MEBoOoI MNMpoRAewng AIGKAAOWOEWV
(Branch Prediction Mechanisms)
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EvToAECc AlakAadwaoNncg

Next fetch
° L4 0 r r ,
[Tepitrou 20% TWV EVTOAWV €ival started

EVTOAEC OIOKAGOWONCG

I-cache

* [MoAAG oTadIa peTACU

UTTOAOYIOUOU TOU €TTOMEVOU PC Fetch

Kal EKTEAEONG Tou branch (yia Buffer

OUYXPOVOUG ETTECEPYATTEG —

uTTOPEl KO >10!) Buffer
- Eloaywyn stalls kal eTTopEvwg

ueiwon Tou pubuou avayvwong Func.

KAl EKTEAEONG EVTOAWV Units

Result
Buffer

#bubbles ~= pipeline depth X loop length  Branch
executed

cslab@ntua 2017-2018 2



Texvikec BeATtiwong Tou CPI

Pipeline CPI =

|deal pipeline CPI +
register Tpowonon

re”aming\ Structural Stalls + /

- ,
S Data Hazard Stalls +

EKTEAEON
| Control Stalls A UTTOBETIKN
loop unrolling eKTEAED
TPORAeYnN
O1akAadwoswyv

static scheduling,

software pipelining delayed branches, branch

scheduling
cslab@ntua 2017-2018



- Stall the pipeline

- Kave kaTt xpnoiuo (branch delay slots)

- Alaypaor) control-flow instructions (predicated execution)
- Kave kari aAAo (fine-grained multithreading)

- Kave ta 6Aa (multipath execution)

* [1poBAewn
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« XpelalopaoTte 2 TTANPOPOPIES
- Av Ba ekTeAeaTei TO GApa 3 61 (taken or not taken)
- Av ekTeEAEOTEI TTOIOC €ival o TTpoopIoudC (target PC)

Eidoc AApaTOC

ATToQaon

[TpoopIoPOC

Direct Jumps
Function Calls

Always Taken

YTtroAoyieTal
gUKOAQ

Conditional Branches

YT1roAoyileTal
eUKOAQ

Indirect Jumps
Function returns

Always Taken
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 ATTaiTeiTal yia evToAEC OIAKAGdWONG UTTO ouvenkn
- H mAgiopnoia Twv evioAwv d1akAAdwong ival uttd ouvenkn

* 2 €i0N TEXVIKWYV TTPOLRAEWNC
- 2TATIKEG
- AUVOUIKEG

« AtTauteital extra hardware

- ATToBrkeuon XpNOoIMWY TTANPOPOPIWY YIa BEATIWON TNG akpielag
Twv TTPoRAEWewvV (branch history tables, branch target buffers, etc)

- Mnxaviouog avavnywng o€ TrePITITwaon AavBaouévng TTpoRAewNnS
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- Branch not taken (NT)
- EUKoAn uAoTtroinon
- 2¢€ €va loop TTPOLBAEYWN HOVO OTNV TEAEUTAIO EKTEAEDN
- Misprediction rate ~60%-70%

- Branch taken (T)
- [lio TToAuTTAOKO hardware
- 2¢€ €va loop TTPORAeWN pOvVo OoTNnV TEAEUTAIO EKTEAEON
- Average misprediction rate 34% (SPEC benchmarks)

* BTENT

- AAuara 1Tpog¢ 1a TTiow (apvnTiko offset w¢ 1Tpo¢ 10 PC)
TTPoBAETTETAI OTI Ba ekTEAeoTOUV (Backwards taken)

- AApara 1Tpog Ta eNTTPOC (BeTIKO offset w¢ TTpog 10 PC)
TTPoBAETTETAI OTI O Ba ekTeEAeoTOUV (Forwards not taken)

- T1.X. Xpnoiyotrolgital otov Intel Pentium 4 o€ mrepitmtwon mTou
QTTOTUXEI O UNXAVIOUOC dUVAMIKNG TTPOBAEWNS
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2TATIKEC TexVIKEC MNpOPAeWNC

