10 —
—~A
1 | |

1980 1985 1990 1995 2000

year
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O 1 2 3 4 5 6 7

TAGS DATA
0117X 35, 72, 55, 30, 64, 23, 16, 14
7620X 11;-31+-26;-22-55;
3656X 71, 72, 44, 50, ... «— Li
1741X 33, 35, 07, 65, ...
01173 30
o) a sala

cache hitscache miss as¢ia
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L Let

=}10-Pg-m-1im-i- 4 clockicyples L. i

50 ns — 8 - 32 clock cycles £ .
= 0.95 h

?

teffect =

10 x 0.95 + 50 x 0.05
95 + 25= 12
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then Ly = Laene (1 +0.5)

12/13/2013 \cpeg323-04F\TopicO.ppt 471



Ssxlbas wlbMhaol

@ Cache line (block) - size of a room

A8 ) saat sl 02l ) Ae gana SO
cache (s b ol ags S o)) sie 4
_”Jﬁ\ olﬁ: cﬁ\j L_\;_i:' - JJ}‘

13
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Address

1 027560
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17

Cache
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12/13/2013

N

O ) aalS an () adadla ol

“.tagn

4 Y Jain/ L7 Cillaei/ las
cache o oad (Slu ) shia

\

(& o2 Ple s Culild L) 3201 50 1L 3e
overhead of associative search: :culss
Ola)) +4d 4

\cpeg323-04F\TopicO.ppt 475



12/13/2013

—>i14 bits «=—

s
.......

Tag

‘‘‘‘‘‘‘
-

Block 0

Block 1

IR

M

:

Block 127

erit

Block 0

Block 1

Block |

Block 16382

Block 16383

Sl alaila o 14

/\

tag
04K 16 <SSL e sy

cache 4w g MalS ¢l Sl

\cpeg323-04F\TopicO.ppt

word

N




g\
J4 A\

gy Jsm O o0 @

=acache ;SO Gl )y aiivn ) sha a"adadla Muwal ) @

A comparison .sx& s padld o 80 )8 Al SOLas

then is to used to determine if it is a miss or hit.

12/13/2013 \cpeg323-04F\TopicO.ppt 477



0 o :~‘ /S .
w
LA /1
\

el o 8 sali

(S Bhaie L)
oS dualia o8y (S Lash 5yl liaS 4l A

Jﬁ)\ﬁ@hd)\h@\eﬁjdm\ysnéxsu.w\e)y

L;JJ&Q 5 a2l ulea

12/13/2013 \cpeg323-04F\TopicO.ppt 478



A% o :~‘ /S IS
w
Lad N
\{

Ji @
dath ) 2l e ngfd\ 128 ks cache 4S )
12l (0 Ot aiged A )2

~~for addressing ™., 3 ¥ s

¢ the corresponding ) adails o _ 16384 (block) = 27 block/frame
. frameorsetof  / 128 (27) 128

ize T C

%hgi?iighu'gerg er i.e. 27 blocks “fall” in one block frame.

b S L ]

Disadr: “frashing”

12/13/2013 \cpeg323-04F\TopicO.ppt 479



12/13/2013

hal adadls

Cache Block O
_ Block 1
PR — - Block 2 —P
Tag : :
Block 0 e Block 127
. e Block 128
: T Block 129
Blockl | [ ™. o :
. A SN Block 255
| Tag | Ao Block 256
T ST Block 257
I_'[a.g ................ BlOCI-( 4095
Pt Block 2096
Block 127 R :
"""""""""""""" Block 16383
LA“A‘ ALSB U"‘Jj 7 7 4
\ /\ /\ ,
Tag Block Word

P4
e o M G
e:\Q.\.mA L_\MIS\J

\cpeg323-04F\TopicO.ppt

480
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cache — in this case: mod (27))
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SET

NUMBER TAGS LINES
0
> 1 0326 34125
! ! ! ! ya
N_ll:l : 'y
0
S 1 2411 41423
1 1 !
0
1 2939 ARN21
1 1 I
= —
0
> 1 0173 24714
! ! 1 1
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0326 ’I;_’l" 0326 | N 24125
LLLN@NQ—\_) [ 34105 H1 ) ara
MISS OUT

The structure of a four-way set-associative cache with N sets
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31 30 29 28 27.

