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Abstract Existing polyhedral compilation tools often use some simple heuristic strategies to find the optimal loop fusion deci-
sions. It is necessary to manually adjust the loop fusion strategy to get the best performance for different programs. To solve this
problem.a fusion strategy based on data reuse analysis is proposed for multi-core CPU platform. This strategy avoids unnecessary
fusion constraints that affecting the mining of data locality. For different stages of scheduling,the parallelism constraint for diffe-
rent parallel levels is proposed. And a tiling constraint for CPU cache optimization is proposed for statements with complex array
accesses. Compared with the previous loop fuion strategies. this strategy takes into account the changes in spatial locality when
calculating the fusion profits. This strategy is implemented based on the polyhedral compilation module Polly in the LLVM com-
pilation framework,and some test cases in test suites such as Polybench are selected for testing. In the case of single-core testing,
compared with the existing fusion strategies,the average performance is improved by 14. 9% ~62.5%. In the case of multi-core
testing , compared with the existing fusion strategies, the average performance is improved by 19. 7% ~94. 9% ,and the speedup is
up to 1.49x~3.07x.

Keywords Compiler optimization, Polyhedral model, LLVM, Loop fusion,Data locality
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(2) M A B iR 5 — B .

TES —FP IO % BRI R AIE T 7E S8 2 & AR B 18 3R 6 OF
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T3 T Y e — i N 2 B A IR AT R B AR A
JEAEER AT LLGE 8 PR A e LA R A 1) ALy, X — i B AE TR
43 22 10 AR 4 136 T L o B BRSO 70 1R) & Ak (pre-vectorize) . 3 F
X YRR IR O AR iR T — E R ROE R T
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5.2 BRI
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G AN 6L R BRI, 78 AR SCHE 1 5 O R A A5 kb, R
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WA IS R AR S P i e B B U ) AR =X
BH 1 R,
EiE 0 AR E M S B G TR BT 1 B U TR AR =X
B H
FA SR A AR A CLUH S X R B T ] 56 &R 81 K Access-

MapList
iy AEVIEE SR cluster C (9 35 1o By 45020 Vs ] B2 204 H
LPi=0
2. for each A; in AccessMapList / % AccessMapList H [ 840 F 25 4

H{A) %/

3. maplList<-search maps related to A; in AccessMapList

4. reusePatternList=[]
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5. for each mapinmaplList:
6. if dim(domain(map)) < Cuuxvar/ * Cunaxvar 7 8B B 15 21 3
AR/
7. continue
8. for each pattern in reusePatternlist
9. for each patternMap in pattern
10. extract schedules for map and patternMap
11. if satisfy(2)
12. pattern<—map,goto 4.
13. endfor
14. endfor
15. newPattern=/ |
16. newPattern<-map
17. reusePatternList<-newPattern
18.  end
19. P(S :Pi +len(reusePatternList)
20. end

Hrp, AccessMapList s JiURR 1k (9, BP 40 2R list WP A7 75 5t
— 18— B2 1 2 A7 TR] ISk £ A4S 15 8] B U7 [R) 6R AL —
BT,

HTAIFRESECH IR B H B I AR X —
0T e LA & 01 5 1 4R G AT RO T R A b DR L R
B HFE - NEAREEHEANREIFES. TR/
GRS VEE 1A A M RO A RS A
Z 1A e v B 3k AR PN EE D, O oK 2R AR B A 1 TR] AR X
pattern, —EH i 0] 5 3 A U5 R K 9 AT 2 — A A
il R = v S A B S S A | AN 3
pattern H . MENBHAVIN AT EZEFENE AR A E
FH O Z B W R 12 88020 7 1R 3 — A B DT =, % 4 —
AR 2 BEAT IR 1 43 AT B8 i s 415 B B B 15 1Rl B X
BoH . U7 AR E T R A O R S N B TR AT B R
BT[] (N R SR AT R

R B U MR R H R TR A e A IR
T o L oy Bt BR ) . XTSRS & K R B AE i AR S
WEEH X — BEH TR AR 0. EARSCh, Z B EH K &N
L2 ZRAFARIRBERY 1/2,
5.3 ETHREEASWTHK S ITEM.

