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« Speculation assuming the prediction is true

+ No penalty by a branch instruction when the prediction hits

« Recovery when the miss is detected
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Sample program: vector add (function v_add) \
\

Bl [ i=o |
#define VSIZE 4 +
void v_add(int *A, int *B, int *C){ B2 *C=*C+(*A +*B) )
for(i=0; i<VSIZE; i++) i++
C[i] += (A[i] + B[i]); Art
} B++
C++
\ i < 4 j
Basic block contains a sequence of statement. False True
The flow of control enters at the beginning of the l
statement and leave at the end. B3
[ return ]
Control flow graph
Time
B3 — B3 —» B3 — B2 —»
Instruction sequence /Nof Taken (0) /No'r Taken (0)/ Not Taken (0)/ Taken (1)
B1 B2 B2 B2 B2 B3

Taken (1) Taken (1) Taken(1) Not Taken (0)

Predicting the branch outcome sequence of 1116 1116 1110 1110 1110 ..

Af_a'
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Simple branch predictor: 2-bit counter (2BC)

- Tt uses two bit register as a saturating counter.
* How to update the register

\

« If the branch outcome is taken and the value is not 3, then increment the register.
« If the branch outcome is untaken and the value is not O, then decrement the register.

* Hot to predict

« It predicts as 1if the MSB of the register is one, otherwise predicts as O.

Taken Taken
Strongly ‘: Weakly
2 bit Taken (3) Untaken Taken (2)

-~
”

Taken

MSB of the
register is one

MSB of the

~
"""""""""""""" ~ - “Untaken
£ Taken - -
Weakly — Strongly register is zero
Prediction Untaken (1) Dnjraie; Untaken (0) \

*< _ 7 Untaken

Predicting the sequence of 1110 1110 1110 1110 1110 ...

State of the counter 2333 2333 2333 2333 2333 ...
Prediction 11171 1111 1111 1117171 1111 ...
ﬁ’ Hit/Miss of the pred. HHHM HHHM HHHM HHHM HHHM
CSC.T363 Computer Architecture, Department of Computer Science, Science Tokyo



Sample program: vector add with two branches

TS
#define VSIZE 4
void v_add(int *A, int *B, int *C){

for(i=0; i<VSIZE; i++) { B4 Error check
if(A[i]<@) error_routine(); Ali] <O
C[i] += (A[1] + B[1i]); - s
} B2 *C=*C+(*A+*B)
} i<4
False True
Basic block contains a sequence of statement. B3
The flow of control enters at the beginning of the

statement and leave at the end.
Control flow graph

B3| — B3| — B3| — B2| —

Executed instruction sequence / / / /
B1 B4| (B2 B4| |B2 B4| |B2 B4| |B2 B3

o 1t o0 1 o0 1 0 O
Predicting the sequence of 01010100 01010100 01010100 ...

;
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Sample program: vector add with two branches

\

B3 — B3| — B3| — B2| —»
Executed instruction sequence / /‘ /‘ /‘
B1 B4 |s2 B4 |s2 g4l [e2 B4l [e2 B3
o 1 o 1 o 1 0O O

Predicting the branch outcome sequence
01010100 01010100 01010100 ...

The B4’s sequence 01010100 01010100 0101010

The B2’s sequence 1010100 01010100 01010100 ...

K CSC.T363 Computer Architecture, Department of Computer Science, Science Tokyo 6



Simple branch predictor: bimodal

* Program has many static branch instructions. The behavior may depend on 2\\%
each branch. Use plenty of counters (PHT) and assign a counter for a branch
iInstruction.

* How to predict

« Select a 2-bit counter using PC, and it predicts 1 for taken if the MSB of
the register is one; otherwise, it predicts O for untaken.

* How to update
« Select a counter using PC, then update the counter in the same way as 2-

bit counter.
: Taken
Pattern History Table (PHT) Taken
Program N ont Strongly ‘: Weakly
Counter entry Taken (3) Untaken Taken (2)
| 2
_ Taken ~~ 7 Untaken
n : Prediction v .
a > —> Weakly —_— Strongly
Untaken (1) _/ — — = * \_Untaken (0) \
Untaken s

~ -
ﬁ’: 2 bit Untaken
CSC.T363 Computer Architecture, Department of Computer Science, Science Tokyo 7



Simple branch predictor:

bimodal

#define N 1024 // Number of PHT entries

int pht[N]; // pattern history table

int idx; // index of PHT
/********************************************************************************/

void init_predictor()