- Profiling

- EKTEAEON TTPOYPANUATOGC KAl
KATAYPAPr OTATIOTIKWY

- O compiler Ta XpNOIYOTTOIEI YIO va
BonBnoel To hardware va KAvel
owaoTh TTPORAewn (TT.X. av yia
EVTOAN OIOAKAAOWONG EKTEAEITAI
TTAVW ATTO TIGC MICEC POPEC KATA TN
diapkela Tou profiling 16T€ N
TTPORAewnN cival T)

- EUKOAN uAoTtroinon

- Ta dedopuéva Tou profiling kai NG
KAVOVIKNG EKTEAEONC UTTOPEI VO

gival TTOAU d1a@popeTIKA. ETTopévVg

AGB0C TTPOLBALWEIC
- Program-based

- Programmer-based
(C likely/unlikely)

cslab@ntua 2017-2018

25%

20%

15%

10%

22% Misprediction Rate

18%

15%

12%

O,
125 1%

9% 10%

59 6%

9 > ) S L
FLE S $ CE L
00@ ) QPQ & & 9
Integer Floating point
Benchmark

© 2007 Elsevier, Inc. All rights resarved.



- 1-bit predictor 1-bit
- H TpoBAewn Baailetal oTO TI EYIVE TNV Eli‘:tllcrh
TTPpoNyoulEVN POPA TTOU EKTEAEOTNKE AUTN N Tabl y
EVTOAN Ol1aKAGOWONG
- XpAon Trivaka yia TNV ammroBnikeuon Tng
aTToéPaonGg
- [pooTréAAON TOU TTiVAOKA XPNOIUOTTOIWVTAG K
bits Tou PC
> Allasing 0x40010100 | addi r{o, ro, 100
0x40010104 , r1,r0
0x40010108 | L1:
0x40010A04 | agdi r1,r1, 1
0x40010A08 ne rl, rl0, L1
k bITS ......
cslab@ntua 2017-2018
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[Mapadeiypa 1-bit predictor

0x108: for(i=0; i < 100000; i++) {
0x144:  if( (i % 100)==0)
callA();
0x150:  if((i & 1) ==1)
callB();
}

MpoBAeywn (108):

0

s'e

Amégpaon (108):

y

cslab@ntua 2017-2018
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0x108: for(i=0; i < 100000; i++) {
0x144:  if( (i % 100)==0)
callA();
0x150: if((i & 1) ==1)
callB();
}

Mp6BAeywn (108):

cslab@ntua 2017-2018
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0x108: for(i=0; i < 100000; i++) {
0x144:  if( (i % 100)==0)
callA();
0x150: if((i & 1) ==1)
callB();
}

Mp6BAeywn (108):

100000 =
2 2 2

cslab@ntua 2017-2018
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0x108: for(i=0; i < 100000; i++) {
0x144:. if( (1% 100) ==0)
callA();
0x150: if((i & 1)==1)
callB();
}

Mp6BAeywn (108):

Misprediction = 2/100000

Prediction Rate = 99.998%

cslab@ntua 2017-2018
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[Mapadeiypa 1-bit predictor

0x108: for(i=0; i < 100000; i++) {

0x144:. if( (1% 100)==0)
callA();

0x150: if((i&1)==1)
callB();

}

MpoBAeywn (144):

0

s'e

Amoégpaon (144):

N

cslab@ntua 2017-2018

>

DIV
MFHI
BNEZ

R2,#100
R1
R1,0x150
FUNA
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0x108: for(i=0; i < 100000; i++) {

Ox144:  if((i% 100)==0)

callA(); l

0x150: if((1&1)==1)
callB();
}

Mpo6BAeywn (144).

ONTTTTTT e 17

< 100 >

24 &

Amoégaon (144):

TTTTTT T T TTT@

cslab@ntua 2017-2018

DIV
MFHI
BNEZ

R2,#100
R1
R1,0x150
FUNA




0x108: for(i=0; i < 100000; i++) {

DIV R2,#100

0x144:  if( (i % 100)==0) MFHT R1
callA(); — BNEZ R1l,0x150

0x150: if((i & 1) ==1) JMP FUNA
callB();

}

MpopBAsywn (144).

