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* Multiple instructions overlapped W execwtin

* farallelism

¢ ossembly line R auwtomodile manu ?-o«c’cun'nﬁ
Gadh tdep: pipe Stoge) seamevﬂ-

Stopes  Lownected o fstm pipe

-« Inthudkions enter {fcom  one  end, progese twrough the  stages,
and &Gt +hrough the  otwer end

* automobile — how often o completed car exitg 0ssembly  line

+ compater — how often instruckion exite pipeline

* time iced o move ingruthion from Stage U to stone Ut
 the pipeline i called processsr  gydle

lenggtn of processer cytle determined oy time required for the
slowetr pipe stage

time per inkruckm =

time nsiruthm npipeli machin

no. of pipe Stapes
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ARM ARCHITECTURE - 5 /yta.g,e_ W

* ARMATDMI| - 5 smﬂes
* ARMTTDM) - 3 x’raacs

Fetdh IF

Detode 1D

Exewtre ©A

Buffer [Data o Mem Aeess MEM
Write bock. W8

N e

3 Stage: fetth, decode, exewte

UBS pe

ned pc

peed

B.BL
MOV pe

fetch

Instruction

decode

execufe

LDR pe

4 D-cache buffer,

data

" Toroughput = instucime  complered  per second (how often an

insvuthign i completred)

. m’ren%= rimeg taken Yo exewde O 8'\(\5\0. inttruttion in  the

?ipe\me

8: Determine pipeline W\rou@\?m\' ovd latency

5ns 4 ns 5ns

’fhrouahpu\' = | intdr / 0 wng

\Aw\css 9%4¥55+ 0+ 4 = Q% g

Piyeh’ne regisiers

~rHHeHHeH-

shure values
/W uﬁo\cs
MEM WB |—
10 ns 4 ns
N MAX o\elau:)



Exawple

nskr | 13 0 ex Mem we

ngkr 2 \¢ 1D 12,8 MEM )
ingkr 3 \3 D €x MEW |
inshr 4 1€ \0 €x
ingyr 5 1€ 0

+ one  inghvuchon per dode uAcle,

unbolanced pipeline: eadn instr takes diff times — lakenw of
eath inthvutho inoreases and  dime & wosted

to\urion = balance 'bﬁ Mu\d{\ﬂ o\  inghy &g lovua os  Slowesh

one
i o
5ns 4ns 5ns 10 ns 4ns

Simply adding the latencies to compute the pipeline
latency, only would work for an isolated instruction

11| IF |ID | EX L(I1) = 28ns
2] IF 11D | EX L(12) = 33ns
I3LIF |ID ] EX L(I3) = 38ns
14 IF | ID | EX |
We are in trouble! The latency is not constant, ~ L(I3) = 43ns

This happens because this is an unbalanced
pipeline. The solution is to make every stage
the same length as the longest one.



ARM7TDMI

ARM decode
Thumb—>ARM ReE  ohit  aw  ReB
decompress Read Write
Reg Select
FETCH DECODE EXECUTE
ARMOTDMI

ARM or Thumb
Inst Decode

Reg Reg
Decode Read

Reg

Memory
Write

Shift + ALU
Access

FETCH EXECUTE MEMORY WRITE

ARM10

Branch ARM or

3 Memary
Prediction Shift + ALU

Thumb Reg Read Access

Instruction Istiiction

Fetch Decode Multiply Multiply

Add

FETCH ISSUE DECODE EXECUTE MEMORY WRITE

5- S'\'agb ARM  Process of

next pe
1. Fetch  CF) 4 fetch
© nthr fetched From wem "
©oplacd in P‘upe\ine
© P updated to PCtg istucton
¢ one dJotk cgcle. s
2. Decode (D) s
* inste  decoded M |
* toy operawde vead fom vey files ] ¢
" 3 operand vead porte woipe|f&
. W\“’“ m.‘. on rzﬂ ‘F@( 3UBS pe
possible brandh - -
. 3361\ exvend 0{Cset o M data
* one docv %c\z LoR pe | L4 "er]e

fegister write write-back



© odd siav\—m-endul offset Yo PC in case Lranth needs ‘o
Mwm

W beandh  needs to happen Store ootk n PC rey

. decodima

effeckive  addrece wyle
* ALV operahons Clborcd shifter, multipier, MUX)
three possible funmchions