{
}

/********************************************************************************/

int make_prediction(unsigned int pc)

{

for(int i=0; i<N; i++) pht[i] = 2;

idx = (pc>>2) % N;
return (pht[idx] & @x2) ? 1 : 0;

}

/********************************************************************************/

void train_predictor(unsigned int pc, int outcome)

{
if(outcome==1 &% pht[idx]<3) pht[idx]++;
if(outcome==0 &% pht[idx]>0) pht[idx]--;
}

/********************************************************************************/

int main()

{
int pred; // branch prediction
int outcome; // branch outcome (taken/untaken)
init_predictor();
int pc = 0x20;
for(int i=1; i<25; i++) {
pred = make_prediction(pc); /***** prediction *****/
outcome = (i % 4) ? 1 : @; /***** ppranch outcome: 11101110111@... *¥*¥**/
printf("%4d: pc=%3x, idx=%d, cnt=%d, pred=%d, outcome=%d ",
i, pc, idx, pht[idx], pred, outcome);
train_predictor(pc, outcome); /***** tpaining *****/
if(pred==outcome) printf("hit\n"); else printf("miss\n");
}
return 0;
}

Pattern History Table (PHT) Taken
Program 20 ontp _———
Counter Y Untaken
[ e

n Prediction *7 Tak

: > Weakly L aren

——— —

Untaken (1) Untaken

N
2 bit

Weakly
Taken (2)

Untaken

Strongly
Untaken (0) \
v, /

“-
Untaken

Predicting the branch outcome sequence
1110 1110 1110 1110 1110 ..

1: pc= 20, idx=8, cnt=2, pred=1, outcome=1 hit
2: pc= 20, idx=8, cnt=3, pred=1, outcome=1 hit
3: pc= 20, idx=8, cnt=3, pred=1, outcome=1 hit
4: pc= 20, idx=8, cnt=3, pred=1, outcome=0 miss
5: pc= 20, idx=8, cnt=2, pred=1, outcome=1 hit
6: pc= 20, idx=8, cnt=3, pred=1, outcome=1 hit
7: pc= 20, idx=8, cnt=3, pred=1, outcome=1 hit
8: pc= 20, idx=8, cnt=3, pred=1, outcome=0 miss
9: pc= 20, idx=8, cnt=2, pred=1, outcome=1 hit
10: pc= 20, idx=8, cnt=3, pred=1, outcome=1 hit
11: pc= 20, idx=8, cnt=3, pred=1, outcome=1 hit
12: pc= 20, idx=8, cnt=3, pred=1, outcome=0 miss
13: pc= 20, idx=8, cnt=2, pred=1, outcome=1 hit
14: pc= 20, idx=8, cnt=3, pred=1, outcome=1 hit
15: pc= 20, idx=8, cnt=3, pred=1, outcome=1 hit
16: pc= 20, idx=8, cnt=3, pred=1, outcome=0 miss
17: pc= 20, idx=8, cnt=2, pred=1, outcome=1 hit
18: pc= 20, idx=8, cnt=3, pred=1, outcome=1 hit
19: pc= 20, idx=8, cnt=3, pred=1, outcome=1 hit
20: pc= 20, idx=8, cnt=3, pred=1, outcome=0 miss
21: pc= 20, idx=8, cnt=2, pred=1, outcome=1 hit
22: pc= 20, idx=8, cnt=3, pred=1, outcome=1 hit
23: pc= 20, idx=8, cnt=3, pred=1, outcome=1 hit
24: pc= 20, idx=8, cnt=3, pred=1, outcome=0 miss

N L
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Simple branch predictor: bimodal

01010100 01010100 01010160 ...

\

Predicting the sequence

The B4’s sequence 01010100 01010100 0101010
State of the counter 2 1 00 0000 0000
Prediction 1000 0000 0000
Hit/Miss or the pred. MHHH HHHH HHHH
The B2’s sequence 1010100 01010100 01010100 .
State of the counter 2333 2333 2333.
Prediction 1111 1111 1111.
Hit/Miss or the pred. HHHM HHHM HHHM.
Taken
Pattern History Table (PHT) Taken
Program N ont Strongly N~ Weakly
Counter entry Taken (3) Untaken Taken (2)
L T i
Taken e “  Untaken
Prediction <
n V' o
= | By
Untaken (1) 0 rﬁaie:\ Untaken (Oz\ . )
Untaken

Q@S 2 bit
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Simple branch predictor: bimodal