TTTTTT ...... S TT@ @

= 00
22 2 2
Amoégaon (144):

TTTTTT T T TTT@@
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0x108: for(i=0; i < 100000; i++) {

Ox144: if((1% 100)==0) Mi diction = 2/100
callA(); isprediction =
Ox150: if((i& 1)==1) .
_ Prediction Rate = 98%
callB();

}

MpopBAsywn (144).

TTTTTT ............................ TT@ ®|||||||| .............................
1 >
e 92

= 00
22 U]
Amoégaon (144):

I 0 TT@@IIIIIIII .............................
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[Mapadeiypa 1-bit predictor

0x108: for(i=0; i < 100000; i++) {

0x144:  if( (i % 100)==0)

callA(); AND R1,R2,#1
0x150:  if( (i & 1) == 1) SUB  RI1,#1

callB(): P> oNEZ  RI  ENDLOOP
) JMP FUNB

Mpo6BAewn (150):

0

s'e

Amogpaon (150):

y

cslab@ntua 2017-2018



[Mapadeiypa 1-bit predictor

0x108: for(i=0; i < 100000; i++) {

0x144:  if( (i % 100)==0)

callA(); AND R1,R2,#1
0x150:  if( (i & 1) == 1) SUB  RI1,#1

callB(): P> oNEZ  RI  ENDLOOP
) JMP FUNB

Mpo6BAewn (150):
U]
Amogpaon (150):

i
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0x108: for(i=0; i < 100000; i++) {

0x144:  if((i% 100)==0)

callA();

AND

0x150: if((i & 1)==1) I SUB
callB(); BNEZ

] JMP

R1,R2, #1
R1,#1
R1,ENDLOOP
FUNB

MpoépAsywn (150):

9l

2L L

Amégaon (150):

il

cslab@ntua 2017-2018




0x108: for(i=0; i < 100000; i++) {

0x144:. if( (i % 100)==0)
callA();

0x150: if((i& 1) ==1)
callB();

Misprediction = 1/1

Prediction Rate = 0%

}

MpoépAsywn (150):

@@@@@@@@@@@@@@@@@@@@@@@@@

22222222222222222228888¢8°¢8

Amégaon (150):

@@@@@@@@@@@@@@@@@@@@@@@@@
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Auvapikeg Texvikec INpoAewnc

- 2-bit predictor

- o}

Predict taken
11

Predict not taken
00

cslab@ntua 2017-2018

Not taken

Not taken

Not taken

Predict taken
10

Predict not taken
01
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[Mapdadeiypa 2-bit predictor

0x108: for(i=0; i < 100000; i++) {

0x144:  if( (i % 100)==0)

callA();
0x150:  if( (i & 1) == 1)
callB();
} 0.1:Predict Not Taken

NpoBAewn (108): 2,3 :Predict Taken

.

s'e

Amogpaon (108):

y

cslab@ntua 2017-2018
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[Mapdadeiypa 2-bit predictor

0x108: for(i=0; i < 100000; i++) {

0x144:  if( (i % 100)==0)

callA();
0x150:  if( (i & 1) == 1)
callB();
) 0,1:Predict Not Taken

NpoBAewn (108): 2,3 :Predict Taken

@ 23333333 33:@

100000

& &

Amégaon (108):

TIHTTTTTT ., TTT®

cslab@ntua 2017-2018
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[Mapdadeiypa 2-bit predictor

0x108: for(i=0; i < 100000; i++) {

0x144:  if( (i % 100)==0)

callA();
0x150:  if( (i & 1) == 1)
callB();
) 0,1:Predict Not Taken

NpoBAewn (108): 2,3 :Predict Taken

@ 23333333 331@ @

100000

) S

Amégaon (108):

