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Branch Prediction

IIpoPAeyn elvar mAEov amapaitnTn Yo vo £Yovpe KaAn amoooon. I'ati;

MULT FO,F1l,F2
DIVD F4,F0,F3
BNEZ F4,Loop (EQD F4, FO; BFPF LOOP;)

>nuavtikn o€ out-of-order 1 multi-issue eneepyoaoctes (Amdahl’s Law)
CPI = Ideal CPI + Structural stalls +
RAW stalls + WAR stalls + WAW stalls + Control stalls

The prediction 1is 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.

3 O¢nata 0 Aoovpe: branch prediction, branch target address, cancel

branch misprediction (next lecture)
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IIpOPAeyn amoteAeopOTOC

e Toti oovievel | TpdPreyn?
— 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 : misprediction rate for the integer programs is high
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Dynamic Branch Prediction

* Eivou n dvvopuxn mpoPreyn kaAvtepn and TV CTOTIKN;
— 'Et0o1 aivetal.

— 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?

« 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: I1IpoBAnua

o Ilpofinua< oeloop, 1-bit BHT npoxaiel 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)

Avony F 2-bit scheme aAAGlel TpOPAeyYN LOVO av Yivel
AdBoc TpOPAeyn 2 popéEc:

T

Predict Taken Predict Taken

Predict Not
Taken

Predict Not

Taken NT

Kokkwvo: taken
MmnAe: not taken
[IpocOctel hysteresis otnv TpoOPAeyn

Also known as saturation counter or bimodal predictor ?



n-bit Predictors

* n-bit scheme aAA&CeL TpOPAeyn LOVO av Yivel AdBog
tpoPreyn 2! popéc.

« Xpnon n-bit counter.

« Melétec TV n-bit predictors €yxovv ogiEet Ot1 01 2-bit
predictors gtval TOAD (ITOOOTIKOL: TO TEPIGGOTEPQ
cvotuota £yovv 2-bit predictors.



Use of Branch History Table

Branch PC

 BHT eival évog wivakac amd “Predictors”
— Usually 2-bit, saturating counters

— Indexed by PC address of Branch

« 270 ID stage tov branch k&vouvue access tov wivaka. Xto 1D
stage vmoAoyiCetan kou 1 01evbvvon tov branch.
(xperalopaote 1 delay slot)

* Ortav 10 branch ohokAnpwBet .

— Update corresponding Predictor



2-bit BHT Accuracy

* AdbBoc mpoPAeyn emeon:
— Wrong guess for that
branch

— Got branch history of
wrong branch

SPEC89
benchmarks
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o still high!
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Correlating Predictors

* YmoOeon : mpoceata branches cuoyetiCovtal. Ta anotelécuata TpOGPATOV
branches ennpedlovv v TpoPAeyn tov tpEyov branch.

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

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

Example in assembly

DSUBUI R3,R1, #2
BNEZ R3,L1 ;branch bl (aa!=2)
DADD R1,RO,RO ;aa=0

Ll: DSUBUI R3,R2, #2
BNEZ 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) 1p
then b3 will be taken



 Ilopadociyua 2:

Example in C

Correlating Predictors

Example in asembly

BNEZ R1,L1 ;branch bl (d!=0)
ae e MR e sen
1r (d==1)'{t 3 BNEZ 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
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Example: (4,2) Predictor

(4,2) GHT (Global History
Table) predictor

4 means that we keep four
bits of history

2 means that we have 2 bit
counters 1n each slot.

Then behavior of recent
branches selects between,
say, 16 predictions of next
branch, updating just that
prediction

Note also that aliasing is
possible here...

Addr(B)

——h

Global branch | w |
istory register W *

N

\

W 1
- - - /

Each slot is
2-bit counter

2-bit global branch history register
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Correlating Branches

Addr(B)
(k,n) GHT predictor | addr_size , %
— 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 Global branch | I
history register W

counter solution would be a (0,2) |
GAp predictor

— ZVVOMKT Uvnun : \
ok * Jaddr size ¥ p— \

2k+addr_size *n 1 1 \ 1

- Trivial amount of additional HW Each slot is

n-bit counter

2-bit global branch history register
15




Yeh and Patt’s classification

Taxonomy of two-level branch predictors

» XAy predictor

» X=@G, global history reqister

» 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=s, set-associative per branch history table

» Set-associative mapping of branch PCs reduces conflicts
(aliases)
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Yeh and Patt’s classification

» First Level:
— 1o k mo npdoeata branches mov ekteEAEcTnKOV OTOVONTOTE
Produces a “GAy” (for “global address™) in the Yeh and Patt classification