/********************************************************************************/

int make_prediction(unsigned int pc)

{

idx = (pc>>2) % N;

return (pht[idx] & @x2) ? 1 : 0;
X

/********************************************************************************/

void train_predictor(unsigned int pc, int outcome)
{
if(outcome==1 && pht[idx]<3) pht[idx]++;
if(outcome==0 && pht[idx]>@) pht[idx]--;
}

/********************************************************************************/
int main()

int pred; // branch prediction

int outcome; // branch outcome (taken/untaken)

init_predictor();

int pc;
for(int i=1; i<25; i++) {
if(i&1) { pc = 0x10; } else { pc = 0x20;}
pred = make_prediction(pc); /***** prediction *****/

if(pc==0x10) {
outcome = 0;

¥
else {

outcome = (i/2 % 4) ? 1 KKk K

1 @; /¥¥¥** outcome: 1110111011160...
¥

printf("%4d: pc=%3x, idx=%d, cnt=%d, pred=%d, outcome=%d ",
i, pc, idx, pht[idx], pred, outcome);

train_predictor(pc, outcome); /***** tpaining *****/

if(pred==outcome) printf("hit\n"); else printf("miss\n");
¥

return 0;

}

Predicting the sequence 01010100 01010100 01010100
The B4’s sequence 01010100 01010100 0101010
State of the counter 2 1090 ©000 00060
Prediction 1000 0000 0000
Hit/Miss or the pred. MHHH HHHH HHHH
The B2’s sequence 1010100 21010100 01010100
State of the counter 2333 2333 2333
Prediction 1111 1111 1111
Hit/Miss or the pred. HHHM HHHM HHHM

1: pc= 10, idx=4, cnt=2, pred=1, outcome=0 miss
2: pc= 20, idx=8, cnt=2, pred=1, outcome=1 hit
3: pc= 10, idx=4, cnt=1, pred=0, outcome=0 hit
4: pc= 20, idx=8, cnt=3, pred=1, outcome=1 hit
5: pc= 10, idx=4, cnt=0, pred=0, outcome=0 hit
6: pc= 20, idx=8, cnt=3, pred=1, outcome=1 hit
7: pc= 10, idx=4, cnt=0, pred=0, outcome=0 hit
8: pc= 20, idx=8, cnt=3, pred=1, outcome=0 miss
9: pc= 10, idx=4, cnt=0, pred=0, outcome=0 hit
10: pc= 20, idx=8, cnt=2, pred=1, outcome=1 hit
11: pc= 10, idx=4, cnt=0, pred=0, outcome=0 hit
12: pc= 20, idx=8, cnt=3, pred=1, outcome=1 hit
13: pc= 10, idx=4, cnt=0, pred=0, outcome=0 hit
14: pc= 20, idx=8, cnt=3, pred=1, outcome=1 hit
15: pc= 10, idx=4, cnt=0, pred=0, outcome=0 hit
16: pc= 20, idx=8, cnt=3, pred=1, outcome=0 miss
17: pc= 10, idx=4, cnt=0, pred=0, outcome=0 hit
18: pc= 20, idx=8, cnt=2, pred=1, outcome=1 hit
19: pc= 10, idx=4, cnt=0, pred=0, outcome=0 hit
20: pc= 20, idx=8, cnt=3, pred=1, outcome=1 hit
21: pc= 10, idx=4, cnt=0, pred=0, outcome=0 hit
22: pc= 20, idx=8, cnt=3, pred=1, outcome=1 hit
23: pc= 10, idx=4, cnt=0, pred=0, outcome=0 hit
24: pc= 20, idx=8, cnt=3, pred=1, outcome=0 miss
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branch predictor in C : bimodal

/** BPkit: bimodal branch predictor version 1.0 S
/** 2024-10-24 Kenji KISE, ArchLab, Science Tokyo *%/
/** Released under the MIT license https://opensource.org/licenses/mit **/
/************************************************************************/
#include <stdio.h>
#include <stdlib.h>

#define PHT_SIZE (16*1024) /* the number of PHT entries &
#define BTB_SIZE ( 2*1024) /* the number of BTB entries &
int pht[PHT_SIZE]; /* PHT, pattern history table */
int btb[BTB_SIZE]; /* BTB, branch target buffer &
/************************************************************************/
void bp_init(){
for(int i=0; i<PHT_SIZE; i++) pht[i]
for(int i=0; i<BTB_SIZE; i++) btb[i]

1; // weak untaken
0;