TTTTTTT T T i TTT®®

cslab@ntua 2017-2018
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[Mapdadeiypa 2-bit predictor

0x108: for(i=0; i <100000; i++) { | Misprediction ~= 1 per N branches

0x144: if((i% 100)==0) 0x108 Prediction Rate = 99.999%
callA(); 0x144 Prediction Rate = 99%

0x150: if((i & 1)==1) 0x150 Prediction Rate = 50%
callB();

J 0,1:Predict Not Taken

NpoBAewn (108): 2,3 :Predict Taken

@ 23333333 331@ @ 33333333, 333@

100000

2 g N )

Amégaon (108):

TIHTTTTTT ., TTT@@IIIIIIII ............................. TTT@

cslab@ntua 2017-2018 26




Auvapikec Texvikec INpoAewnc

« AAANOG 2-bit predictor

Taken
A |
Not taken
Predict taken Predict taken
" T, 10
Taken
Taken Not taken
Not taken
Predict not taken Predict not taken
01 ............................... 00
Taken

Not tay
© 2007 Elsavier, Inc. All rights resarved.

« 220 duvard FSMs — 5248 “evdiagpépovta” [Nair, 1992]
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Akpipeia INpoAswnc yia 2-bits predictor

nasa7

matrix300

tomcatv

doduc

spice
SPECS89
benchmarks

foppp

gcc

espresso

eqgntott
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b 196 )
0%
0% SUPER! B 4096 entries:
0% 2 bits per entry
N [0 Unlimited entries:
il 1% 2 bits per entry
0%
5%
— o Xpp...OK
— 9%
9%
— 9%
O%

XaAia!

12%
11%
_ 5%
5%
18%
18%
— 10%
10%
0% 2% 4% 6% 8% 10% 12% 14% 16% 18%

Frequency of mispredictions
4 2007 Elsavier, Inc. All rights reserved.
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. (Temporal Correlation)

- OAgc ol TTPONYOUMEVEG TEXVIKEC TTPOPBAETTOUV TO ATTOTEAEOUA MIAC
EVTOANC SIAKAGdWONC Ye BAon TIC ATTOPACEIC TTOU TTAPONKaAV yia
TNV id1a dIaKAAdWAN O€ TIPONYOUUEVEC EKTEAEDEIC.

. (Spatial Correlation)

- MpoBAsywn piag evioAng dIakAAdwaong Je BAon TN CUPTTEPIPOPA
AAAWV eVTOAWYV dIaKAGdWONG TTOU TTponyouvTal oTn OUVANIKI

POl TOU TTPOYPANMATOG
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[Mapadelyua

if (aa==2) DADDIU R3,R1,#-2
aa = 0;
. ’ BNEZ R3,L1 ; h bl 1=2
if (bb == 2) 3 branch bl (aa )
bb = 0; DADD R1,RO,RO ;aa=0

if (aa '= bb) {

L1:DADDIU R3,R2,#-2
BNEZ R3,L2 ;branch b2 (bb!=2)
0 (NT) DADD R2,RO,R0 ;bb=0

1(T)

L2:DSUBU R3,R1,R2 ;R3=aa-bb
BEQZ R3,L3 ;branch b3 (aa==Dbb)

Path:1-1 1-0 0-1
aa=2 aazx2 aa=0
bb#2  bb=0 bb=2 \ bb=0

Av bl kai b2 NT (Not Taken) Tote b3 T (Taken) !
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- [eviki TrepiTrTwon : (m,n) predictor
- M TEAEUTAIEC EVTOAEG OIOKAGDWONG
- €1mIAoyn evog atro 2™ predictors
- KaOBe predictor gival n-bits

- O 2-bit predictor gival évag (0,2) predictor agpou dev
XPNOIMOTIOIEI TV I0TOPIA TWV AAAWYV EVTOAWYV Dl1aKAAdWANG

- AtTAf uAoTToinon

- Branch History Register (BHR) : m-bit shift register yia va karaypaeel
TN CUPTTEPIPOPA TWV TEAEUTAIWYV M EVTOAWYV dIAKAGOWONG

