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Path Trace Branch Prediction

YAsvuo IsHilr and KE1 HIRAKI#

In this paper, we propose Path Trace Branch Prediction (PTBP) which improves conven-
tional branch predictors based on perceptron model. In conventional branch predictor based
on the model, neurons are made from the limited path information that involve at most 2
addresses of conditional branch instructions. PTBP improves prediction accuracy by using
a detailed path information for i;; neuron generation. This information is made from hash
values that involve all of the last ¢ addresses of conditional branch instructions. PTBP can
be configured latency-sensitive by ahead pipelining. The latency of pipelined PTBP is com-
parable to that of the 2BC-Gskew branch predictor. We evaluate PTBP by the simulation.
Its result shows that 4-lined pipelined PTBP with an 8 KB hardware budget reduces the miss
prediction rate of 8.8% and improves IPC by 1.9% from Piecewise Linear Branch Predictor.
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2  begin
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10 else
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12 end if
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14 end for
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16 end
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Fig.3 Prediction algorithm for the Idealized PTBP.
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1
2

bool prediction(addr :
begin

integer)

Pipelined PTBPOOO0O0O0O0O0O0O0O0O

3 output := Waddr, 0] ooooooooooa
4 for i in 1..M do
5 output := output + SRJ[i, 1] go00obO0obOobOOoboobDoooon
6 end for
7 prediction := (output > 0) 000000000000
8
9 SH := (SH << 1) or prediction dodbooOobooooooooooobooo
10 for ¢ in 1..M in parallel do
11 STI'[i, 1] := addr xor rot(SI[i — 1, D], 1) SI0O00 XOROUOOOooooooosIjoe, D)o o
12 SI'fi,2..D) := SI[i,1..D — 1] oooooooo Ssrooooooog
13
14 for j in 1..D in parallel do DO0DO0O00OO0OO0ODOoOoOoooOoo
15 ki=(t—1)xD+j 00 SHODODOOoOooooo
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17 SR'[i,j] == SR[i,j + 1]+ W[SI'[i,1],k] 000000000 TakenOOOOODO
18 else
19 SR'[i,7] == SR[i,j + 1] —W[SI'[i,1],k] 000000000 NotTaken OO OO OO
20 end if ooooo SROOOOOoOoOO
21 end for
22 end for
23 SR:=SR SI:=SI go00obO0obOobOOoboobDoooon
24 end
0 6 Pipelined Path Trace Branch Predictor 000000000
Fig.6 Prediction algorithm of the Pipelined Path Trace Branch Predictor.
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1 void update(outcome : bool; addr : integer)

2 begin

3 output’ := Wladdr, 0]
4 foriin 1.M do

5 output’ := output’ + RJ[i, 1]
6 end for
7
8

goboooooooooooo

output’ 00000 O0O0OO0DOOOODO
goooooooobooooooo
gobooooooobooooobooobooo

if (output’ > 0) # outcome or |output’| < 6 then output’ 000 W OOOOOOOOOOOOO

9 if outcome = Taken then

10 Wladdr,0] := Wladdr,0] + 1

11 else

12 Wladdr,0] := Wladdr,0] — 1

13 end if

14

15 for i in 1..M in parallel do

16 for j in 1..D in parallel do

17 ki=(—-1)xD+j

18 if H[k] = outcome then

19 W(I[i, 3], k] := W[I[i,j],k] +1
20 else

21 W[I[L]Lk] = W[I[i7ﬂ7k]_1
22 end if

23 end for

24 end for

25 end if

26

27  H:=(H << 1) or outcome
28 for i in 1..M in parallel do

29 I'[i,1] := addr xor rot(I[i — 1,h],1)

30 I'ls,2..D] :=I[i,1..D — 1]

31

32 for j in 1..h in parallel do

33 k:=(G(—-1)xD+j

34 if H[(i — 1) x D] = Taken then

35 R'[i,j] := R[i,j + 1] + W[I'[¢, 1], k]
36 else

37 R'[i,j] := R[i,j + 1] = W[I'[¢,1], K]
38 end if

39 end for

40 end for

41 R=R 1I1:=1TI

42

43 if prediction # outcome then

44 SR:=R SH:=H SI:=1
45  end if

46 end

ooooooooooo
000 Taken OO 0O

000 NotTaken 000
o0oo0o0ooooooon
0o0o0ooooooonoooo

Idealized PTBP OO OO W O Update OO
Oo0ooooooooooooono

gobooooooobooooooobooa
ooooo woooooooo
gobooooooooooooooobooo
oobooooobooooooo

ooooooo

I000 XOoROOOOODOOOOOI0,DIO O
0oooogogg sSroooooood

oobooooboooooooooooooo

0000 rROOOODDO
000000000 TakenOOOOOO

000 NotTaken OO OGO OO
00000 ROODOOOOO
0o0o0ooooooonoooo

goboooooooboooboooobooo
gobooooooobooobooooo

0 7 Pipelined Path Trace Branch Predictor 000000000
Fig.7 Update algorithm of the Pipelined Path Trace Branch Predictor.
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Fig.8 (A) Full Path Trace Information,
(B) Limited Path Trace Information.
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Table 1 Tuned history length for each predictor.
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256 KB 20 40 70/20 41 51 51
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Fig.9 Miss prediction rate of each predictor.
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Table 2 Architectual parameters.

