2™ k-bit counters

Branch address I

Updated counter value

m

Saturating counter
increment/decrement

o —> Branch prediction Branch outcome
Most-significant bit

Figure 9.1: Smith Predictor with a 2™-entry Table of Saturating k-bit counters.
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Figure 9.2

A Comparison of a Smith,; and a Smith, Predictor on a Sequence of Branches with a Single
Anomalous Decision.

Figure 9.2: A Comparison of a Smith, and a Smith, Predictor on a Squence of Branches
iwth a Single Anomalous Decision.
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‘
PC = 01011010010101 00001 i |

| :
Y
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1 0

=
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—S28

A
BHR 111110
0110 111111

———— | Branch prediction

Figure 9.3: A Global-History Two-Level Predictor with a 4-bit Branch History Register



9% = U3

1f (someCondition) { /* branch A */
e A

}

1f (someOtherCondition) ({ /% branch B %/
v 4= 19:

TE “fwe se= Gl "4 /* branch CR*/

doSomething ( ) ;
}

Figure 9.4
A Sample Code Segment with Correlated Branches.

Figure 9.4. A Sample Code Segment with Correlated Branches



PHT

0000000
0000001
0000010
PC=01011010010101 0000011
‘I' 0101100
0101101
BHT 0101110 —> 0101110 0 1
000 A 0101111
001 .
010 .
011 0111110
100 0111111
—> 101] 110
110 ————> () Branch prediction
11

Figure 9.5: A Local-History Two-Level Predictor with an Eight-Entry BHT and a 3-bit
History Length



PC = 0XC084 = 1 100000010000100 (in binary)

001
010
011
—> 100
101
110
111

Figure 9.6: An Example Lookup on a Two-Level Branch Predictor: (a) Making the
Prediction, and (b) After the Predictor Update
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Loop closing branch’s history
11101110111011101110

0000
0001
0010
0011
0100
0101
0110

> (0111
1000
1001
1010

> 1011
1100

> 1101

Figure 9.7: Local History Predictor Example
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PC=0110101010 PC =0110101010 PHT

l Q0000000
PHT PHT PHT PHT
00 01 10 11
01000000
Y
10101011 —
10000000 “PHT 10"
BHR BHR
101011 101011 e
1 1000000
(a) (b)

Figure 9.8: Alternative Views of the PHT Organization: (a) A Collection of PHTs, and (b) A
Single Monolithic PHT.



GAp 0000 gshare 0000
0001 0001
0010 0010
BHR 1101
BHR 1101 0011 0011
Y 0100 PC 0110 0100
1001 0101 —_— 0101
A 0110 XOR 1011 0110
1000 1000
1001 1001
BHR 1001 1010 BHR 1001 1010
. 1011 & 1011
1001 1100 P lﬂloj 1100
1101 1101
PC |{)10_f 1110 XOR 0011 1110
1111 1111

Figure 9.9: Indexing Example with a Global-History Two-Level Predictor and the gshare
Predictor



PHT

| Branch address I

Global BHR

| XOR

» Final prediction

Figure 9.10: The gshare Predictor.



Branch address I
f

Global BHR

| XOR

Figure 9.11: The Bi-Mode Predictor.

PHT,

PHT,

Choice
predictor

Final prediction



Branch address I PHT,, PHT, PHT,

Global BHR

Maijority

Final prediction

Figure 9.12: The gskewed Predictor.



PHT, PHT, PHT,

PC-history pair |

—

PC-history pair 2 ~<

—
-~

/1

i 4

| Final prediction
Figure 9.13:. A gskewed Example Showing How the Majority Function Can Tolerate
Interference in One of the PHT Banks.



Figure 9.14:

Biasing bits

Branch

address I

Global BHR

Y

The Agree Predictor.

Y

PHT

Prediction

| = agree with bias bit
0 = disagree



Branch address

Global BHR Y

T-cache

Partial tag 2bC

Y

Y

Choice
PHT
NT-cache
Partial tag 2bC
= |

_,CTD

T/NT-cache hit?

Figure 9.15: The YAGS Predictor.

Final prediction




| Branch address I

gshare

----------------------------------

Branch counting table

Direction
N
N\

N\
counter T

XOR

AND

Branch prediction

Figure 9.16: Branch Filtering Applied to a gshare Predictor.



‘ Branch predictor I Confidence estimator

Initial Confidence
prediction prediction

‘ < Inversion threshold? I

Invert the
prediction?

» Final prediction

Figure 9.17: Selective Branch Inversion Applied to a Generic Branch Predictor.



Branch address I
Alloyed history

I PHT

Local BHT

Global BHR

| I — Branch prediction

Figure 9.18: The Alloyed History Predictor.



1f (y == 5)
goto C;

History = T History = T

C

History = TT
Path BCD:

Branch address = X

Path ACD:
Branch address = X

Branch history = TT Branch history = TT

Branch outcome = not taken Branch outcome = taken

Figure 9.19: Path History Example.



| Branch address I PHT

Shift in address at update

Path history
shift registers

» Branch prediction

Figure 9.20: A Path History Predictor.