- Pattern History Table (PHT) : O mrivakag trou atrobnkeuovTtai ol
predictors
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* (2,2) predictor

e 64 entries
e 4 |low order bits PC

e 2 bits

cslab@ntua 2017-2018

Branch address

N4

2-bit per-branch predictors

Y

XX — —» XX prediction

2-bit global branch history

© 2003 Elsevier Science (USA). All rights reserved. 2



* (0,2) predictor pe
4096 eyypagec (8K
DIts)

nasa7

matrix300

tomcatv

doduc

Vs sreces
* (2,2) predictor ue

1024 gyypagéc (8K

b i tS) espresso

cslab@ntua 2017-2018

2.UyKpIOon

1%

0% B 4096 entries:
1% 2 bits per entry
0% [ Unlimited entries:
0% 2 bits per entry
0%

& [ 1024 entries:

l 1% 2,2)
0%

1%

5%
5%
5%

9%
9%

5%

9%
9%

5%

12%
11%
11%

5%
5%

4%

18%
18%

6%

10%
10%

|

5%

2%

6% 8% 10% 12% 14% 16%
Frequency of mispredictions

0% 4% 18%

© 2003 Elsevier Science (USA). All rights reserved.
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* AvTi yia TIG m TEAEUTAIEG EVTOAEG DIOKAGOWONG,
TTAPAKOAOUBOUE TIG M TEAEUTAIEG EKTEAETEIG TNG
OUYKEKPIPNEVNG EVTOANG

- O BHR avtikaBiotaral ammé Tov BHT (Branch History
Table)

- 1 BHR avd evroAn diakAddwaong

O global-history predictor atroteAei ouoIOOTIKA
UTTOTTEPITITWAN, OTToU 0 BHT €£xel yovo pia eyypaon

cslab@ntua 2017-2018
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+ BHT

Local-History Two-Level Predictor

- 8 eyypaQig
- 3-bit 10TOpIO

+ PHT

PC=01011010010101

- 128 eyypaEg
- 2-bit predictors

cslab@ntua 2017-2018

001
010
O11
100
—> 101
110
[11

BHT

110

'

0000000
0000001
(0000010
0000011

0101100
0101101

0101110 = 0101110

A

0101111

011110
OLTTT

PHT

0 1

——> () Branch prediction

35



- Agv uttapxel TEAEIOC predictor

- AIQQOPETIKEC EVTOAEC AApaTOC TTapouaialouv
OIAPOPETIKA CUPTTEPIPOPA

- Na kataokeuaoouue Eva predictor TTou 6a pavTeuel
TTol0G predictor ytropei va yavteyel akpiBEoTepa 10
QATTOTEAECUA VOC AAPATOC!

cslab@ntua 2017-2018
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Branch PC

- meta-predictor
- 2-bit petpntég
- 0,1 xpnaoiyotroigital o P,

- 2,3 xpnoigotrolgital o P,

- H 1y} Tou meta-predictor
EVNUEPWVETAI JOVO OTAV Ol OUO
predictors KGvouv dIaPOPETIKI
TTPOBAEYN

* Pred,, Pred,

- 2UvOUAOUOI TWV TTPONYOUNEVWV
ouoTNMATWY

cslab@ntua 2017-2018

Meta-

Predictor

Pred,

Pred

1

e

Final Prediction

Meta
Pred, | Pred, Undate
AaBog AdaBog —-
AdBog | oot +1
Yooty | AabBog -1
2ot | Xoot) —
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Meta-predictor
- 4K eyypageg
- KABg eyypaon gival Evag 2-bit predictor
- TrpooTréAacn pe Baon 1o PC NG evioAng dIakAGdwaong

Pred, : Local-history two-level predictor
- BHT: 1K 10-bit eyypa@Eg
- PHT: 1K 3-bit predictors

