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Branch Prediction
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Branch Prediction

[IpoPAeyn elvar mAEOV amapoitnn Yo va £(ovUE KaAn amodooon. ot

MULT ,F1,F2
DIVD F4,F0,F3
BNEZ F4,Loop

Xnuavtikn o€ out-of-order § multi-issue eneéepyootéc (Amdahl’s Law)
CPI = Ideal CPI + Structural stalls +
RAW stalls + WAR stalls + WAW stalls + Control stalls

The prediction is a hint that is assumed to be correct, and fetching begins in
the predicted direction. If the hint turns out to be wrong, the executed (not
committed) instructions from the wrong path are cancelled.



IIpOPAeyYN amoTEAEGUATOG

e Tl dovAegvel n TpdPieyn?
— Underlying algorithm has regularities.
— Data that is being operated on has regularities.

— Instruction sequence has redundancies that are artifacts of way that
humans/compilers think about problems.

— Loops are easy to predict their behaviour



Static Branch Prediction
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Major limitation :

Integer Floating point

Benchmark

misprediction rate for the integer programs is high



Dynamic Branch Prediction

* Eivailn ovvopun| mpoPAreyn kaAdTeEpN amd TNV GTATIKY);
— 'Etol patveral.

— Josh Fisher had good paper on “Predicting Conditional Branch

Directions from Previous Runs of a Program.”
ASPLOS “92. In general, good results if allowed to run program

for lots of data sets.
« How would this information be stored for later use?
o Still some difference between best possible static prediction
(using a run to predict itself) and weighted average over many
different data sets



Simplest Dynamic Approach:
Branch History Table

» Performance = f(accuracy, cost of misprediction)

« Branch History Table: Lower bits of PC index 1-bit table
— Specifies if branch was taken or not the last time
— When branch delay is longer than time to compute target PC

1-bit table

PC[3:0]— |




BHT: IIpopAnuo

o Ilpofinua<® oc loop, 1-bit BHT npoxaiei 2 mispredictions
— End of loop case, when it exits instead of looping as before

— First time through loop on next time through code, when it
predicts exit instead of looping

Loop: LD FO,0(R1l) ;FO=vector element
ADDD F4,F0,F2 ;add scalar from F2
SD O(R1l) ,F4;store result
SUBI R1,R1,8 ;decrement pointer 8B (DW)
BNEZ Rl ,Loop ;branch Rl!=zero
NOP ;delayed branch slot



2-bit Prediction scheme
(Jim Smith, 1981)

Aven T 2-bit scheme alrdlel mpdPAeyn uodvo av yivet
AdBoc TpOPAeyYN 2 popéc:
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Predict Taken Predict Taken

27 NT
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Predict Not
Taken

Predict Not
Taken

NT

Kokkivo: not taken
MrnAe: taken

IIpocOétel hysteresis oty mwpoPAsym



n-bit Predictors

* n-bit scheme aAAdler TpoPreyn novo av yiver AMibog
npoPreyn 2" popéc.

« Xpnon n-bit counter.

« Meléteg Tv N-bit predictors €yovv ogi&et 611 o1 2-bit
predictors amodidovy eEicov: To TEPIGGOHTEPOL
cvotuorta £yovv 2-bit predictors.



Use of Branch History Table

Branch PC

 BHT eivat évag mivakoag and “Predictors™
— Usually 2-bit, saturating counters
— Indexed by PC address of Branch

« X710 ID stage tov branch ké&vovpe access tov mivaka. Xto 1D
stage vroAoyileton ko 1 dievBvven Tov branch.

* ‘Otav to branch oloxAnpm0et
— Update corresponding Predictor



2-bit BHT Accuracy
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Correlating Predictors

*  YmolOson : mpoceata branches cuoyetiCovror. Ta anmotelécpato TpOGPOUTOV
branches emmpealovv v TpdfAieyn tov tpéyxov branch.

o Iapaderyua 1 (amo eqntott benchmark):
Example in C

if (aa==2)
aa=0;
if (bb==2)
bb=0;
if (aa '=bb) {...}

Example in assembly

DSUBUIL R3,R1, #2
BENEZ R3,L1 :branch bl (aal!=2)
DADD R1,R0O,RO ;aa=0

L1: DSUBUIL R3,R2, #2
BENEZ R3,L2 :branch b2 (bb!=2)
DADD R2,R0,RO :bb=0

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

If branches bl and b2 are both not taken (i.e. first two if
statements are true) then b3 will be taken



Correlating Predictors

o Ilapdociyua 2.

Example in asembly

Example in C

ENEZ R1l,L1 :branch bl (d!=0)
if (d==0) DADDIU R1,RO,#1  ;d==0, so d=1
d=1- Ll: DADDIU R3,R1, #-1
=1: _ "
if (d==1) {...} ENEZ R3, L2 :branch b2 (d!=1)

L2:

Possible execution sequences

Initial value Value of d
of d d==07? b1 before b2 | d==17? b2
0 yes not taken 1 yes not taken
1 no taken 1 yes not taken
2 no taken 2 no taken




Example: (4,2) Predictor

Addr(B)
(4,2) GHT (Global History | . %

Table) predictor

— 4 means that we keep four
bits of history

— 2 means that we have 2 bit - 1

counters in each slot. Global branch I I
_ istory register | |
— Then behavior of recent | |

branches selects between, S : 1
say, 16 predictions of next > 1] T - \1
branch, updating just that ' |
prediction ' ‘\ |
— Note also that aliasing is A

: Eacf\ slot is
ossible here...
P 2-bit counter

2-bit global branch history register




Correlating Branches

(k,n) GHT predictor

k means that we keep k-bits
of history

n means that we have n-bit
counters in each slot.