}

/************************************************************************/
void bp_predict(unsigned int pc, int *pred, unsigned int *p_target){

int btb_idx = (pc>>2) % BTB_SIZE;

*p_target = btb[btb_idx];

int pht_idx = (pc>>2) % PHT_SIZE;
*pred = (btb[btb_idx]!=0 && (pht[pht_idx] >> 1));
}

/************************************************************************/
void bp_regist(unsigned int pc, int taken, unsigned int target){

int btb_idx = (pc>>2) % BTB_SIZE;

btb[btb_idx] = target;

int pht_idx = (pc>>2) % PHT_SIZE;
pht[pht_idx] = (taken) ? pht[pht_idx] + (pht[pht_idx]<3)
pht[pht_idx] - (pht[pht_idx]>0);

/************************************************************************/
int main(int argc, char **argv){

int count=0, hit=0, mis=0;

FILE *fp;

if(argc==1){
printf("usage: %s tracef_filename\n", argv[0]);
exit(1);

}
if((fp = fopen(argv[1], "r"))==NULL){
printf("Bad file name: %s\n", argv[1]);

exit(9);
¥
bp_init();
while(1){
int pred, taken, p_mis;
unsigned int pc, target, p_target;
int ret = fscanf(fp, "%x %x %d", &pc, &target, &taken);
if(ret==EOF) break;
bp_predict(pc, &pred, &p_target);
p_mis = (pred!=taken || (taken==1 && target!=p_target));
if (p_mis) mis++; else hit++;
bp_regist(pc, taken, target);
count++;
X

float m_rate = (float)mis/(float)(hit+mis);

printf("=> the number of branch predictions ¢ %1ed\n", count);
printf("=> the number of branch mispredictions : %1@d\n", mis);
printf("=> branch prediction miss rate : %10.4f\n", m_rate);
return 0;

/************************************************************************/

bimodal.c

CSC.T363 Computer Architecture, Department of Computer Science, Science Tokyo
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Accuracy of simple predictors with 8KB HW budget

\
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An innovation in branch predictors in 1993

 Using branch history

 2-level branch predictor and gshare
« Assume predicting the sequence 1110 1110 1110 1110 1110 ...

<

* global branch history

1116111 ©
11101110 °?
111011101 °?
1119111011 ?
11101110111 ?
111011101110 ?

adr | pred
000

001

010

011 1
100

101 1
110] 1
111 (%]

Use the recent branch history as an address of a table.

SC.T363 Computer Architecture, Department of Computer Science, Science Tokyo
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Gshare (TR-DEC 1993)
* How Yo predict x

« Using the exclusive OR of the global branch history and PC to access PHT,
then MSB of the selected counter is the prediction.

« How to update

 Shifting BHR one bit left and update LSB by branch outcome in IF stage.
« Update the used counter in the same way as 2BC in WB stage.

Program 1110111011 (shift register)

Counter
\ /Br'anch History
L B Register (BHR)
n m Taken _—
8 8 Pattern History Table (PHT) aken
l l Y2n entry Strongly '_ . Weakly
XOR @ Taken (3) Untaken Taken (2)
-
fat=t ~~  Untaken
n ' Prediction P
, - Taken
7 > > Weakly — Strongly
Untaken (1) —_—— Untaken (0) \
Untaken < /
&7 2 bit Untaken =~
CSC.T363 Computer Architecture, Department of Computer Science, Science Tokyo 14



Gshare branch predictor

1 module m_gshare (
2 input wire w_clk, w_we,
3 input wire [4:0] w_wadr, w_radr,
4 input wire w_tkn,
5 input wire [4:0] w_r_brh, w_w_bhr,
6 output wire w_pred
7 );
8 reg [1:0] mem [0:31];
9 wire [1:0] w_data = mem[w_radr ~ w_r_bhr];
10 assign w_pred = w _data[l];
11
12 wire [1:0] w_cnt = mem[w_wadr ~ w_w bhr];
13 always @(posedge w_clk) if (w_we)
14 mem[w_wadr » w w bhr] <= (w.cnt < 3 & w tkn) ? wcnt + 1 :
15 (w.cnt > @ & !'w tkn) ? w cnt - 1 : w_cnt;
16 integer i; initial for (i=0; i<32; i=i+l) mem[i] =
17 endmodule
Pattern History Table (PHT)
20 entry Taken
Program Counter % Ta_kei = Weakly
Taken (1 1)

K CSC.T363 Computer Architecture, Department of Computer Science, Science Tokyo
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Untaken
rIM;ntaken
n .t Prediction
/ Weakly
7 |—’

— Untaken (01)

Taken
— —-—->

Untaken

Taken (10)

Strongly
Untaken (00)

Untaken
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Bi-Mode (MICRO 1997)
A\

« A choice predictor (bimodal) is used as a meta-predictor

* How to predict
 Like gshare, both of Taken PHT and Untaken PHT make two
predictions.
« Select one among them by the choice predictor which tracks the
global bias of a branch.

e How tou BHR Program Counter
pdate |
« The used PHT is updated
in the same way as 2BC. 14 ‘
XORP g ]

« Choice predictor is updated
in the same way as bimodal.