Parameter Configuration

Pipeline Depth 20

Issue Size 4-way

L1 I-cache 64 KB, 32 B blocks, 2-way
L1 D-cache 64 KB, 32 B blocks, 4-way
L1 D-cache Latency 2 cycles

L2 Cache 2 MB, 128 B blocks, 8-way
L2 Cache Latency 12 cycles

L2 Miss Latency 200 cycles

Branch Target Buffer
ROB/LSQ entries

4096 entries, 4-way
256 / 128

Linear 0000O0O0O0O00O0OPTBPOODOODOO
00000 4000800 0Idealized D 30000
oooooog

ooooooDooo0ooooboooooobo 20000
2000000000000000000000 Intel
Pentium 4 00000000000 20000 310
gbobooooooooooooooooboooooo
goooooooooOoooooooobo10000
ooooooo

0000000000 O0000 SPEC CINT2000
O0000000000000000 256MO0O00
gooooooooooooooooobooooooo
goooorpCco00ogoooooon

4.2.1 0 00OAO

dingoooooooobooooooooooon
000000000000 000000000 2BC-
Gskew DODODOOODOOOOOODOOODOOOOCOO
0000000000000 000O02BC-Gskew O
2000000000 O0OOOODOOOOOODObO
ooboooooooobooobooooocoooooon
Oo0O0O000o026eMO0000000O0O0O0O0O0
OO000000O000000000002BC-Gskew
goooobooooooooobooooooooo



70 gooooooooooooooooboooooo

O000ooooooooooooouoo pPTBPO
o00o0O0o0o0o0oooooooooDooooooog
oooooooooood

gbo0o0 120000000 IPCOO0ODOOOO
0000 11 000000ooooooooooog
0000000000000 00oooooooog
0000000000000 00000000 8KB
0000000000000 0Piecewise Linear OO
OO0000D00ODO 400000 Pipelined PTBP O
1.9%08 00000 23%0 IPCOUOO0OODOODO
Idealized PTBP O Pipelined PTBP OO O OO0O

Mar. 2006

8KBOUOO 4000 Pipelined PTBP O 0.4%08
000 Pipelined PTBP O 0.1%0 IPCOO0OOO
gobooooooooooooobooooooooo
oooooo

013000000000000000000 IPC
oobooooobooobooooboboooobooon
goooobooooooooobooooooooo
176.gccO0 000000000000 O0O0O0OOOO
coooooooooopTBPOOOOOOOOCOO
gooooboooooooooboooooooooon
oooodoooooo

43 15
—e— 9BC-Gskew —®— Path-Base —o— 2BC-Gskew —#— Path-Base
41 X Piecewise Pipe4 Plecewise Piped
N \ —%— Pipe8 —e—Ideal 145 | Pipes Ideal
= 39
S \ - o
© 9 \I\.\H (&)
DC: \ \\ . 14
5 35 \\’\’ &
+2 =
2 33 B
o S 135 ——
a
PR 5
£ \ =
= 29 & /
- N 1.3 Y
27
25 125
4 8 16 32 64 128 256 4 8 16 32 64 128 256
Budget Size (KB) Budget Size (KB)
011 0O0O00OOOOOOOooOoooooodg 012 gOoOOOoOoog IPC
Fig.11 Miss prediction rate of each predictor. Fig.12 IPC of each predictor.
12.0
‘l O2BC-Gskew M Path-Base
&= 100 OPiecewise OPipe4
% W Pipe8 Oldeal
x 80
=
.8
B 60
o
4
o 40
(723
2
= 20 m
0.0
gzip vpr gee mcf crafty parser eon perlbmk gap vortex bzip2 twolf average
2.1
O2BC-Gskew M Path—-Base
° 1.9 Il OPiecewise OPipe4 |
S 1.7 (| WPipe8 Oldeal H
[&]
5 1.5 u
o
c 1.3 T ||
.0
B 141 B u
2
% 0.9 u u
S
o LTI ﬂ[ﬁ 1
gzip vpr gce mcf  crafty parser eon perlbmk gap vortex  bzip2 twolf average

Fig. 13 IPC and miss prediction rate of each benchmark with 8 KB budget.

