MEBoooI MpoBAewng AlaKAAOWOEWYV
(Branch Prediction Mechanisms)

cslab@ntua 2016-2017



EvToAEc AlakAGdwaONGg

Next fetch
° 1 (o) ’ 4 A
[Mepitrou 20% TWV EVTOAWV Eival started

EVTOAEC OIOKAGOWONG

I-cache

* [MoAAG o1adIa peTACU

UTTOAOYIOMOU TOU €TTOMEVOU PC Fetch

Kal eKTEAEONG TOU branch (yia Buffer

OUYXPOVOUG ETTECEPYAOTEG —

uTTopPEi kail >10!) Buffer
- Eloaywyn stalls kal eTTopevwg

hEiwonN Tou pubBuou avayvwong Func.

KOl EKTEAEONC EVTOAWV Units

Result
Buffer

#bubbles ~= pipeline depth X loop length  Branch
executed

cslab@ntua 2016-2017 2



Texvikég BeAtiwong Tou CPI

Pipeline CPI =

|deal pipeline CPI +

register Tpowonon

re”aming\ Structural Stalls + /

PVOUIKT . Data Hazard Stalls +

EKTEAEON
Control Stalls A UTTOBETIKT)

loop unrolling EKTEAEON

TrpoRAeyn \ delayed branches, branch
S10KAAB WO EWV scheduling

static scheduling,
software pipelining
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- Stall the pipeline

- Kave kaTti xpnoiuo (branch delay slots)

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

- Kave 1a 6Aa (multipath execution)

* [poLBAewn
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-« XpelalouaaTe 2 TTANPOPOPIES

- Av Ba ekTeAeoTei TO AApa ) oI (taken or not taken)

- Av ekTEAEOTEI TTOIOC €ival o TTpoopIouoC (target PC)

Eido¢ AAuaToC ATToQaon [TpoopIouOC
Direct Jumps 1
_ g Always Taken YHO%\OVICET(}I
Function Calls €UKOA
. YT1roAoyileTal
Conditional Branches € UKONG

Indirect Jumps
Function returns

Always Taken
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- ATTaiteital yia eVToAEG OIAKAGdWONG UTTO ouvenkn
- H mAciopneia Twv evioAwv diakAadwong gival uttd ouvenkn

* 2 €i0N TEXVIKWYV TTPOPAEWNC
- 2TATIKEG
- AuvapIKES

« AtTauteital extra hardware

- AtToBnkeuon XPAOoINWY TTANPOPOPIWY YIa BEATIWON TNG akpielag
Twv TTPoPAEWewvV (branch history tables, branch target buffers, etc)

- Mnxaviopog avavnyng o€ TrepiTrTwon Aavlaouévng TTpoRAswng
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- Branch not taken (NT)
- EUkoAn uAotroinon
- 2¢€ €va loop TTPORAeWn pOvo oTNnV TEAEUTAIO EKTEAEON
- Misprediction rate ~60%-70%

- Branch taken (T)
- [Tio TToAUTTAOKO hardware
- 2¢€ £€va loop TTPORBAEWYN YOVO OTNV TEAEUTAIO EKTEAEDN
- Average misprediction rate 34% (SPEC benchmarks)

+ BTFNT

- AAparta 1pog 1a Tricw (apvnTiko offset w¢ mpog 10 PC)
TTpoBAETTETAI OTI Ba ekTEAEOTOUV (Backwards taken)

- AAparta 1Tpog 1a NTTPOC (BeTIKO offset wg Trpog 1o PC)
TTPOPBAETTETAI OTI O Ba ekTEAEOTOUV (Forwards not taken)

- T1.X. Xpnoigotroleital atov Intel Pentium 4 o€ tmrepitrtwon tmou
QTTOTUXEI O JNXAVIOUOS DUVANIKAC TTPORAEWNC
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2TATIKEC TexVIKEC MpOBAeWNC