- ALY odde boase ref ond  offcer to alwulate effechve
oddvecs

- MU performe  operatien  Specified by opcode on  values
rood feom ceq file

~ KO performs  operakien pecified by optode on firtk  value
veod from ) e ond sign extended  immediate
o Rective oddress compute
* n LOAD/STORE awchitectuve, EA ond exewdion tles ave owbined
Yo siv\e dotk wde 0S8 no indr needs Yo simuttan coudly  do
bon C(LDRJSTR ve ALV)

Oata 0 memoy is  acessed CLOR| STR)
* Otherwise, ALV vetult buffered fov one dodk  uyle
© LORD: mew vead using effective  addvess
« STORE: mem writes fromn  gecond rey o efleckive oddrecs

dPata written bale to rep Cresutt of ingh)
* Data either Prom memné syttem  (LOAD) o AW



exectvtion +ime

CPU Time= ngtruction tount CTC) x clock tyclex CPI

Pipeline Tssues

- Yvedwces PerFarmame oy cdotk can run no fasker Hhan
Yime needed for Slowest pipeline stoge
— unbalonced ?%peh‘ne

- limi¥t arise from imbalance AMOV\a Pipe\ine skaqses and
pipe\inina pvernead

- towmbinotion of Piyz\ine repjster o\e\oua ond  clock Svew

- odd Sebup Hme Hhat trigoers & write ond propo%ah'm
o\e\aﬂ to the cdlock

- WX o\e\an between when the dock arvivie of any
two  vepisters (pipeline reae)

—> Pipeline
registers




HAZARDS

Dependency  OfF inthvuckions: intuthons need + wait
foy execuhdn  before nextr o\e?mno\erﬂ— mtruchon  an
exewte

+ Ldeal P‘\Pe(inec: no dependence

Consider the unpipelined processor in the previous section. Assume that it has a 1ns
clock cycle and that it uses 4 cycles for ALU operations and branches and 5 cycles for
memory operations. Assume that the relative frequencies of these operations are 40%,
20%, and 40%, respectively. Suppose that due to clock skew and setup, pipelining the
processor adds 0.2 ns of overhead to the clock. Ignoring any latency impact, how much
speedup in the instruction execution rate will we gain from a pipeline?

Speedu : ovp  insbruchgn  Hime unpipelined
P & : K
ovey insruchm Hime pipelined

vy unpipelined - (Ix4x0-4) + (1x4 X 0) + (IxS %0 &)
= [pt 0.8x2.0
= b4 wng

0wy p'\‘:e\ihed = | x0.2
- 1.2 g

Specdu‘n— __L,l—_:_ = 3.67 Himeg



¢ Sifwahions  twot prevent nextr ingheudion n inttruchon
ghveam  from execuh‘na in e oles'\%v\a\—ea\ dotk  wele

* Hozadde  reduce  perfovwance frow  ideal  speedup

Razarde make ?i‘n\il\e shall - no new Pel-chu\o dwinﬂ stall

- orite from vetource corPlicks
hardware unable %o Suppork Al combinations of

ovo,rlap?h\a intvuctigns

(

intivutrion depznds on reults of previons indruthon
escPoud oy owr\o«py‘m& of inetvuthon

Pipelining of branches [ inchvuchions ot change PC

Pecformance of Ppelining With Sl

+ lauces  pipeline pecformance Yo degrode from  deal
pecformance

Powal  speedup - CPI unpipelined « clodk wacle unpipelined
CP1 pipelined « clock uyele pipelined




- (Pl wunpipelined clock Lyuic wnpipelined
+ xX
CPL  pipelined dode cysle ?iPc_\ine_A

= cel uV\PiEt\(di
L+ pipeline erall tlock wples pec inchruthion

speedup = A4 umPiEtl(ggd
| + pipaline shafl tloct wpdes pec incvuthom

Piye\(ne depth = no. ok s‘\'als&

s‘;eenlup

- pipdine  depth
L+ pipaline rall tlode wples per inctvuthion




- [$fyuttural  Hazardg

Hazarde - Von Neumann Acchivetture

© same  wem for instr, data

==l

[FHA =t ]

tHall odded (pipeling bublole)

cc cc2 ]
ol
i Reqg
o
|

Stan




tliminate Hazavd
" Duplicake resource (I-Calhe, D-cocthe)
- Stall P'\Pe\ine EV\o-oP)

2. [Data Harards

: Do,pmo\ev\ué-. name % data dependency
- Resulke of prev  inSirvuctions vegmiced “for next ingtruckions
. ?ipe\inc r%isi\—ers