O

13 8KBUOOODOOOODOOODODODOOOOODOOOO IPCOODO



Vol. 47 No. SIG 3(ACS 13)

5. 0000

0ooooooooooOoooooooooooo
Path Trace Branch Prediction 0 00O 0O OO PTBP
00000000 0ooooooooooooooog
00000000000000oogooooooog
000000000000o0o0oooooooooog
oooOoooooooooOoooooooooood
OO0 HashOOQOGQOGQOGOO

ooopTBPOOOOCOODOOOODOOOOCOOO
O00ooououooooooo pIBPOOOOOOO
000000000 2BC-GskewOOOOOO 200
000000000o00ooooooooooooog
O000000o0o0oooOO0oooooooooooog
ooooo

PTBPOOOOOODOOOOODOOOOOOOOO
00000oooooOoooo 8KBOOOO 400
0 Pipelined PTBPOO0O0OO0DOO0OO0O 8.8%00
oooooooUooOooooooooooooooo
ODo0oo0oOooO0200000000000000
Oo0ooouooooooo IpCcO0ooooood
goooobooOoOoOosKBOOOO4000DO
1.9%0 IPCO0000O0O0O0O0OOOOOOOOO
OO0o0o0oOo pTBPOOOOOOOOOOODOOO
000000O000o0O0ooooooooooooog
00000000 o0oooooooooooooo

g o o o

1) Block, H.D.: The perceptron: A model for
brain functioning, Reviews of Modern Physics,
Vol.35, pp.123-135 (1962).

2) Desmet, V., Vandierendonck, H. and De
Bosschere, K.: A 2bcgskew predictor fused by
a redundant history skewed perceptron predic-
tor, The 1st JILP Championship Branch Pre-
diction Competition (CBP-1) (2004).

3) Gao, H. and Zhou, H.: Adaptive informa-
tion processing: An effective way to improve
perceptron predictor, The 1st JILP Champi-
onship Branch Prediction Competition (CBP-
1) (2004).

4) Jiménez, D.A.: Fast path-based neural branch
prediction, Proc. 36th Annual IEEE/ACM In-
ternational Symposium on Microarchitecture,
pp.243-252, IEEE Computer Society (2003).

5) Jiménez, D.A.: Idealized piecewise linear
branch prediction, The 1st JILP Champi-
onship Branch Prediction Competition (CBP-
1) (2004).

goooooooooooooooooo 71

6) Jiménez, D.A.: Piecewise linear branch predic-
tion, ISCA ’05: Proc.32nd annual international
symposium on Computer architecture, pp.382—
393 (2005).

7) Jiménez, D.A. and Lin, C.: Dynamic branch
prediction with perceptrons, Proc. 7th Interna-
tional Symposium on High-Performance Com-
puter Architecture (HPCA’01), pp.197-206,
IEEE Computer Society (2001).

8) Jiménez, D.A. and Lin, C.: Neural methods
for dynamic branch prediction, ACM Trans.
Comput. Syst., Vol.20, No.4, pp.369-397 (2002).

9) Lee, C-C., Chen, I-C.K. and Mudge, T.N.:
The bi-mode branch predictor, Proc. 30th an-
nual ACM/IEEE international symposium on
Microarchitecture, pp.4-13, IEEE Computer
Society (1997).

10) Loh, G.: The frankenpredictor, The 1st JILP
Championship Branch Prediction Competition
(CBP-1) (2004).

11) McFarling, S.: Combining Branch Predictors,
Technical Report TN-36 (June 1993).

12) Michaud, P.: A ppm-like, tag-based predictor,
The 1st JILP Championship Branch Prediction
Competition (CBP-1) (2004).

13) Seznec, A.: The o-gehl branch predictor,
The 1st JILP Championship Branch Prediction
Competition (CBP-1) (2004).

14) Seznec, A. and Fraboulet, A.: Effective ahead
pipelining of instruction block address genera-
tion, ISCA ’03: Proc. 30th annual international
symposium on Computer architecture, pp.241—
252, New York, NY, ACM Press (2003).

15) Seznec, A. and Michaud, P.: De-aliased hybrid
branch predictors, Technical Report RR-3618
(1999).

16) Thomas, R., Franklin, M., Wilkerson, C. and
Stark, J.: Improving branch prediction by dy-
namic dataflow-based identification of corre-
lated branches from a large global history,
ISCA ’03: Proc. 30th annual international sym-
posium on Computer architecture, pp.314-323,
ACM Press (2003).

17) Yeh, T-Y. and Patt, Y.N.: Two-level adaptive
training branch prediction, Proc. 24th annual
international symposium on Microarchitecture,
pp.51-61, ACM Press (1991).

(00170 7029000)
(00170110 11000)



72 gooooooooooooooooboooooo Mar. 2006

00 ooooooo
200400000000000O0
gooooooooooooooon
gooooooooooooooon
goooooooocooooooo
gooooo

oo gooooo

9re00D000O00DOOO1982
gbooboobooboooobogo
goobooooee booon
gooooo9s ooooooo
gbooobooboooooboobogoo
OOOdIBMO TJ. WatsonOOOOOOOOOOOO
gbooooobooboobooobooogoobooboo
000000GRAPE-DR project. Data Reservoir

project.