Choice predittor

> <«
Taken PHT | ‘ Untaken PHT
Prediction

K CSC.T363 Computer Architecture, Department of Computer Science, Science Tokyo 16




To go beyond gshare X
\

 Using branch history
* global branch history

 2-level branch predictor and gshare

« Assume predicting the sequence 1110 1110 1110 1110 1110 ...

11101110 °? 11101110 >?
111011101 ? 111011101 ?
1110111011 ? 1110111011 °?
11101110111 °? 11101110111 °?
111011101110 °? 111011101110 »

K CSC.T363 Computer Architecture, Department of Computer Science, Science Tokyo 17



Perceptron (HPCA 2001)
\

* How to predict

« Select one perceptron by PC B n @

. Compute y using the equation. Tt = "7 ;xw AN -
predicts 1 if y>=0, predicts O if y<O /n: ’8

« X is branch history. xi is either -1,

. ) Perceptron Model
meaning not taken or 1, meaning
taken

« How to UPdGTC Program Counter Branch History (x)

* Train the weights of used | |
perceptron when the prediction

miss or |y| < T (Threshold)
> > Computey
- : Selected Y
i sign(Yout) # tor |y,ut| < 0 then Peer'iepir'on
fori:=0tondo
w; = w; + tx; Prediction
| end for , )
end 1f 8 bit weight x 29 = 232 bit

= +
ﬁ T=193n+14 Table of Perceptrons (w)
CSC.T363 Computer Architecture, Department of Computer Science, Science Tokyo 18



Perceptron (HPCA 2001)

How to predict

y = wo + Tiw;.
« Select one perceptron by PC ;

° CompuTe y US|n9 'l'he equa'l'lon IT Number of weights (without bias) of perceptron: 4
. . . . Theta: 21.720