TE 3 PR B 5 ik v Al AR i R RN S 9T )
T Ay A DY R MR R B AT AR T AN . XA R R
T I K B ) R R A Ak B 200 TG IR HT S AT RE R AR
B 25 8] Jmy B M AR A

R T B VAN G I S BOHE R R M AR Ak oy AR
G IF BTG G AR AE R PR o i Y B A, xS AR
A VIO e v B AN B A B Ik 2 TR,
ik 2 THRRIE W 5 R A TR A R MR B
FHI %L
A scluster C.C 45 T I I B2 SR & S I (9 2041 U7 1) 56 3R 91 3

AccessMapList, / * B3R C T4 18 1) 11 I B B & 58 45 10 = /
il TEWE ST cluster C B 5% &5 B K o 01 5
1. Rc=0
2. for each A in AccessMapList
3. build mapList and reusePatternList as algorithm 1.

4, R¢+ =len(mapList) —len(reusePatternList)
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5 for each map in map_list

6 extract schedule for map
7. if satisfy(1) Re=Rc+1
8 end

9. end

10. Re =Rc¢ * Conaxvar

BV 2 B — AR T O e v B R A T IR Wi AR
FRAXHZ B AT R R I HER Z VM X R 8 THEET
S AETE ) . ESE B A T S R AR BN Y 7 R
A BT IR O R H L A5 B AT G 513k A0 I T IR
HE T RGO 4R P — DB DR %A R
Wi e M A G M E T 2 A A EREEMN. SBEESGHN
B e e Y SR AC TR B DA, B O T AR BN [F R A Y B
150 A T ) 4 AN () B A 0, 7E X A G EA T I R B B IS0 B
B R R AR DL — AR L T ARG e R R B AR

H T RIEE IR KA WA A B =)D 9P H A G
J 3 T A R A L BT AR A 00 AR i E T B A% R oRb i 2t
Pk, Y 2 A E W RS H#HAT A I ARG
A B L E R IRAT I S JFHE &t il R %
B R B W43 S B G O Z WA T A O A TR JRA R
TR B R B TURR, L I AR R B S A R
B IR T 0 o 2 B O T B Rerge . M4BT B Runerge >
2R, B WA X — G R A5 T R R i ER T .

W 2 fros AR B iE AT S1.S2 IR TEE NS, (.
DG RS, Ga >y ) IANZIFAT R BIR B R &
W )X S1 RS2 #EAT L 9 AR TR AL LR gds &
o SR, T A3 20 B R T o LB O 45 A, WX ST ik
TG 2c e . WS 2 W LI BIR L. =4.R, TR, =6, 1
K- B RERE TR EEREN BERET SIA
XU B Ui ) 4 3% A ) 308 80 L 3 R e e [ B ] 0 RO
o BARGE G I K TE S JF R K EE B R 0, (X
— &I TP — ik R I AR

for(i=0;i~N;++i){
for(j=0y~ N:++j)
STAL1-ALl1+
. BlGI+BLL-1T:

for(i=0;i~ Ni++i){
for(j=0;/ < N:++7){
ST A[N1=AL+
| BLG1+BlAG-11:

for(i=0;i<N;++i){ S2 CLI=CH+ALT;

for(j=0:j~N:++)) }

S2 C[I+=AL1): }

)