- Profiling

- EKTEAEON TTPOYPANUATOC KAl
Kataypa@n oTaTIOTIKWY

- O compiler Ta XpNOIPOTIOIEN YIO va
BonBnroel To hardware va KAvel
owaoT TTPORAsWN (TT.X. AV HIa
EVTOAN OIOKAGOWONG eKTEAEITAI
TTAVW ATTO TIG MICEG POPEC KATA TN
didpkela Tou profiling 16TE N
TTPOBAEWnN cival T)

- EUKoANn uAoTtroinon

25%

20%

15%

10%

50/0 F

22% Misprediction Rate

18%

15%

L) 1)
12% i 12% o
g% M

59 6%

- Ta dedopeva Tou profiling kai Tng Q@e% Q&o\‘@%& & O & & &&9 <>'\\&\§»°é
KAVOVIKNG EKTEAEONG UTTOPEI VA TR & € e
€ival TTOAU OIaQOPETIKA. ETTOEVWG Integer Fisatiig poiit
AGB0oC TTPOLBAEWEIC S

- Program-based

- Programmer-based
(C likely/unlikely)

cslab@ntua 2016-2017
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- 1-bit predictor 1-bit
- H mp6BAewn BaaoileTal 01O TI EYIVE TNV E?::o(;-h
TTPONYOUMHEVN POPA TTOU EKTEAECTNKE QUTA N Tabl y
gVTOAN dlIaKAGdWONG
- Xpron Trivaka yia Tnv atmmofnkeuon t1ng
aTToPaAoNG
- [pooTtréAaon Tou TTivaka XpnNoIMOTIOIWVTAG K
bits Tou PC
> Allasing 0x40010100| addi r{0, r0, 100
0x40010104 | addi , ri, r0
0x40010108 | L1:
0x40010A04 | agdi ri,r1, 1
O0x40010A08 . bHne r1,rl0, L1
k bITS ......
cslab@ntua 2016-2017
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[Mapdadeiypa 1-bit predictor

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

Mpo6BAeywn (108):

0

£

Atmrégaon (108):

y

cslab@ntua 2016-2017
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0x108: for(i=0; i < 100000; i++) {
0x144:; if( (i % 100)==0)
callA();
0x150; if((i & 1) ==1)
callB();
}

Mpo6BAeywn (108):

@TTTTTTTT ............................. TT@

100000 >

£ £

Atmépaon (108):

@TTTTTTTT ............................. TTT@

cslab@ntua 2016-2017
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0x108: for(i=0; i < 100000; i++) {
0x144:; if( (i % 100)==0)
callA();
0x150; if((i & 1) ==1)
callB();
}

Mpo6BAeywn (108):

@TTTTTTTT ............................. TT1@ @

100000

>< ><><

Atmépaon (108):

@TTTTTTTT ............................. TTT@ @

cslab@ntua 2016-2017
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0x108: for(i=0; i < 100000; i++) {

0x144:; if( (i % 100)==0) _ .
_ Misprediction = 2/100000
callA();
0x150: if((i & 1) ==1) o
_ Prediction Rate = 99.998%
callB();

}

Mpo6BAeywn (108):

@TTTTTTTT ............................. TT1@ @TTTTTTTT ............................. TT@

100000

>< ><><

Atmépaon (108):

TTITTTTTT e TTIN (TTTTTTTT e TN
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[Mapdadeiypa 1-bit predictor

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

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

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

}

MpoBAsywn (144):

0

£

Atmépaon (144).