Global branch
history register

¥
(TTT b

k

— 1o k mo npdoata amotelécata Tov idtov branch.
Produces a “PAy” (for “per address”) in same classification (e.g. PAg)

17
Per-branch
history table



Yeh and Patt’s classification

Per-b h
Second Level: Per branch patten
1 n
— Single entry for any branch “XAg” Addr(B) ‘/—%

— Per branch history table “XA4p”

Per-set pattern
history table

m
Set(B) 2

— Per set history table “XA4s” | . |

The set attribute of a branch can be determined |
by the branch opcode, branch class assigned by | |
a compiler, or branch address.
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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

19



Yeh and Patt’s classification

Global history predictors

GAg
Global pattern
history table

—

Global branch
history register

G T

k

GAs
Per-set pattern
Set(B) history table
I Vo—
v
Global branch
history register
G
k

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

history register

|
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Yeh and Patt’s classification

Per-branch history predictors

PAg

Global pattern
history table

l_‘}

Addr(B) ﬁ

n

T

Per-branch
history table

Set(B)

PAs

m
2
'

Per-set pattern
history table

3

Addr(B)

Lo

n

T

Per-branch

history table

Addr(B)

Addr(B)

L

n

PAp

Per-branch pattern
history table

;
£ I
(4

;=

T

Per-branch
history table
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Yeh and Patt’s classification

Per-set history predictors

SAg

Global pattern
history table

\_"

set(B) ﬁk

m

T

Per-branch
history table

SAs
Per-set pattern
Set(B) history table
l m
7 d—l
| .
set(B)
m

=

Per-branch

history table

Addr(B)

set(B)

m

SAp

Per-branch pattern
history table

;
4 I
(4

—

DR S

[

Per-branch
history table
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Accuracy of Different Schemes

Frequency of Mispredictions

18% T

16% T

0%

14%
2% +
10% -+
8% -+
6% -+
4% +

2% =+

nasa’

4096 Entries 2-bit BHT
Unlimited Entries 2-bit BHT
1024 Entries (2,2) BHT
0% ||| |||||||| |||||||| |||||||| ‘\“\‘\ |||||||| || ||||||||

matrix300
torncatv
doducd
spice
fpppp
espresso
eqntot

o 4,096 entries: 2-bits per entry B Unlimited entries: 2-bits/entry N 1,024 entries (2,2)
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Branch Target Buffer

* 'Eva look up table pe o1evbivoelg 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

HO134
UoI4ONULSUl JO Od
Y

\

!

Predict taken or untaken

24



Branch Target Buffer

» To Branch Target Buffer (BTB) yivetou access oto IF stage: yAvtovooue 1 kdkho.

IF ID EX
Send PC to memory | Send Out predicted PC Update BTB
and BTB. if entry found in BTB
Instruction in buffer Prediction Actual branch Penalty cycles
yes taken taken 0
yes taken not taken 2
no taken 2
no not taken 0

25



Branch Folding

« AmoOnkevoce pia M mepiocdtepeg target instructions poli pe target address oto
Branch Target Buffer (BTB).

- Xpovog tpocPaocng otov BTB pumopeti va peyoimoet.

- Zero-cycle branches: Avtikatéotnoe tnv branch evtoAn pe v target instruction.
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Indirect Jumps

 Indirect procedure calls, select 1] case statemenet, gotos. ITAsioynoia eivon
procedure returns.

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

* Avony = 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.

- go

50% R\ e Dl
-4 ccl
-O- compress

B0 e g A e - xlisp |-

> ' -=- ijpeg

g A0% [rdr-mdree e e e T e

g

8 a0 < In SPEC95 benchmarks,

Z - procedure returns account for

more than 15% of the branches

PP S, U U N
— ~ o
0% —— S — - = 27
Yo 0 1 2 4 8 16

Return address buffer entries



Predicated Execution

Andoeuye branch prediction petatpénovrtog 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 BopC
conditional move; PA-RISC can annul any following instr. |

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

Apvntikd tov conditional instructions

— Still takes a clock even if “annulled”

— Stall if condition evaluated late

BNEZ R1,L
ADDU R2,R3,R0
L:

— Complex conditions reduce effectiveness;

4

condition becomes known late in pipeline

CMOVZ R2,R3,R1
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Dynamic Branch Prediction

H ntpoPreyn elvar 1010utepa GNUOVTIKE Y100 TNV 0TO00GT] TOL GUGTIUATOG.
— 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 pmopobv va ehatt®@covy tov aptiud tov
branches, ap1Ouo6 tv AdBog TpoPAiyemv.
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