P2 i e P TR A B 76 PR

Fig. 2 Fusion that results in a reduction in reused items
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B4 BB B S AT BR 15 4) none., A X4 IR JE 0 8 B
A PR RE A B SR H IR AT RSV ECH AT R

reuse_analyze_based: 78 SCHE H AU & JF R W%, 3 T 84
FH 43T f4 48 2 98 B2 O v

WHA A, LLVM il By 4 3% £ 4k 3 35T 9-O3-polly, I 4T
T TR DRI, ZRPATRHTIF T Polly BB v i) H 38
OpenMP F:47 L BT LA J2 1CC " iY-parallel 330, K T 4R IE
ST ZE I HERN L L 56 M T Polly 5 B b & X 4 B TR A 26 N
BRI Ak . 3T fortran 485 AY IR H . A T REWE
oo R L WA TR AT e 0, X g AR B A LLVM
IR AT 30 2 P AL 3
6.2 ik A Al

2 PR T 22 T AR ASE D v i A 4 o B 0 G DU 5 4 g
i 35 F T 4 B A B 2 06 itk 2B L ) I TRT BRI R
TR 1, 0 spec2000 H1 A swim 45, UL & Polybench " iy
WA /AN A, R B E 2 Fh S TSRS T BA
W EMZER., EHAWEH G 1.

1 S TR B B A e A

Table 1 Test benchmarks and related descriptions
R B B AR E B3 7] 7T A B
swimm Spec2000 KA B Reference
applu Spec2000 i E R B ¥ Reference
hmmer Spec2006 REEF & Reference
advect3d PLuTo SEHA nx=ny=nz=300
det PLuTo BEMAEL S M=1024
3mm Polybench AR NI=800,NJ=900,NK=1000,NL=1100,NM=1 200
adi Polybench KA AR KRS N=1000
covariance Polybench o Zit 5 M=1200,N=1400
doitgen Polybench % PR N NQ=140,NR=150,NP=150
gemver Polybench Tk G A ek N=1500
lu Polybench LU 41 N=1500
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6.3 HEHRSW
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Fig. 3 Single core results on test sets of different fusion strategies
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coincidecne
TEIHE I

F 25T advect3d B2 7 AEAR R G IR (1906 34543 Bk
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Table 2 Merge edges. tilling, vectorization numbers and cache misses of advect3d under different fusion strategies

& I ek pHiEA BEAMES

B K

L1D cache miss L2 cache miss L3 cache miss

(x10") (x107) (X109
min 5 0 0 10.76 6.25 21.18
max 3 0 — 11.01 6.09 8.29
band 1 0 6 8.20 5.42 9.78
none 1 0 7 9.19 7.25 22.84
band_coincidence 0 1 4 10.92 6.30 19. 83
coincidence 2 0 4 10. 84 6.25 23.07
array_analyze_based 1 1 6 11.13 6.01 8.82

AR SR A I R A X advecet3d PR N A R
JEE IR HEAT G I LLORAIE P9 )2 0 ) 19 43 B vk 5 9047 1 5 TRl
advect3d H &R 43 1F A1 7E fx SN2 G I DS 2 48 T 5o R &

M. 3R 2 BT, AS SCOF R AE AR UE A N R O B 1) A A 5
X 6 ZARMOL AT T B S i 145 I R 4 A 22RO
AT BEAT 2 R AR ER o B S T B I ZAT AR
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for (j=4;j ~= ny+9-2; j++)
for (i=4;i <= nx+9-3; i++)
for (k=4; k <= nz+9-3; k++)
SU ab][][K] = (0.2 * (alj-1][/1[k] + al/1[714]) + 0.5 *
(alj-2][1][k] + u[/”]['][/f]) +0.3% (al/-3][][k]+
alj+21[1[kD)) * 0.3 * uyb[/1[/][£];

for (j=4;j <= ny+9-3; j++)
for (i=4;i <= nx+9-2; i++)
for (k=4; k <= nz+9-3; k++)
82 ][k = (0.2 * (alj1[i-11[k] + alj1[/][k]) + 0.5 *
(al/1li-21[k] + aj1[i+11[k]) + 0.3 * (al/1[i-3][k] +
ajlli+2][kD)* 0.3 * uxI[j][/][£];

for (j=4:j ny+9-3; j++)
for (i =4;i <= nx+9-3; i++)
for (k=4 k nz+9-2; kt+)