N

cslab@ntua 2016-2017
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DIV
MFHI
BNEZ

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

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

callA(): —

Ox150: if((i&1)==1)
callB();
}

MpoBAsywn (144):

INTTTTTTT. e, TT
T

- »
< »

24 A

Amogaon (144):

cslab@ntua 2016-2017

DIV
MFHI
BNEZ

R2,#100
R1l
R1,0x150
FUNA




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

DIV R2,#100

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

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

}

MpoBAewn (144):

TTTTTT ...... 10 .................... TT@ @
e 2

« 0
22 L 2
Amogaon (144):
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0x108: for(i=0; i < 100000; i++) {

0x144: if( (i % 100)==0) Misorediction = 2/100
callA(); isprediction =
0x150: if((1&1)==1) .
_ Prediction Rate = 98%
callB();

}

MNpo6BAeyn (144):
TTTTTT ............................. TT@ @TTTTTTTT ............................. TT@
< 100 >

22 2 2 ()

Amropaon (144):
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[Mapdadeiypa 1-bit predictor

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

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

callA(); AND R1,R2, #1
0x150: If((1&1)==1) | SUB R1,#1

callB(); BNEZ R1l,ENDLOOP
) JMP FUNB

MNpo6BAewn (150):

0

£

Amégaon (150):

y
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[Mapdadeiypa 1-bit predictor

0x108: for(i=0; i < 100000; i++) {
0x144: if((i1% 100)==0)
callA();
0x150: if((i&1)==1)
callB();
}

MNpo6BAewn (150):
U]
Amégaon (150):

i

cslab@ntua 2016-2017

AND
SUB
BNEZ

R1,R2,#1
R1, #1
R1,ENDLOOP
FUNB
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0x108: for(i=0; i < 100000; i++) {

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

callA();

AND

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

1 JMP

R1,R2,#1
R1,#1

R1, ENDLOOP
FUNB

MNpo6BAewn (150):

9l

228

Amoégaon (150):

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

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

Ox150: if((i1&1)==1)
callB();

Misprediction = 1/1

Prediction Rate = 0%

}

MNpo6BAewn (150):

JUNONONONONONONONONENGNDN

222222222222222222828288282828

Amégaon (150):

TINTNENTNTNONTNONDNDNTNDNT

cslab@ntua 2016-2017 21
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Auvvapikéc Texvikeéc MNMpoBAewnc

- 2-bit predictor

Taken .'-_
Y
Not taken
Predict taken Predict taken
" . 10
Taken
Not taken
Not taken
Predict not taken Predict not taken
00 ............................. 01
Taken

Not taken

cslab@ntua 2016-2017
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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

NpéBAswn (108) 2.3:Predict Taken

.

£

Amégaon (108):

y

cslab@ntua 2016-2017
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[Mapdadeiypa 2-bit predictor

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

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

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

MpoBAswn (108): 2,3:Predict Taken

@ 23333333 33@

100000
2 2
Amégaon (108):

@TTTTTTTT ............................. TTT@

cslab@ntua 2016-2017
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[Mapdadeiypa 2-bit predictor

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

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

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

MpoBAswn (108): 2,3:Predict Taken

@ 23333333 33@ @

100000

) S

Amégaon (108):

@TTTTTTTT ............................. TTT@ @

cslab@ntua 2016-2017
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[Mapdadeiypa 2-bit predictor

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

Misprediction ~= 1 per N branches

Ox144: 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

MNpo6BAewn (108):

2,3 :Predict Taken

@ 23333333 33@ @ 33333333 333@

100000

£

Amégaon (108):

@TTTTTTTT ............................. TTT@ @TTTTTTTT ............................. TTT@

cslab@ntua 2016-2017
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Auvapuikeg Texvikeg MNpoAewnc

Taken
\ |
Not taken
Predict taken Predict taken
" L e s s N 10
Taken
Taken Not taken
Not taken
Predict not taken Predict not taken
01 Wil s crecesersacssassnassnassnan OO
Taken

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

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

nasa7

matrix300

tomcatv

doduc

spice
SPECS89
benchmarks

foppp

gcc

espresso

eqgntott

cslab@ntua 2016-2017

h 1% )
0%
0%
0%

1%
0% _J

~SUPER!

B 4096 entries:

[0 Unlimited entries:

2 bits per entry

2 bits per entry

XHu...OK

Xahia!

