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Abstract Loop tiling is a widely used loop transformation for exposing/exploiting parallelism and data
locality in modern computer architecture. It is mainly divided into two categories: fixed and
parameterized. These two types of tiling technologies are systematically summarized and their
advantages and disadvantages are analyzed comprehensively. Since the tile size would significantly
affect the performance of the tiled code, various methods of optimal tile size selection are described.
Besides, various kinds of technologies applied to multi-level tiling, parallelism exploration and
imperfectly nested loops are surveyed in this paper. Based on the detailed analysis of the current
researches on loop tiling technologies, several conclusions are drawn as follows: 1) How to balance
the trade-off between computation complexity and generation efficiency of tiled code has not been
completely solved, and how to use loop boundaries to efficiently bound the iteration spaces for data
locality enhancement also needs further study. 2) Optimal tile size selection is still a difficult and open
question, and it would be significant to understand the influence of different level tile size in hierarchical
memory system on performance. 3) From the perspective of application, how to automatically generate
effective tiled code for arbitrarily nested loops needs further research. On the other hand, how to take
full advantage of shared hierarchical memory and multi-core architectures to achieve high degree of

parallelism for tiled code is another interesting direction.
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for (k:1;k<s\lk;k++)
for (i=k+1;i<<k+N,;;it++)
Si (ki)

endfor

endfor

Fig. 1 Perfect nested loop in stencil computationsH 1?1,
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for (kT=05kT< | (Ne/2) | skT++)

x, < min(B; (x;

for iT=max(1,kT)siT<<min( | (2 X kT + N, + D/2 |,
| Ne+ N2 siT++)

for (k=max(max(1,2Xk,T),2XiT—N;);
F<min(min(2X,T+1,2X:iT),Ny);k++)
for (i=max(2X:iT,k+1);
<min(2X:{T+1,k+N;);i++)
Si (ki)
endfor
endfor

endfor

endfor

Fig. 2 Tiled loops generated for fixed tile size using the
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Fig. 5 Tiled loops generated using the bounding box
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Fig. 7 Tiled loops generated using the SFME
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| * shifte first iteration of the £#T-loop to a tile origin * /

RTLB=—S;+2:kTLB=| KTLB |S; | X S;s
| * scans dimension 4 of Outset with stride S * /
for (R T=kTLB;kT<<N;;kT+=S;)
| * shift first iteration of the iT-loop to a tile origin * |
iTLB=kT—S,+2;iTLB=[ iTLB[S; | XS,
| * scans dimesion 7 of Outset with stride S; * |
for GT=iTLB;iT<<kT+N;+S,—1;iT+=S,)
for (k=max(kT,1);k<min(kT+S,—1,Ny);k++)
for G=maxGT,K+1);i<minGT+S,—1,k+N;);i++)
Si1(k,1);
endfor
endfor

endfor

endfor

Fig. 9 Parameterized tiled loops generated using the
Outset"?,

B9 SR Outset 44 i 2 5040 43 Yo gig R0 2

T ORAIE S0 B B 2 AT i YRR R AT R L
W15 o3 e it Rk AR S () 3 52 A {ER X T

3% AR A3 (] ) o8 B g B 3R ARG AU 24 iXOoB
1 T 22 0 BE IR T B SCHR L TR 8O0 58 2 43 SR )R
#43 He 43 il b 3R R AR A 43 B AR L SCER[49 138 1 4F
Iy R eI KA /3RS ). Inset £ R d fir A
S8 R 43 P U5 SRR T A A — A 2 T A T LA
N T4 2 AR AR A RS — BLR AT Inset
AR AT LA g ) B A3 B AR SR T Inset 4R 5
M Outset £ %53 Inset . 3X 2 Fh 75 6 A &b X
I3 BT AT 1 56 B 43 BRI Jy 38 03 B T B o2 B Oy B 2
RN AL GA N TTB D T A6 2 0 BT .

Outset 277 % B AT i1 B HE 53 12 FAG 26 45 44 73

fige g R A B AR LA A 4 B O TR Y
AR 5t [Rl I 52 25 7 2 B0l o B AU AR i i e 3
BN B AT B N A R SR 3R o B ik 2
—. CHR[ 11 32504k Outset 8 7 325 F i1 FLAE J7
DA 2 Fofr 2 i) [ 5 43 B 07 1k EAT L3, B R N 3R
1 pr7n. HoA {Classic, fDecom, pBbox, pOutset 43 i
Fom [ 8 22 HAR T 1% T E G R 4 O s S 8kl
BHE T B 2501k Outset 42 5. LUD & LU 4
fit - SSYRK 2 X FR 4 4 Bk & #1E . STRMM J& = ff
% T 1, 3D Stencil 2 1Ry B P 18 /K 28 AU g = 4k
stencil 7L HT 3 AN 2 7 2 BLAS FE By 2 MR
AR 26 4 02 stencil TH AT, SLH 45 R R Y
Outset 875 ¥ T 5E 43 i J5 ¥ i FAHE J7 5 B
RL B AR A ol 20k 23 A A AR B o g [ 2 T A
BEEARTE o e B A B B3 (HiZ 07 i A
A T A B 1) 8 B A A R n AR AR R R
2 KRB