83 afjlli[k] = (0.2 * (allli1[k-1] + al/][i1[K]) + 0.5 *
(al/lli[k-2] + alli)[k+1]) + 0.3 * (al/][][k-3] +

ajllk+2D)* 0.3 * uzf [/][]114]:

for (j=4:j == ny+9-3; j++)

for (i =4;i ~= nx+9-3; i++)
for (k=4; k <= nz+9-3; k++)

S4  athird(j1[i1[k] = a[j1[i][k] + (al[j][i+1][k] -
al[[[K]Y+ (abl+ [Tk - ab[[K]) +
(af UILk+11 = af [ [KD)

4 advect3d TR LR AT

Fig.4 Core computing code fragment in advect3d
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Fig.5 Multicore results on test sets for different fusion strategies
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Table 3 Number of parallel loops for covariance under different

fusion strategies

&It K 5B AT MBI AT 187 & %
min 9 7 42
max 1 3 9
band 3 2 21
none 2 1 6
band_ coincidence 5 3 28
coincidence 5 3 28
array_analyze_ based 5 3 28
H1 3% 3 AR min SRR T IR Z MIFT IR E .

(A 2 H Ry 5 — A EANA R EZ RIEARETSE0N .
AR, 24— 4ER B0 09 Bk JRAT A 1 L T BRI 2R
BNIT RS 3 B JG 1k 78 40 R AR e A7 A8 0 8008 R o S 30tk
b%f)ﬁﬁﬁ [FlEf, R4 band LA} none 3 W& X i 4 3547 T
SRR Bt R (BN TN X N N =B R R o ST 1N

TE H B 24 W4 IF KM, band_coincidence U5 T
WIPEREZR L . %A WA 5 Y T i B FE — e AR B AR T 4b
BEIT S N2 RN SRR S HAIFTIE L. X T
adi, AT IF 98 B2 4 BE BRI B, 5 0F (R UE T 35 P9 218 ) 19 43 B
P RAXNWT adi BIFERFE G I HET WINZ 1705
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AERA I, P AR SCR IS TE adi A9 25 T 4% 0 1 A 07
T4 band_coin —E M AIFLE IR R B T B A0 % AR R,
k4 s,

SR, band_coin SKEE7E lu T I% A7 15 3 &% 8 1918 7] & I .
FS5MILT lu BIFERFEI LT SZIHTEHE . 5
He {0 . cache miss 8 bR . 7E lu . Y448 FH band DL & band_
coin WG I, A B A IR AR F L0 2 8 A R B R L O T AR IE
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Table 4 Merge edges, tilling,outer parallel loop numbers and cache misses of adi under different fusion strategies

L1D cache miss L2 cache miss L3 cache miss

N L S TR TS ERN Y E : . .
(X10%) (X10") (X10")

min 12 0 14 5.06 4.33 1.91

max 4 14 5.20 4.45 2.00

band 2 10 2 101. 90 40.63 15.28

none 0 17 4 8.58 9.56 2.90

band_coincidence 12 8 6 4.99 4.23 1.84

coincidence 4 10 2 8.26 9.26 2.79

array_analyze 12 8 7 4.72 3.99 1.88

5 lu BFAEARE G IFRIE T M HBUL A IF IR e SMRIFATIEH S cache miss $UH

Table 5 Merge edges. tilling, outer parallel loop numbers and cache misses of lu under different fusion strategies
NN o L1D cache miss L2 cache miss L3 cache miss

xS 2B iE A R IE S EHATHEIR (X107 (X107 (X106
min 2 0 3 2.13 2.11 9.36
max 0 — 1 1.93 1.98 8.28
band 2 0 3 2.12 2.11 9.34
none 0 3 1 1.72 1.78 8.00
band_coincidence 2 0 3 2.04 2.02 9.94
coincidence 1 2 3 2.12 2.11 8.41
array_analyze 1 2 3 1.82 1.89 8.12
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