12%

119%

18%
18%
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)

- OAec ol TTpoNYOUUEVEG TEXVIKEC TTPOPBAETTOUV TO ATTOTEAECUA MIAG
EVTOANG dlakAAdwoNG Ye BAon TIC ATTOPACEIC TTOU TTAPONKAV yIa
TNV id1a dIAKAGOWON OE TTIPONYOUMEVEG EKTEAEDEIC.

. (Spatial Correlation)

- Mpd6BAewn p1o¢ evioAnc dIaKAGdwWONC e BAON TN CUNTTEPIPOPA
AAAWV eVTOAWYV dIaKAAdWONG TTOU TTPONYOUVTAl OTN OUVAMIKN

POI] TOU TTPOYPAUMOATOG
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[Mapadelyua

if (aa==2) DADDIU R3,R1, #-2
aa = 0;
1 ’ ’ ’ h bl 1=2
if (bb == 2) BNEZ R3,L1 branch bl (aa )
bb = 0; DADD R1,RO,RO0 ;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==bb)

Path:1-1 1-0 0-1
aaz=2 aaz2 aa=0
bb#2  bb=0 bbx2 \ bb=0

Av bl kai b2 NT (Not Taken) Tote b3 T (Taken) !
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- [evikn TrepiTrTwon : (m,n) predictor
- m TEAEUTAIEC EVTOAEC DIOKAADWONG
- gmAoyr) evog atro 2™ predictors
- KaBg predictor cival n-bits

- O 2-bit predictor gival évag (0,2) predictor agpou dev
XPNOIMOTIOIEI TV 1I0TOPIA TWV AGAAWV EVTOAWV OIAKAAOWONG

- ATtTAf uAotToinon

- Branch History Register (BHR) : m-bit shift register yia va kataypagei
TN CUNTTEPIPOPA TWV TEAEUTAIWY M EVTOAWYV DIAKAGdWONG

- Pattern History Table (PHT) : O Tmrivakag 1Tou atrobnkeuovrai ol
predictors
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* (2,2) predictor

e 64 entries
e 4 low order bits PC

e 2 bits

cslab@ntua 2016-2017

Branch address

N4

2-bit per-branch predictors

Y

XX H - —» XX prediction

2-bit global branch history

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



* (0,2) predictor e
4096 eyypapeg (8K
DIts)

nasa7

matrix300

tomcatv

doduc

Vs sreces
* (2,2) predictor ue

1024 gyypa@géc (8K

b i tS) espresso

cslab@ntua 2016-2017

2.UyKplon

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
OUYKEKPIUEVNC EVTOANG

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

- 1 BHR ava evtoAn diakAadwaong

O global-history predictor atroteAgi ouoiaoTIKA
UTTOTTEPITITWON, OTToU 0 BHT £x€&1 yovo pia eyypagn

cslab@ntua 2016-2017
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+ BHT

Local-History Two-Level Predictor

- 8 eyypaQeg
- 3-bit 10TOpICO

+ PHT

- 128 eyypaPEg

- 2-bit predictors

cslab@ntua 2016-2017

PC=01011010010101

001
010
011
100
—> 101
110
111

BHT

110

l

0000000
0000001
0000010
0000011

0101100
0101101

0101110 = 0101110

A

0101111

011110
01111

PHT

0 1

——> () Branch prediction
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- Agv uttapyxel T€Aelog predictor

- AIOQOPETIKEC EVTOAEC AAPATOC TTapoUaIAlouy
OIAPOPETIKI) CUMUTTEPIPOPA

- Na karaokeudooupe Eva predictor TTou 6a pavreUel
TTo10G predictor ptropei va pavteyel akpIBEoTepa 10
QATTOTEAEOUA EVOC AApaTOC!

cslab@ntua 2016-2017
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Branch PC

- meta-predictor
- 2-bit petpnrég
- 0,1 xpnoiyotroigitai o P,

- 2,3 xpnoiyotroigitai o P,

- H 1iyR Tou meta-predictor
EVNUEPWVETAI UOVO OTAV Ol OUO
predictors Kavouv dIa@OPETIKN
TTPOLBAEYWN