1) Read Afrer Wrike (RAW) Hazard
- inttr T readt before instr T writes ik
ADD |RI, R2, R3
sue R4, RY,RS dato. from
AND RS, RE, R R\
OR RL,R7, R\ reguired

aka data  dependency

l ‘ 'J/ reauy) k!’.rt
} { ! |
t> ol (i) + |
So lution

stall pipeline (2 v\t Pov ead

dodo, rwardu':\a/o 2rond Forwardmg)
ALU: no stallsYif DE uted



stalled for on\g’ 41 CcC

LW R\, OCRY)
sve R4, RY,RS
AND RS, RC, R
OR Rb,R7, R\

© ghall needed
" No woy to eliminate &\-u\\u\%
2 Write ALrer Read (WAR) Hazard
- inthe T weites before instr T vreadt X

ADD Rz, R\, R2 Supposed v be
Sug (R, R4, RS <7 overwritkn
ofter reaA‘ma
no dato dependency

© out of ovder execulim - insty I ends up writing
befove inthr 1



aka omi—'.o\e?em\enc w name oe endenc“
Cname cautes condii , Wot resull)

Solution
- wse  differenent register name
) Write Afrer Wate (Wew) Hazard
- inthr T wreires before inetr T weikes ik
ADD RI, R2, QY

Soe k\) Ry , RS tan end «n
MUL  R2, R) , RE « PCMIV\O O data

output- dependency [ named o\epcv\plemca

Lw R, b > 5§ Ce
Lw R1, ¢ ? bcC
ADD Ro, A1, Rz — BCC
SW RO, & > A
lw R&,e > (0 (C
w Rrs,F 5 1) ¢C

g R3, RU, RS —— 12 CC
Sw R34 > 14 e




* hardware  solution

+ Sof¥ware  solukion -software  Scheduling
reduce dependencies b(\j cb\anaina order
minimise penal
without av\ﬂir\a loaic.

Lw Ri, b
Lw Ry, ¢
lw R4 e
w Rs,F
ADD Ro, AI, R2
SW RO, &
Sug  R3, RW RS
Sw R34

- Pumpi!:ﬁ wn O's f0 emply pipeline

3. [lontvo| Hazard

- tontvol .szq,uencers
bea 7, 3, 3¢
od T, 1%, T4
ond  ¥S, vb, 77

2 =xor r7> T8, 19



PC — PCtoffser n branch instruction
N '\ar62+ odd ress

bronch
ouwtcome

£\ ircouah
ir\s’fmcf\i‘uﬂm

- € branch wnditen 18 drue, next Pa\\-}hro\@h inchr
Showld be Pflushed from PiPleh'(\e

- When odecision mode, 3 inglr in  pipeline

Solution

. Stall pipeline unkl oukcome of lranch knoun
3. Zero tester drcuit

- move deusion hardware 4t 1D Stage
Bromdr\iv\ﬁ done at (D s\uga — takes 2 cC
Henceforth: branch - 2 ¢c

Branch predichion : field in €Sy moment it i fetthed,
decide if it i branth



Read
address

Instruction
memory

Instruction
(310

P—
Instr[15- 0] _/Sngn
'k--nemi

N

RegWite

Read Rexl

registar 1 data 1

Read Read
K register 2 data 2

Write

P register
Write Registers
-ﬂ data ALUSre
el RegDst

MemWrits

MemRaad

Al

MsmToReg

IF Flush

Instr [20 - 16]
Instr {16 - 11] a —I
1EX
f v ] EXMEM
Con"ol’ o I MEMWE
'\_/ g B %
— — —
- (The other
N
Shift stuff just
oft 2 "
'\"‘L) ain't gonna
Reaxd Read ) fit )
register 1 dala 1
Read
reqister 2
Wit Read
Instruction ¥ register  dala 2
WY Wnie Registers
dala
A
gl




. Soatic brownch ?ro.did'i(m
2. Dnvw\mic branch Prcdichmn

Static branth Prediction

compiler wakes predicion 4 1D Stage
* & alternodives

1. $tmll until bvranch olireckion ¢ clear
- do no’r\n'\rﬁ unhi) dicection  kknown