Note that the original two-bit
counter solution would be a
(0,2) GAs predictor
2UVOAIKT] LV :

2k *  * Qaddr_size =

2k+addr_size *n

Addr(B)

| addr_size y, %

Global branch : | | :

history register ' ' ' |
I N |
S | N
_ _ \\ |
\ |

Each slot is

n-bit counter
2-bit global branch history register



Yeh and Patt’s classification

Taxonomy of two-level branch predictors

» XAy predictor

» X=@G, global history register

» X=P, per-branch history register

» X=S, per-set-of-branches history register
» y=(, global branch history table

» y=p, per-branch history table

» y=8, set-associative per branch history table

» Set-associative mapping of branch PCs reduces conflicts
(aliases)



Yeh and Patt’s classification

» First Level:
— 1o K mo wpoécata branches mov ekteAéotnKay 0ToOVONTOTE
Produces a “GAy” (for “global address”) in the Yeh and Patt classification

Global branch
history register

CLLT
— 10 K o tpdcpata amoteAéopato Tov idtov branch.
Produces a “PAy” (for “per address™) in same classification (e.g. PAQ)

Addr(B)

Per-branch
history table



Yeh and Patt’s classification

e Second Level:
history table

— Single entry .for any branch “XAg” e "
— Per branch history table “XAp” - v 1

Per-set pattern
history table

m

— Per set history table “XAS” SH(B) et %J !




Yeh and Patt’s classification

Variations of two-level branch predictors

Variation | Description
GAg Global Adaptive Branch Prediction
using one global pattern history table
GAs Global Adaptive Branch Prediction
using per-set (of branch PCs) pattern history tables
GAp Global Adaptive Branch Prediction
using per-address (of branch PC) pattern history tables
PAg Per-address Adaptive Branch Prediction
using global pattern history table
SAg Per-Set Adaptive Branch Prediction
using global pattern history table
SAs Per-Set Adaptive Branch Prediction
using per-set pattern history tables
SAp Per-Set Adaptive Branch Prediction
using per-address pattern history tables




Yeh and Patt’s classification

Global history predictors

GAg
Global pattern
history table

—

Global branch
histary register

T

k

Set(B)

GAs

Per-set pattern
history table

Global branch
history register

o]

GAp
Per-branch pattern
Addr(B) history table
I VS—
v
Global branch
history register

G




Yeh and Patt’s classification

Per-branch history predictors

PAg PAs PAp
Global pattern Per-set pattern Per-branch pattern
history table Set(B) history table Addr(B) history table
m n
= | — b
L ]

sl =B el S/ ESES LS SS=

n n n

T T [

Per-branch Per-branch Per-branch
history table history table history table




Yeh and Patt’s classification

Per-set history predictors

SAg

Global pattern
history table

Ij

set(B) |
| |k

m

T

Per-branch
history table

SAs

Per-set pattern
Set(B) history table

m

= .
set(B) j{

Per-branch
history table

SAp

Per-branch pattern
Addr(B) history table

;
£ I
f i

L ]

|I ||
set(B)

m

[

Per-branch
history table




Accuracy of Different Schemes
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Branch Target Buffer

* 'Eva look up table pe diev0bvoeic tov predicted taken branches. Otav kdver match
otélvel To target PC tov branch.

« Optimization: Store the predicted-taken branches only

Branch PC LookUp Predicted PC

J

HO13d
UOI4ONU4SUI JO Od
Y

N

|

Predict taken or untaken

"
\S




Branch Target Buffer

« To Branch Target Buffer (BTB) yivetat access oto IF stage: yAvtdvovue 1 kokAo.

IF ID EX
Send PC to memory | Send Out predicted PC Update BTB
and BTB. If entry found in BTB




Branch Folding

Amobnkevoe pio M meprocdtepeg target instructions pali pe target address oto
Branch Target Buffer (BTB).

- Xpovog tpocPaong octov BTB umopel va peyoalmocet.

- zero-cycle branches. Avtikatéotnoe v branch evtoAn ue v target instruction.



Indirect Jumps

« Indirect procedure calls, select 1 case statemenet, gotos. [TAcioynopia eivar
procedure returns.

o Ilpofinua = accuracy low when procedure is called from multiple sites.

« Aven = small buffer of return addresses operating as a stack. This structure caches
the most recent return addresses: pushing a return address on the stack at a call and
popping one off at a return.

-2~ go

-+ mBaksim
== ool

-~ compress
-+ isp |-
= ijpeg
- perl
& vOrex

Mispredction frequency

0 1 2 4 8 16
Return address buffer entries




Predicated Execution

Amoguye branch prediction petatpénovtag ta branches ce
conditionally executed instructions:

If (x) then A =B op C else NOP
— If false, then neither store result nor cause exception
— Expanded ISA of Alpha, MIPS, PowerPC, SPARC have

conditional move; PA-RISC can annul any following instr.

— |A-64: 64 1-bit condition fields selected so conditional
execution of any instruction

Apvnrikd tov conditional instructions
— Still takes a clock even if “annulled”
— Stall if condition evaluated late

— Complex conditions reduce effectiveness;
condition becomes known late in pipeline




Dynamic Branch Prediction

H ntpofAieyn elvor 10181TEPOL GUAVTIKT] Y10 TNV OITOO0GT TOV GLGTLOTOC,.
— Prediction is exploiting “information compressibility” in execution

Branch History Table: 2 bits for loop accuracy

Correlation: Recently executed branches correlated with next branch.
— Either different branches (GA)
— Or different executions of same branches (PA).

Branch Target Buffer: include branch address & prediction

Predicated Execution uropodv va ehattdcouy TV optOpd Tmv
branches, ap1Buod twv Adbog TpofArsyemv.