* Pred,, Pred,

- 2UvOUAOUOi TWV TTPONYOUHEVWYV
OUCTNUATWY

cslab@ntua 2016-2017

Meta-

Predictor

Pred,

Pred

1

e

Final Prediction

Meta
Pred, | Pred, Ubdate
AaBog AaBog ——
AdBog | Tootm +1
Yoot | AdBog -1
2mot | oot —
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Meta-predictor
- 4K eyypageEg
- KGB¢e gyypapn cival Evacg 2-bit predictor
- TTpooTréEAaon ue Bacn 1o PC NG evioAn ¢ dlakAGdwaong

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

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

2.UVoAo : 29K bits
SPECTp95 : misprediction = 1 / 1000 instructions
- SPECInt95: misprediction = 11.5/1000 instructions

cslab@ntua 2016-2017
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Conditional branch
misprediction rate

2%

1%

0%

cslab@ntua 2016-2017

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 Tponyouueva cuotrpata TTPORAETTOUV JOVO TO TTOIO
MOVOTTATI MIOC EVTOANC dlakAGdwon¢ Ba akoAouBbnbei

« Xpeladetal OUWCE Kal O TTPOOPIOUOC-0TOXOC (target)
- Not taken: lNpoopiopog = PC + instruct._ word_size
- Taken : [poopiopog = ?77?
» Aueooc : PC + offset

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

- [a va diarnpriooupe uwnAo throughput TTpETTel oTo TEAOC KABOE
KUKAOU va yvwpiloupue 10 eTopevo PC

- [Na katrola AAYATa JE EPPECO TTPOOPICHO, YIVETAI YVWOTOG
ueTa 1o EX

« AKOMO KOl YIO TA UTTOAOITTO TTRETTEI VO TTEPINEVOUME UEXPI TO
TEAoG TOU ID
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- Mia pikpn) cache (direct-mapped / associative)

-+ A1T0OnKeUElI TOV TTPOOPICHO (target) TNC EVTIOANC AAPATOC

- [NpooTmréAaon kata Tn diapkela Tou IF, woTe TNV Wpa TTOU
(PEPVOUME HIa EVTOAN TAUTOXPOVA TTPORBAETTOUUE ATTO TTOU
0a XPEIAOTEI VO PEPOUNE TNV ETTOUEVN

- [NepiExel

« ATToOnKeUoUpE HOVO AApaTa TTOU £XOUV eKTEAEOTEI (taken
branches kai jumps)

cslab@ntua 2016-2017
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PC of instruction to fetch

Number of
entries

in branch-
target
buffer

Predicted PC

No: instruction is

cslab@ntua 2016-2017

- = 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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A
Send PC to
memory and
branch-target
buffer
IF
Entry found in
branch-target
buffer?
Y
A v A
Send out
predicted
instruction Yes e
a taken
branch?
ID
No Yes
Normal
instruction
execution
A4
A
A Y
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
A 4

© 2003 Elsevier Science

(USA). All rights reserved.
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« SPECS89 : 85% 1wV €upecwyv aAuaTtwy €ival function
returns

* [1poopiguog
- AUOKoAOG va utroAoyioTei. [NiveTal yvwoTog peta 1o EX.

- AUokoAa ptropei va TTpoBAeBei ye Tov BTB, piac kal Eva
function ptropei va KAnBei atrd TTOAAG dia@opETIKG onuEia.
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* O TTPOoOPIOHOGC eVOC return givai
O1EUOuvonNn TNG TeAeuTaiag evroAng call

- Xpnon evog stack (FILO)

- ExtéAeon call — push address into RAS

- EkTéAEON return — pop address into RAS

cslab@ntua 2016-2017
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I
o-foppp
-0- espresso |...........
—— doduc
-0 |i

-/ tomcatv

Misprediction
rate

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

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