Table 1 Tiled Loop Generation Time of the Four Fixed and

Parametric Methods on Four Benchmarks!'''

R AMFTEESRBERERRE LEAHEE"" ms

Method LUD SSYRK STRMM 3D Stencil
{Classic 32.4 28.6 29.0 26.0
{Decom 55.2 51.0 50. 4 45.0
pBbox 53.5 53.2 51.2 54.0
pOutset 52.0 53.8 52.1 54.1

A AN SCERC 1278 Outset 477 B2 B9 5L Rl E & B
T — BB NS EACE R By iE e
2.4 SHUGRERNE

B2WNAT 3RS EACIRIR > R IT . T T
Jrik A it T — P ] B 2 B AR (EOW R E 1
P2 ] 2277 A BRI 23 BR AR A JHG A 9 R 32 BR.
5 RAET ORI BT SFME 1 J7 138 43 Y i
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23 ] 57 24 B AL RRAE , 3 A F 38 HE 25 43 B A%
AR HE L A T TS B 2 B v AR A
8] 8 <. Outset £ 77 125 ) 7E AR Az 1l 8038 AR Al
RS & bk ) 75 28 B[ 5E o3 BT ¥R ] LY P
fig. X 5 F Outset £ /Y 8 ZREE . A ALAT DL R AF
5 ZHOR 5 RO A g 3 T R R ROR
52 BIR G W B ; Outset 48 78 W 7] 123 0] &2 2%
FE SR PR B 2tk 00 & Ll A Ay
R Outset & — > Z AR, 7T LUFI TS A 19 486
Az AR S LS B IR BR Jr B, 53 81 . 4 Outset 451
BEflt EARSCA AT —FhF ] Inset B BR £ 230 5t
AR ARAL T

k11 ] A 4 #) Outset £ 5 B0E A T 71 BU
HEATREIE 73 e i B — 19 58 & ik B8 26, (H S0k [ 44
46 JX%F Outset B L #EATY & i AT DL JH T A8
TRIGHIREMZ R P T EMNERH AL 4 55
4. T SEA I PR I TAETF R B B XS
ARG R 03 B 07 vk I SR 52 2R BE AR A R
I JHTE L 22 A7l SR A WA 2 R AT M 25 D7 T AT)

3 RIESRKNERETTE

&R B JRy 8 S S B AR 4 B o RO R 1
K. A H R /INB B BT PR RE A A A R 43R
R/NEPEAALIE 43 B RO 1 28 #% 18 52 3 BB IR 1Y
PEFE. 43P K/NZZ B cache 17 K/ O HK BE L B4 %
e S AE AR A AR 5 22 XL R i R[] 52 ). 43 Bk
I R B 1 A 7843 B cache o 25 A7 45 25 (8] #E 47
A T RE B A 1 R AN A B
2 1 LA K B AR T 4 DT e 15 4 ok i Pk Be AR
B Je RN IR 25 10 3 BT g OB IR PE R L 10 £5 1

S B R AN AN RN JZ YR cache B8 44 7 AE A4 L B
AH G T L 52 W) 5 10 3 B R/ INE 98 1 X 2 B — 4EA
PR AR [6) R /N B R 43 B L 1 — 4R FH A [8) K/
MIE T I 3 B B 0T s 0 5 2% i Bl A A B 2% 0 )
FERBR 2 52 24 P R0 R B 1) 185 K A 280 B e 40 3R
RN Ry —A> B2 b A 1 ]

3.1 EFoHmAE

FL T 5 JE 0 AR T A A e 2 R A A A
FRAE E AT 80 25 50 B o O 4 P 4 3 B A 0 28 e R
AN R Ty 1 R R AR D R A T
RA LA PR BB cache A A= 8 1k
(AP