pr'edlc’rs 1if Y>:O, pr'edlcTs Oif Y<O 1: Wn-We = © © © © 0: bhr=00e0: y= 0, p=1 : out=1 : hit
2: Wn-We = -1 -1 -1 -1 1 : bhr=0001: y= 3, p=1 : out=1 : hit
. . . o . 3: Wn-We = -2 -2 -2 0 2 : bhr=0011: y= 4, p=1 : out=1 : hit
° X IS br'ClnCh hISTOI"y X1 1S elTher' -1, 4: Wn-Wo = -3 -3 -1 1 3 : bhr=0111: y= 3, p=1 : out=0 : miss
. . 5: Wn-We = -2 -4 -2 0 2 : bhr=1110: y= -6, p=0 : out=1 : miss
mednlng nOT Taken or 1, meanlng 6: Wn-w@ = -1 -3 -1 -1 3 : bhr=1101: y= -1, p=0 : out=1 : miss
7: Wn-W@ = © -2 -2 © 4 : bhr=1011: y= 4, p=1 : out=1 : hit
Taken 8: Wn-Wo = 1 -3 -1 1 5 : bhr=0111: y= 1, p=1 : out=@ : miss
9: Wn-Wo = 2 -4 -2 © 4 : bhr=1110: y= 0, p=1 : out=1 : hit
10: Wn-Wo = 3 -3 -1 -1 5 : bhr=1101: y= 5, p=1 : out=1 : hit
HOW TO updaTe 11: Wn-W@ = 4 -2 -2 @ 6 : bhr=1011: y= 10, p=1 : out=1 : hit
. . 12: Wn-We = 5 -3 -1 1 7 : bhr=0111: y= -1, p=0 : out=0 : hit
e Train the We|9h1's of used 13: Wn-We = 6 -4 -2 @ 6 : bhr=1118: y= 6, p=1 : out=1 : hit
. . 14: Wn-Wwe = 7 -3 -1 -1 7 : bhr=1101: y= 11, p=1 : out=1 : hit
per‘cep‘fr‘on when the pr‘ed|c1'|on 15: Wn-We = 8 -2 -2 @ 8 : bhr=1011: y= 16, p=1 : out=1 : hit
. 16: Wn-Wwe = 9 -3 -1 1 9 : bhr=0111: y= -3, p=0 : out=0 : hit
miss or |y| < T (Thr‘eshold) 17: Wn-We = 10 -4 -2 @ 8 : bhr=1110: y= 12, p=1 : out=1 : hit
18: Wn-We = 11 -3 -1 -1 9 : bhr=1101: y= 17, p=1 : out=1 : hit
19: Wn-We = 12 -2 -2 @ 10 : bhr=1011: y= 22, p=1 : out=1 : hit
. . 20: Wn-We = 12 -2 -2 © 10 : bhr=0111: y= -6, p=0 : out=0 : hit
1f Slgn(yﬁ.ut} # tor |yﬂut| < f then 21: Wn-We = 13 -3 -3 -1 9 : bhr=1110: y= 17, p=1 : out=1 : hit
. - 22: Wn-We = 14 -2 -2 -2 10 : bhr=1101: y= 22, p=1 : out=1 : hit
fori:=0tondo 23: Wn-W@ = 14 -2 -2 -2 1@ : bhr=1011: y= 22, p=1 : out=1 : hit
24: Wn-We = 14 -2 -2 -2 10 : bhr=0111: y=-10, p=0 : out=0 : hit
wy = wy -+ f,.l‘.i.: 25: Wn-W@ = 15 -3 -3 -3 9 : bhr=1110: y= 21, p=1 : out=1 : hit
26: Wn-We = 16 -2 -2 -4 10 : bhr=1101: y= 22, p=1 : out=1 : hit
end for 27: Wn-W@ = 16 -2 -2 -4 1@ : bhr=1011: y= 22, p=1 : out=1 : hit
. 28: Wn-We = 16 -2 -2 -4 10 : bhr=0111: y=-14, p=0 : out=0 : hit
end 1f 29: Wn-We = 17 -3 -3 -5 9 : bhr=1110: y= 25, p=1 : out=1 : hit

T=193n+14

CSC.T363 Computer Architecture, Department of Computer Science, Science Tokyo



Perceptron (HPCA 2001)

/********************************************************************************/

/* perceptron based branch predictor Version v2024-12-26a */
/* Copyright (c) 2024 Archlab. Science Tokyo &
/* Released under the MIT license https://opensource.org/licenses/mit */

/********************************************************************************/
#include <stdio.h>

#tdefine N 4 // Number of weights of perceptron, default 28
#tdefine BitsInWeight 8 // Number of bits in a weight

#tdefine MAXVAL 127 // max value of a weight

#tdefine MINVAL -128 // min value of a weight

#tdefine NPerceptron (1024) // the number of perceptrons

#tdefine ThetaMax (N * 1.93 + 14) // Threshold max value
#tdefine ThetaMin (-1 * ThetaMax) // Threshold min value

int perceptron[NPerceptron][N+1]; // perceptron table

int bhr; // global branch history register
int idx; // index of perceptron table

int y; // weighted sum with bias

int prediction; // prediction of taken/untaken

/********************************************************************************/

void init_predictor()

{
for(int i=@; i<NPerceptron; i++){
for(int j=0 ; j<=N ; j++){
perceptron[i][j] = ©;
X
X
bhr = 0;
X

/********************************************************************************/

int make_prediction(unsigned int pc)

{
idx = (pc>>2) % NPerceptron;
y = perceptron[idx][0];
for(int i=1; i<=N; i++){
if((bhr >> (i-1)) & 1) y += perceptron[idx][i];
else y -= perceptron[idx][i];
¥
prediction = (y >=0) 2 1 : 0;
return prediction;
}