:

Count

Limit Prediction

i{_,/

I 0

XOR

» Prediction

Figure 9.21:. A Single Entry of the Loop Predictor Table Used in the Pentium-M Processor.



Table of Perceptron weights

Updated weight values

| Branch address I

Global BHR

. Yy Yy

A
| —— X[x|x]|x X | x
145
Recompute weights

Branch outcome

y
Sign bit -
ADO_b Branch prediction

Figure 9.22: The Perceptron Predictor.




A Lb3 l

Re| 1 0100

Rc¢

Rb| O l 010

A L b0
Ra = Rb op Rc¢ Ra| | l v :
b3 b2 bl b0

Figure 9.23: Affector Register File Update for a Register Writing Instruction.




Instruction
register PHT

specifiers

— Final prediction

Figure 9.24. The Data Flow Branch Predictor.



| Branch address I | Branch ﬂddmssl

M ;
Py P) ; ECB
ey
M
: -
. gshare
e
—
.
Meta-prediction '
Branch prediction Branch prediction

Figure 9.25: (a) The Tournament Selection Mechanism. (b) Tournament Hybrid with
gshare and Pap.



| Branch address I

Meta-prediction

Dynamic branch prediction

Instruction register Final branch prediction

Static branch hint

Figure 9.26: The Branch Classification Mechanism.



Branch address I

Table of counters

‘ Priority encoder I—

Figure 9.27: The Multihybrid Predictor.

Final prediction



Fusion table

| Branch address I

Global BHR

L'_I — Final prediction

Figure 9.28: The Fusion Table Hybrid Predictor.



Branch address I

Branch target buffer

Branch
— direction
predictor

Size of
instruction =
* 20
OR
Not-taken Y LA
target
Taken target BTB hit?

Branch target
Figure 9.29: The Branch Target Buffer, a Generic Branch Predictor, and the Target
Selection Logic.



Fetch IP Fetch IP
|

|
Cycle n # 4’ Cycle n ¢ 4'

Predict I-cache Predict [-cache
+BTB cycle | +BTB cycle |

Cyclen + 1 Cycle n + 1

Cyclen + 2 Cyclen + 2

(a) (b)

Figure 9.30: Timing Diagram lllustrating That a Branch Prediction Occurs before the
Instruction Fetch Completes: (a) When a Branch is Present in the Fetch Block, and (b)
When There is No Branch Present in the Fetch Block.



Branch address I | Branch address I

Size of
instruction
Y Y
Return
N BTB BTB
Y H
Target prediction
Is this a return? Target prediction

(a) (b)

Figure 9.31: (a) Return Address Push on Jump to Subroutine. (b) Return Address Pop on
Subroutine Return.



Table of CIRs

| Branch address I

Global BHR

—

XOR

Yyvy Y

. : Confidence
Reduction function i
prediction

Figure 9.32: A Branch Confidence Predictor.



Branch address I

Two cache line addresses ~— | _
w] Trmama

Interleaved BTB

Cache
bank 1

E|F|G

Valid

mstruction
bits

Interchange switch

|A|B|C|D|E|F|G|H|

Collapsing circuit

AIBICIE|G

j—> To decode stage

Figure 9.33: The Collapsing Buffer Fetch Organization.



Instruction cache
—>» E | F | G Trace cache

H|I|J

B
\ 48
D

(a) (b)

Figure 9.34. (a) Ten Instructions in an Instruction Cache. (b) The Same 10 Instructions in
a Trace Cache.



. Instruction reorder buffer
Instruction

cache

From
retire

*code

-
l‘l’TT

L]

Trace construction buffer

Trace const. buf. Y YYY

Trace cache Trace cache Store when

trace complete

Store when
trace complete

(a) (b)

Figure 9.35: (a) Fetch-Time Trace Construction. (b) Completion-Time Trace Construction.



Level-2
unified data and
instruction cache

Instruction TLB
and prefetcher

| Instruction decode I

Trace cache

| Instruction fetch queue I

To renamer, execute, etc.

Front-end BTB

Trace cache BTB

Figure 9.36: Intel Pentium 4 Trace Cache Organization.



Cycle 1 Cycle 3

Next-line
prediction EFG Hlag

| J K L [tag

ABCD

Tag check for
cycle 2's lookup

me D g

Tag check for
cycle I's lookup

::@_> Next line
misprediction

Target prediction Target prediction Target prediction

Figure 9.37. Direct-Mapped Cache with Next-Line Prediction.



Cycle 1 Cycle 2

Slow overriding
predictor

Cycle 3

Predict B
Small, fast
predictor

. Fetch
Instruction etch A

cache

Feich
queue

Predict A

If slow predict agrees with fast predict. do nothing.

If predictions do not match, flush A, B, and C,
and restart fetch at new predicted target.

Figure 9.38: Organization of a Fast Predictor and a Slower Overriding Predictor.