SCHiR 6 ) YR HE R RN JRy MR B R TORS A 0 %k
FoE IR HOIT R — R IV FE P AL 4, % JE cache 2H
R B A vh o€ 42 Hh—Fh LRW Bk i e
R RIETT B A3 BRI AR e Bl Jmy # k. SCik [52 ]
Wit T — M BN [E] E 3 28 17 2k (distinet cache lines,
DL BEAY. Xof — 0 5 78 56 R i BENE IR N /Y m 4E5E
Be AT AR iy oo sin s f5 Goaees s ) S — T Y
@éﬁtﬁf%‘z%?@ A[fm(l'l [ vin)]"'[fl (yyeee ’iil)]-
TR A Y T ARRIBE £ Gy ) B 5 ]
23 U5 ) B ] e 2 22 A7 2 0 H i BRI X (3) B

DL(f)gmin<%+l’ ‘7”1iw+1)

(3)
Hrp g B TR IAR f R E KA N5 L ZU
A TC R RN K B o B AF R R SE
PPl ST W ¢ S O (R 7 PO N LN N [E
Fle /ME. BT B Z ARG AL,
S0 Vil DL 1 R A Al E an =X (O B
DL (f, s fn) = DL(f)) X
P
11 (%H) (1)
TR AR F A7 AT A 7 [ AS ) 19 55 38 2% A7 4 1A 5K
H . @7 350 8 5 19 cache 26 2% B 465 700 45 52 P
TR AS W, SCIEL = 1Y cache Ay P fE. 59 b — S AT
FE P B X AR BT PR R 43 B R /NI B
U CHRE25 48 Y cache RAL T AR L B PR A S 1Y
SRR R I BR H TR R B SALIE N cache 25 5
1 B K 4B SCHR 50 ] 11 43 B 0 325 0 AS ST L4 25
it R ORI AE S e A b B B /D L L RE 6 3k A
H PR & A 5 cache I T, J) 4h 8 A
i3t (padding) fF R — Fh A 6 0 B0 A 5 e A 4 A
5 bR — SRk A IR AL TRk e v B A B
A7 25 40 R A 8 R R v
AR BT A AT I oy B RN B TR AR B
L BIESE  FE 8 T P 2R 80OR $ 5 B Hle S AR A
BB I AR R 3 2 Ty Wk AE SRR W Th AR A — E
BB 1) HRIE 43 AT AS B 58 4 IV S B A it 119 5 2% 3k
MR T o BRI TE N R R 2, S 3 b
D843 He iy M BE AN 23 BT O 1 30 B o B 1Y) 1k BB 25 BE R
K320 43 M BB L AR A 2% A B vy Ok B R N R T
A7 Jrd 77 E AR L AN HL A 38
3.2 ETRREERENAZE
ET AR Pk F T kR LER R ER
VE—RBET LR — RGN F 43 e R/
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M4 TE BARPLAS L XTiX 263 Hedl & i 47 A gh R AL
(auto-tuning) , I i 2L 41 1 43 P K /N 45 Hh ik
FERATYE BE SR AR 14 23 B R /N7

A 3h v 1 £ M A BB F Cautomatically tuned
linear algebra software, ATLAS) &1 /] DL Ky
AN [RIFLBEL ) ) R A7 42 56 PR AT L 48 28 B B O fE
(53 B /N AR TR AE BLAS VS 2 e if 1 —
WakfesE . R4 ATLAS 24 etk eftib -+
BCH) AR B H 3 A e i 0A AR AL 2R AR BO #R
X — B ACAS (i stencil 7150 WIAE F. 28 56 0 00 T
T T IR A 5 R IR X 2 X 22 2 10 A A7 0 B ip 5 22 3k
T3 P& R 48 2% 25 [R] L 3k 2 PR Oy B 6 1 SR 4500 2 1
JEEIR 3 B AN 7] 1) 206 48 2R 25 (R 8 40 =X 1 34
K P EEX RO BN R A . ATLAS R T
et AT ERF ] 60 25 ) 52 2% 2, R ] — A TRT B 19 0 B ik 4%
REAY, B — 4k By e 18 53 B KNS 3 L1 cache K/
19707 #2352 CSR HE D7 I 43 B A 7. SR i — Se 5
0, LM CBOR stencil 35 52 B o 00 43 B 4
FRARIE I A B850 o gk 2 0 B — 2 16 2R A0 43
PR /INERAS — & AH ). 3X A 1E D7 JE 3 oAl % T 1
T I8 o3 e 2E AR B AT B ] DA SRAS B 4T i 1k .
3.3 EFoMMEKREANGE

S IS RN K 7 £ 2 N Nl |51 B i B i oW S L
F s ROPPR I T 2 M LA R S5 B FH 7 oK . H T4
G o BT AL Y 05 v VRRE AR B 1 43 B RN Sl D 43