2. Predict branth wnot  taken
- wntaken brawnda

wmpi\er s wot  talen
: ?w\m\ﬁ W tolken

3. Predict brandh token
- foken ‘oranch
penaliy of Lcc ® WroWy (untaken)

§. Dda‘a slo}
nsery onother wseful intkruchion ripetr ofter branch
© Special instr (delay slot) ¥od™ wwould™ omerwige also

exewte



Yhree kinds:

on
st ckHon
vefore beonth

+ar3ef'
inghruction
Cimwmediate

insty ofte(
+uv%u—7

fall¥hcough

intruchan

DADD R\, R2,R%
I¢ RL=0 THEN —

S

DSUB R4 ,RS. RE <
DADD RI, R2,R2

I RL=06 THEN

DADD R, R2, R2
1€ Rl =0 THEN
~)

DB Ru, RS, RE

high pvolabiliiyy +hot
baandh  conAiHon
true avd  branth
Yok en

Wl probalilihy of
benth not token



BRANCH HISTORY TRBLE

. Some bits reserved 4o store orandh hishwa
bronth predicimn  buffer CBPB| BHT)

© oaF vunfime | predithion  wade using 8P Ctable
lookup)

d9namic bronth Prediction

based on branch predichon bouffer; decitimt wmade at-
runtime

fwo  kinds:
\F stoge : buffer

1. One-bit predictel

0 %41: & states
not token Q( tolcen

branch faken wranch not
ﬂ branch +aken
Not 4token
- TS no. of wmispredichons
Aepevuh on Start
S—— stak
broanch

4+alen



2. Two- ot predictor
convichim
bits
0\ throng not token
| weak not taken
0 weak  taken

0
0
(
{ S’nrona taken

foken

t not 4token wenlk
¢ :3\2\9\ T +oken
© token
A
$aken not taken

not token

O
— Shfona not
R token

wealk +aken Q
not taken not +aken



not token wenk

ck:onp — taken
O token
g attn
token
not+
taken
not
+aven
— Shromé not
R token
weak taken Q
not Yoken not +aken

G: Assume
@) Pipeline contans S s—hﬁes
» tadn S’taﬁe: | Cc

How Moany CC wn V\or\p‘cPelind

LOR Ry, =A @ A =400
U DR R] ,CR¥)
'ooP LoR R2 , LRy #4007
AOD R, R, R2
(TR 23 CRy)
SUBS R4, RU,#4
BNEZ R% Ll

(H 6x_4%;'3x5= 2005 Cc



8: Consider inetr pipeline w & stages , stape ol&la(ujs 8 ns,
maisi-er delay=0. Speedup=) 100 insir

Unpipelined - $x4x loo k=4
= 3200 ns n = 10o
tc=8

9(P¢llnd = (k+ AN * e
: (4+49)x8 = 103x%
=834 ne

.Spudup = 3:;?: -39

§: lonsider MiPs32 processer pipeline , doka  references < 429,
ideal] (Pl w lag (ibv\orina wmem  structural Wa2ard) | How
much  fasker 1K ideal madiine  withour walard Ve With M‘Lard?

g‘gcdu‘): i?\ea\ C ipeline .
del CP| + sta( cbolcs per intlty

spedup = 136 3K -k i-Cathe 4 d-cache

\.aS+0

svudup ceat LAS xK = 1.2Sxk
LS+ O4ax| 167

faster = .7 = 133
.&S



6 (allate CC for execution of Hais seament on  cimple pipeline
withoutr data (—‘omaro\tn% vohen vresult of branch intty  Chew P¢)
K ovailable ofter we trage . Show Hmiha

LiLDR e CRHT W D B M W

LOR R2,lRy, Hupod W O B M W

ADD RS A\, R2 WP %k &MW

(TR R3,CRU7 W ek pEeE MW
SURS Ry, Ry, #4 O BEMW
BNEZ Ry,

W % D £ M W

Q:Same s obove, with data forwarding

W:LDR, 1, CRY]) W O & MW

LOR R3,0RY, Hupol W D B M W

ADD 5 Ry, R WY & MW
$TR R3,CRUT Ve 9 MW
SURS  Ru Ry gy VD&MW

BNEZ Ri, | W D & My



_~ "0 of pipe sk—aﬂes
sPeeo\up- pipeline _deptn
(+ CP{ Peml%ﬂ

Speedup= _____ pipeling depih
[+ bronch Freq,“\oranch penalty

Speedup = pipeline _depth
\+ / branch ( '/-'T . Fena\hs.r t /N PQM\*‘GNT)