....... 16 1514 1312 111098765432 10

Byte
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10

A Index

Tag Data
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1021
1022
1023

32

Dgui
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lpiv go> =
(# of bits of a tag +
# of bits of a block +

# of bits in valid field) x Cache siz
Sl Jlomips : / = 64 K (bytes)

— 214 ;
o ((32_14_2) + 32 + 1) X 214 =2 blocks with
= 214 x 49

= 784 k bits

~ 100 kbytes
cache. pusicwo oS S asS (2,9
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belhs )5 0auw cwlegs > aodS: uguw (39g0 Cache sl JUSow S| =
lo (g JSiiw ,=sCache sl JLSiw aS Slcowl 39>90 W o3l
|, W osls aladls aS (sulo; ouwiw,d Lo cslol abdls a1, JolS sl

pacgi-Uswo cache 58 1y Ol boiails ;S csw 3
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Read Miss is easy to be handled quickly: #
U Llgi (so SW Ulgs> 9 K UNlgS> =
>S90 ol
CowlyiniS Vgoso g @
pdl Blgi s SW g 9 S ULlgs =
>S90 ol

( sly ;> a one-word-line caches)
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Sl aodS 1> sl b sl s

on a write miss, 1t is a
ULlg> - Wwbhue - ey a3 >
ol SW OIS SW g

535 3,8 plsl ol Wlslge @ Xlgi (oo S Giussiow 9 Luwlén
Cowl i @il Ol plasl asuwi
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QD sy Gt S XY WS gl A o
a1 ) jcache X @laiyl o g gl

X x1| x2| x3| x4
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X yelow 05,8 » )xcache: ¢uowg 51 Jud auS Uo)9
SU 9« Ulasd KU v s aLg Y aS (suloj el

ADS (W0 ) Awg

Note after write miss, if not careful, we get

X2

gl csw daLY1, Y2, Y4 (suuwwgib SO ol s Lol
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A

\J
95> 1D SS9, dguu (s Uiy aS (sileMbl Write through (or store through) — &
ahdl> 5wl edaaw 9 cache SW
aiwgicache > SW g, Lo as sileMbl Write back (also called copy back) — #
S uiSals aS (silo e (sl abasls sg, aidl ,uss cache JB8 .59 Lswo
39 (o Alaug
a9 U
S Us,S 9 WSS SL
05,5 i cuwlcache (s aS (siloj U Hlow SO Ul aS ads (s vl p SO
ol abdls> s LU e HuSulAdirty line” So aS (w990, ol
- WEE T VS
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1,15 >g=>gwrite miss ,> au;S U 9>
a6 358 (oa b S0 o0 A pa id g3 shaie 4y (LESI g ) 45 4S) pid e auasl @
by the write-hit actions above. This is similar to a read miss. ¢ Jw
® MNo write allocate (also called write around) - The block is

modified in the lower level and not loaded into the cache.

Think what you do when have a write miss!
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‘@l yigwrite through ad s 4

b e oddi) sl 3 cache 4SS Sy @
Sl Sa S cache 43y Se sy Cpu
+

cache S 4dl i S

) J.L\Luj T J@J\.u n

39d a5 8 gla adaila (S8l 5 lcache (s a4 w
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Write-back vs. Write-through .

N

(ol pa i a9 ) 8 @
(ol yigr (oS Sl agee s 3 )Traffic @

If more than one read hit to the line =

So attractive to multiprocessor in this sense =
( <l sig write-through)cache ¢ K ju @
(Cl S jLuwcopy-back) Akie @
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Cont’d

Write-back vs. Write-through .

(w) G2 Agzwrite-through ¢'» 4)Buffering €

20l Ol (So 40 kddcopy-back 4S (a3l Sl 53 4 4

L abe dga oo a8l ref S a8 (e 1) Sl o S e

AL o) e puffer

ol adadla 4S5 (o) (@ Agawrite-through)obisekl culild 4
JJ\J‘J&;@L&M&_\:\LG

OB a3 lal ey Aual g el
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