void train_predictor(unsigned int pc, int outcome)
if(outcome != prediction || ((y < ThetaMax) && (y > ThetaMin))){
int *bias = &perceptron[idx][0];
if(outcome==1 && (*bias < MAXVAL)) *bias = *bias + 1;
if(outcome==0 && (*bias > MINVAL)) *bias = *bias - 1;
for(int i=1; i <=N; i++){
if(((bhr >> (i-1)) & 1)==outcome){
if (perceptron[idx][i] < MAXVAL) perceptron[idx][i]++;
}
else{
if (perceptron[idx][i] > MINVAL) perceptron[idx][i]--;
}
}
bhr = (bhr << 1) | outcome;
}
/********************************************************************************/
int main()
{
int pred; // branch prediction
int outcome; // branch outcome (taken/untaken)
init_predictor();
printf("Number of weights (without bias) of perceptron: %d\n", N);
printf("Theta: %7.3f\n", ThetaMax);
int pc = 0x2000;
for(int i=1; i<30; i++) {
pred = make_prediction(pc); /***** prediction *****/
printf("%4d: Wn-Wwe = ", i);
for(int i=N; i>=0; i--) printf("%3d ", perceptron[idx][i]);
outcome = (i % 4) ? 1 : @; /***** ppranch outcome: 11101110111@... ***¥**/
printf(": bhr=");
for(int j=N-1; j>=0; j--){
printf("%d", ((bhr>>j) & 1));
}
printf(": y=%3d, p=%d : out=%d : ", y, pred, outcome);
train_predictor(pc, outcome); /***** tpaining ****x*/
if(pred==outcome) printf("hit\n"); else printf("miss\n");
}
return 0;
}

S
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Perceptron (HPCA 2001)

The Neural Network in Your CPU

Sun, Aug 6, 2017

Machine learning and artificial intelligence are the current hype (again). In their new
Ryzen processors, AMD advertises the Neural Net Prediction. It turns out this is was
already used in their older (2012) Piledriver architecture used for example in the
AMD A10-4600M. It is also present in recent Samsung processors such as the one
powering the Galaxy S7.What is it really?

The basic idea can be traced to a paper from Daniel Jimenez and Calvin Lin
“Dynamic Branch Prediction with Perceptrons”, more precisely described in the
subsequent paper “Neural methods for dynamic branch prediction”. Branches
typically occur in if-then-else statements. Branch prediction consists in
guessing which code branch,the then orthe =1se ,the code will execute, thus
allowing to precompute the branch in parallel for faster evaluation.

Jimenez and Lin rely on a simple single-layer perceptron neural network whose
input are the branch outcome (global or hybrid local and global) histories and the
output predicts which branch will be taken. In realitv. because there is a sinale laver.

AND Ryzen 2016-12-13 Slide Deck Back to Post

Neural Net Prediction_ * ‘,A
|

Scary Smart Prediction

Atrue artificial network inside every “Zen”
processor

Builds a model of the decisions driven by
software code execution

Anticipates future decisions, pre-load
instructions, choose the best path
through the CPU

AMDD | ZEN

https://www.anandtech.com/Gallery/Album/5197#18

https://chasethedevil.github.io/post/the_neural network_ _in_your cpu/

CSC.T363 Computer Architecture, Department of Computer Science, Science Tokyo
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Branch predictors based on pattern matching

\
« Find the longest matching pattern (green rectangle) \
« Select the proper matching length or long matching pattern (blue rectangle)

« Count the number of O and the number of 1 after the long matting patterns
(red rectangle), then predict by majority vote.

Global branch history Prediction O or 1
- g
The Ionge;T matching pattern
0 1 0 >
——

The long matching pattern

0 Prediction
l|l———

ﬁ; 0l  Appearing O twice and 1 once, so the prediction will be O
c

22
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Partial Pattern Matching, PPM or TAGE (CBP 2004)

Table 4 Table 3 Table 2 Table 1 Table O \
pc pc h[0:9] pc h[0:19] pc h[0:39] pc h[0:79]
ilz llzﬁ , \|, ’Iﬁ , \|, ’Iﬁ , \|, §|Z¢

: heih hash hash hash hash hash ash hash
5 3b: 8bit ||| [3b! 8 blt RIEEIE: blt RIEEIE: blt i

3b : U : U I U I U
o m ctr, tag ctr, tag | ctr, tag | ctr, tag

ctr |

! 8 8 8 8
i =7 =7 =9 =

A1 A1 A1 A1 A1 A1 A1 A1
1 N

/1/ % Vv
/1/ % v
7
prediction 0/1

L=  From CBP2004 presentation slide
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Partial Pattern Matching, PPM or TAGE (CBP 2004)
\

The original launch of the Zen' architecture in the Ryzen 1000 series desktop
processors featured clock speeds up to 4 GHz, and were manufactured on the 14nm
manufacturing node. This was followed the next year with the Ryzen 2000 series
featuring updated ‘Zen+ architecture, which was die-shrunk to the 12nm node and
delivered higher clock speeds with about 3% higher IPC (instructions per clock)
compared to its predecessor. Despite this modest increase, it delivered up to 15%
higher gaming performance due to updates like Precision Boost 2 and XFR 2, thanks in
part to a clock speed increase up to 4.3 GHz.