B KN 48 F a3 ) )R F 9 R #4000
SCHRL62JFIH] 2 A~ 53 B s A DL #85#5 Al

ML (minimum working set lines) #& &l——3f #j o
Gy BRI A8 2K 25 [B). ML AL A Shy 43 B py 850408
R ALY cache BREFHLHE MG A TLB AR AR, &
RGBS B LAY, DL
REARY D2 AR S PR <A A Z B 73 B I cache
Pog ok ms. DLIML Jy 502 53 e 25 ' 29 o 55 1F
W= G5 P

DL(T,,T,,--,T,) =CS,,

ML(T,,Ty,,T,) < CS,, ()]

DL(T,,T,,--,T,) < CS,,
81 AAEXER LT cache N ETEEH T
B 2 AR R L cache e R F 1Y
R 3 A AREEARIR b K cache A3 E Y
EFL HF L CS, £ b B cache B AT LI H
5 TLB Hogp 4 H. 2T DL/ML A5 A BR i 48 & =5
[B) ) B30 V5 AE G R 200 B A5 8 Se 8, an il 10 it
7. G i R U AR PR B9 B R bRk ak =L, o
BT EIC2R A AROME OC 2R 1) it T 3 2 R 3 R DG A 4k
PEH5 DL/ML J7 #2 , f5 5 i L HLEs AH OC M5 2 . R
[F] cache J2 %5 f K/ cache 47 K/, it fEAS 2] — 14>
i 396 43 B /N B AT S 2R 25 [) A B D46 4 3 43 B
RGBT K46/ B R T B R
4.

Calculate

Compute

Input =
Loop Nest » Array Index

/ Dependence ML Bounds \
Vectors
Extract Bounded

Tile Size Search

Expressions \

Region
Compute /

DL Bounds

Fig. 10 Implementation of DL/ML bounding in compiler framework

[62]

P10 DL/ML BR 575 6 26 6 B 0 1 fy 5 8

SCHRL6217E 3 A A [R] ML 2 2844 |, L T — 8k
28 W LR PEARBOR stencil 1548 0 K FE )7 L R
DL/ML 53§77 2 0 A 18 2 23 (8] 5 47 2 5 WAL OF
Xf DL FIE 5 T8 4 Be B il A7 TR AL, & 2 &
AN T A IR AR Y RS 3 B DL ARG T Sl 4 B
RN CEAMEIETT B 43 e K/ JDLIML A6 el 43
PR /NG B0 B B AT B[R] RO BB LL 8. 36 2 P 1
MR P 24 FR 5 8 7°-N”, 7P, 7-X7 4y 33l 36 s
RTEFAE Nehalem, Power 7, Xeon X 3 P L2 2844
WKL B 5 2 8 s MR R R DL/ML J7 ik
AR HI DL J5 gk » 1E 05 8 43 B 05 v 1 B Lo 4 A fin

Lb. 3 3 % b S8 i B DL ML H AR i 48 22 25 1] 4 /)N
T 45~11879 £ AL JE M R A M A& T 95270 LA
L EAEPERE R A KN TR 2 1Y S 56 i i W] DA
BN ARIE B 43 BB 0 5 T8 43 e B T 4F (M.

Xk AR T LLIE TR 58 36 T M A
B2 H A H AR AL HIER 2 43 B, o A Rl b 3R P11 AR
Vilal R 50 KA 0.

Active Harmony I H ™ 2R F 7 HoAth it 33 (i
Nelder-Mead F. 2l #1530 ) >y /N 48 % =5 (], [R) i s
A WFFEIN R BERE B 3 0 A BE 7 B 1 5 R T il 1
— ™ B AR e ZE AN TR B SR L RS R T AT g
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JEIHE RS ARG 1 T R T A LR
RELR TR0 52 2% Kk 2% 205 ) oF 1 B 119 5 g 0000 Sk
L6310 AR AR I ofe ik i 57 — 27 2 1 2R AR R B %
AR GUARYE B AR 5 R 5050 %E 70 B (9 GOBOR B3 G 1 73
BRI SCHRL64 ]9 72 7 41 UAT 019 R A (i 2 17 i
2 2 G AR ML Al A — 3 e R R A

Table 2

BN B . SCHRL65 10 = 3 HIPL 4% % > 59 07
R 3 VRN B 22 S 8 ST — ARG T ) M R A A
AT e AR B BIL 8 2% 73 Hhe 25 1) 1 ) P i 722 k. T STk
(54 TR FIASTR] B 2 A o et e B30 ok A 4DLIR ok 53 0%
PR R s ] ) R/, X 86 5 YA A AT RE A BB 4 1R
RE A 73 B L B3 T — S 1 e N A A