Pred, : Global-history two-level predictor
- PHT: 4K 2-bit predictors

2.0voAo : 29K bits
SPECIp95 : misprediction = 1 / 1000 instructions
- SPECIint95: misprediction = 11.5/1000 instructions

cslab@ntua 2017-2018
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Conditional branch 4%
misprediction rate
3%
2%

1%

0%
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Correlating predictors

Tournament predictors

32 64 96 128 160 192 224 256 288 320 352 384 416 448 480 512
Total predictor size

© 2003 Elsevier Science (USA). All rights reserved.
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- OAa 1a Tponyoupeva cuoTrpaTa TTPORAETTOUV UOVO TO TTOIO
LMOVOTTATI MIAG EVTOANC OIakAGdwaong Ba akoAoubnbei

« XpelaleTal OUWC Kal O TTPOOPICHOG-0TOXOC (target)
- Not taken: Npoopiouog = PC + instruct_word_size
- Taken : [lpoopicudg = ?77?
» Aueoog : PC + offset

» 'EPYUEOOC : register value + offset (11.x. Object-oriented programs,
subroutines returns, dynamically linked libraries)

- [a va diarnprioouue uwnAo throughput TTpéTrel oto TEAOC KGBE
KUKAOU va yvwpiloupue 10 eTOpEVO PC

- [a katrola GAYATa PE EPPECO TTPOOPICHO, YVIVETAI YVWOTOC
ueTa 1o EX

« AKOMO KOl VIO TO UTTOAOITTO TTPETTEI VA TTEPINEVOUME PMEXPI TO
TEAoOC ToU ID
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- Mia pikpr) cache (direct-mapped / associative)

« AtT0oBnKeUEl TOV TTPOOPICHO (target) TNG EVTOANC AAUATOC

 [NpooTtréAaon kata Tn didpkela Tou IF, woTe TNV WPEA TTOU
PEPVOUNE UIa EVTOAN TAUTOXPOVA TTPORAETTOUNE ATTO TTOU
0a XPEIOOTEI VO PEPOUMPE TNV ETTOMEVN

- [NepiEyel

+ ATToBnKeEUOUNE PHOVO AAPATA TTOU £X0UV eKTEAEOTEI (taken
branches kai jumps)

cslab@ntua 2017-2018
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PC of instruction to fetch

Number of
entries

in branch-
target
buffer

Predicted PC

No: instruction is

cslab@ntua 2017-2018

- not predicted to be Branch
branch; proceed normally predicted
taken or
untaken

Yes: then instruction is branch and predicted
PC should be used as the next PC

© 2003 Elsevier Science (USA). All rights reserved.
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Send PC to
memory and
branch-target
buffer

IF
Entry found in
branch-target
buffer?
A A
Send out
predicted
: : PC
instruction Yes
a taken
branch?
ID
No Yes
Normal
instruction
execution
Y l
Enter Mispredicted Branch
branch instruction branch, kill fetched correctly
address and instruction; restart predicted;
EX next PC fetch at other continue
into branch- target; delete execution with
target buffer entry from no stalls

target buffer

© 2003 Elsevier Science (USA). All rights reserved.
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- SPEC89 : 85% 1wV £upecwy aApaTwy gival function
returns

* [1poopiouog
- AUOKOAOC va uttoAoyioTei. [NiveTal yvwoTog ueTa 1o EX.

- AUokoAa ptropei va TTpoBAe@Oei ye Tov BTB, piag kai €va
function ptropei va KANBei atrd TTOAAG dIQPOPETIKA onEia.
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+ O TTpooPIOUOC eVOC return givai
dleUBuvon TNG TeEAeUTaIAg EVTOANG call

- Xpnon evog stack (FILO)

- ExktéAeon call — push address into RAS

- ExkTéAeon return — pop address into RAS

cslab@ntua 2017-2018
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wgoc |
o-foppp |
-0- espresso |...........
—— doduc
- |i

-/ tomcatv

Misprediction
rate

1 2 4 8 16
Number of entries in the return stack

© 2003 Elsevier Science (USA). All rights reserved.
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