The Ryzen 3000 series desktop processors benefited from a major core redesign,
doubling up the L3 cache capacity (up to 32MB), floating point throughput (to 256-bit),
OpCache capacity (to 4K), and Infinity Fabric bandwidth (to 512-bit). It also featured a
new branch predictor. All of these improvements contributed to a very
substantial 15% IPC increase, and with these processors benefitting from the new 7nm
manufacturing node, maximum clock speeds climbed to 4.7 GHz."

The next major Zen' revision was Zen3', which debuted in AMD Ryzen 5000 series
desktop processors, This comprehensive design overhaul delivered a further 19% IPC
increase thanks to over 20 major changes, which included: wider and more flexible
execution resources; significantly more load/store bandwidth to feed execution; and a
streamlined front-end to get more threads in flight—and do it faster. It also
transitioned to a new "unified complex" design that brought 8 cores and 32MB of L3
cache into a single group of resources. This dramatically reduced core-to-core and

https://www.amd.com/en/technologies/zen-core
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Prediction accuracy

The accuracy of 4KB Gshare is about 93%.
The accuracy of 4KB PPM is about 97%.

B Bimodal
B Gshare
OBimode
EPPM

|
8KB hardware budget

©O O © < AN O oo © < o o
N -

—

(%) 932y SuoRoIpeIdsIN

o8eJany

G-Ad3S
y—-Ad4S
€-Ad3S
¢-A\d3S
I-Ad3S
G-NIN
v-AIN
E-NIN
¢-NIN
I-NIN
G—1NI
v—LNI
€—1NI
¢—1NI
I—LNI
G-dd
v—d4d
€-dd
¢—d4d
I-dd

25

CSC.T363 Computer Architecture, Department of Computer Science, Science Tokyo



BTB (Branch Target Buffer)

« JzyFLTWAMmENRIRTGmHEhH ?
. SIKFETRLRA(32bit)
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Hit

3130 1312 11 210 Byte
| , I offset
Tag 20 .10
Index
Index Valid Tag Data
0
1
2
: ®
1021
1022
1023
20 4. 32
v

Data

Direct Mapped Cache Example

module m_btb (
input wire w_clk, w_we,
input wire [31:0] w_adr,
input wire [4:0] w_wadr,
input wire [57:0] w_wd,
output wire w_hit,
output wire [31:0] w_dout
)
wire w_v;
wire [24:0] w_tag;
reg [57:0] mem [0:31];
always @(posedge w_clk) if (w_we) mem[w_wadr] <= w_wd;
assign {w_v, w_tag, w_dout} = mem[w_adr[6:2]];
assign w_hit = w v & (w_tag==w_adr[31:7]);
integer i; initial for (i=0; i<32; i=i+l1l) mem[i] = O;
endmodule

CSC.T363 Computer Architecture, Department of Computer Science, Science Tokyo
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Recommended Reading
\

« Combining Branch Predictors
« Scott McFarling, Digital Western Research Laboratory
« WRL Technical Note TN-36, 1993

* A quote:
"In this paper, we have presented two new methods for improving
branch prediction performance. First, we showed that using the bit-
wise exclusive OR of the global branch history and the branch address
to access predictor counters results in better performance for a given

counter array size."
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Recommended Reading

« Dynamic branch prediction with perceptrons
* Daniel A. Jimenez, Calvin Lin (The University of Texas at Austin)

+ HPCA-7, pp. 197-206 (2001)

Hardware budget History Length
in kilobytes gshare | bi-mode | perceptron

1 6 7 12

2 8 9 22

4 8 11 28

8 11 13 34

16 14 14 36

32 15 15 59

64 15 16 59

128 16 17 62

256 17 17 62

512 18 19 62

Table 1: Best History Lengths. This table shows the best amount
of global history to keep for each of the branch prediction schemes.

K CSC.T363 Computer Architecture, Department of Computer Science, Science Tokyo

—-e—- Gshare

Percent Mispredicted

- a- Bi-Mode
—— Perceptron
---a-- Hybrid Perceptron + Gshare

T T T T T
1 2 4 8 16 32 64

Hardware Budget, Kilobytes
Pcrceptron vs. other techniges, Harmonic Mcan

Figure 3: Hardware Budget vs. Prediction Rate on SPEC 2000.
The perceptron predictor is more accurate than the two PHT methods
at all hardware budgets over one kilobyte.
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