1-Level Tiling Results with 4 Tile Size Selections >

K2 AMSRKRNEEFTEH—RIRE R

United DL Best Square Tile Best DL/ML Speedup of DL/ML
Benchmark
Time/s Tile Size Time/s Tile Size Time/s Tile Size Time/s Vs DL Vs Sq
MatMult-N 33.25 (40,40,30) 16. 40 (80,80,80) 17.27 (150,30,80) 13.48 1.22 1.28
MatMult-P 25. 46 (50,30,20) 13.90 (80,80,80) 12.28 (90,10,120) 10. 60 1. 31 1.15
MatMult-X 153. 66 (40,40,30) 29.51 (50,50,50) 23.98 (100,20,120) 18. 35 1. 60 1.31
DSYRK-N 25.39 (30,40,40) 15.47 (80,80,80) 15. 54 (30,30,90) 12.50 1.23 1. 24
DSYRK-P 23.32 (40,30,30) 15.10 (300,300,300) 10. 86 (60,10,1000) 9.16 1. 64 1.19
DSYRK-X 84. 89 (30,40,40) 26.08 (120,120,120) 25.44 (100,30,80) 18.19 1.43 1. 40
DTRMM-N 142.42 (40,40,30) 19. 20 (60,60,60) 18. 87 (150,30,60) 18. 20 1. 05 1. 04
DTRMM-P 62.74 (30,50,20) 14.60 (60,60,60) 13. 06 (600,30,32) 11. 96 1.22 1. 09
DTRMM-X 114.70 (40,40,30) 28.98 (120,120,120) 29.13 (30,10,120) 23.49 1.23 1. 24
2D-Jacobi-N 2.43 (10,40,10) 2. 60 (50,50,50) 2.24 (10,8,150) 2.16 1. 20 1. 04
2D-Jacobi-P 2.10 (10,40,10) 2.09 (10,50,50) 1. 31 (10,40,120) 1.19 1.76 1. 10
2D-Jacobi-X 8.75 (10,40,10) 2.77 (10,8,8) 2.81 (50,40,20) 2.54 1. 09 1.11
2D-FDTD-N 15. 35 (10.,60,8) 2.41 (50,8,8) 2.35 (50,50,8) 2.26 1. 07 1.04
2D-FDTD-P 9.56 (10.40,1) 6.90 (50,70,70) 2.11 (40,70,40) 2.09 3. 30 1.01
2D-FDTD-X 16. 42 (10,60,8) 4.47 (100,40,40) 4.22 (50,100,8) 4.01 1.11 1.05

3.4 SRR/NERTTENG
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8 2R 2 18] M 5 4% G o3 B R/ M T ZE R A ML BT 5
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PR 5 LA it A8 04 J2 AN T I 3 IR A7 4k
FH AT Y B TR PR 3G KL Sy T S8 40 I R A
PF O TR RE T o A R 4 B R A ARG ) £ 9%
KN S T HL K RS SR AL 0T AT B AN ET T A L [R]
PRI 2 %30 T SRR RS A TR 8. o Tk £
18 1. FH BE 8 =5 52 118 A 43 ety o i M BR O 3, IF 9 3
AR T 1] AN 58 5 o B A0 PR 14 1oy FH R 33804 10 2 1A
JPAR T g T R
4.1 SHEHPBMSRFITHERR

G3 B R TT LU BT A 2 A G0 1 BIL B¢
U5 P S3 B AR A D i T M AREORR )7 1Y
ATLAS ' H PHIPACHEY 53 H % cache FllIZF 17
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e PEBE SR A GO AT PER L I AR stencil 1
AR T B RE R L BT B £ A AR LA G
WM L&, PIH cache 43 B AFfE AR /- L E &R
RE Tl fE 0T B 1 J2 UCORL B2 IR AT ME I 2R, 2 90 Bedl
AT 28 By e 1 e W A TR AR

1B 58 10 22 90 43 YL B RS 3 38 3% 94y P J5 vk
SEBL L H A B S 2 9y AR P AR B R E /Y XUER
BRI, T BOX Ry 2 R Ak B AR A B 2 A0S 8] Y
M it . SCHRL69 46t —Flr [m] B 22 9 o9 P B30k 3%
T3 R TR 52 A% B AR HSE T D 46 1 2R i B H L PR
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9 Iteration Points

o . 5 y
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o O
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Fig. 11 Multi-level tiling with the Outset and Inset"'*’.
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g. 12 Wavefront of pipelined tile execution'’",
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A 1 [ B PR e A 40 40 B 09 8¢ o DR AT BE T HL 7
T skewing #/EFICATHE. SCHRL78 I 4t — Feb
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