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Abstract: Due to the increasing speed gap between memory system and processor, cache hierarchies have been
implemented into memory system, but additional latency (cache penalty) is introduced. This paper presents an
algorithm named as prevent cache penalty by loop partition-unrolling (PCPLPU), which can prevent cache penalty
in loops by the combination of loop partition and unrolling. Experimental results show that PCPLPU can prevent
cache penalty and improve the performance of programs.
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M B AMAALSAE BNk E £ IERET T K, A b,cache 128 T 9 BAAH] ALZALT R T BRIP4 AARIER
(cache X M"). 4% b —#F F| A 53R 03] =4 IR T 40 45 6288 %, cache X A/-49 PCPLPU(prevent cache penalty by loop
partition-unrolling) &% . 52 3& ¢ £ & B PCPLPU Jik &t 45 A 208 % M8 KRN 38 S A2 A M6k

KRR AR E]HE I cache AR bank &

HREESES: TP311 SCHEKARIRED: A

BT A0l R0 5 A B[R] 3 R 22 R AR K, 20 LI I B cache Bt o AHED AT K T RS 1 1) 4E
IR BAT R R I, A7 B i R b B T Bank 58, B (A% i VAN T, 25 1R % cache JCik b 4k B
SRR 0 AN E R AR T IRA IR IX BN E IR ) cache f4 4 (cache penalty, i FRACAT ). A6 F (K1 B0 AT I [7)
FEHEASFE P AP T I T v o o 2 K B9, o i s 2 £ 1 R, 388 S 416 2 o B AR S B Ko ) AR SO T
— ol 3 3o 475 TR 4 0 U478 B TSI 45 £ >k 8 42 A0 4 i) PCPLPU(prevent cache penalty by loop partition-
unrolling) 5% 43 LL Itanium 2D 708 3R Ge WSS S0 M 1 04T 45 4 015 B 3 SR8 24T T SR 3k S 0 B4 o A4
#r,Itanium 2 J2& IPF(Itanium processor family)®/ )55 2 A8 4b B AL

AICH LA AR TAEEE 2 A HARSCIIA IR EE 3 715 2845 130 WA A5 31 3 1 R0 78 PR R T 1) 45 45 Tt 4
AR BITTRENE. 28 4 153t PCPLPU 51528 5 17 /& S0 45 BRI 43 AT 45 J5 A2 42 ST IR i 465
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1 tHXIE

N T BEEAE AR R GERITERE RS cache FIZr ZRBLIRIN T 21 T 470 2R St o SRAE A7 i U7 1) P R 2k cache, £7if 4iE
AR T IR IR Al K R AR At S IR B, R 7 At cache I, 4 m] B8 H BLAR A 0 T RSB 5R W] BLd
52 1 2500 1 S5 3 A K ik 2 cache 45k 2 10 K, A T B ek 8 A7 A AR PR B AR A7 i S 38 R P e 1 5
TR T AR AT LAE G e ) H B SCR[200 0 A 17 Itanium 2 HH IR AR U B S A1 B8 1 — ol 106 s S AR AR 11 1
JEE SR AR SR AN R 3 B XG0 0. SCRR[ALR A 0 A 77 AR AR (R 4 11 DR B X IX 28 26 PR 3R T m AR
A A S S A (¥ PCPMS S32%, e 1 e ASE 8 FEE PR ke 1k 3 91 4 T B K3 S AR AN (H PCPMIS LB A7 A1 #
LA CREAE S 2.5 P A A1) AR IR0 RUANIR IR T A AL R 14 B 2 07, DX 8k PCPLPU SVE AN K B4R 4 L,
AT PCPMS 5% BLAN EIE REL: & PCPMS S35, 3t — b f i P IO PR BE.

2 FERER

2.1 EIRRFF

A JE T 38 3 405 IR PR AR R A2 4 22 R S B0 A i T e 8 188 45 2 1 BE A 25 1) 92D A 34 0 S 48 4 1 JT 4.
6 FR R T AT A S B i S T 6500 S AR (5231 4 4 A Jo T 5 5 2 A 5 2 I 38 A S 40 {1 3 5 1) B (O £
o5 2.4 TR A ) AEFR RIS 58 TTRY, BE 2 SR Bt 25 5 S0 2 478 B IN 1) 25 17 2% 7 sk A BB,
2.2 IPFRYIR RS

54 [ A7 AE 35 1, 24 007 0 AT $8 2 I AR50 B AR BE 9% 75 2 ARAE. 2 S A BT SZ 37 L 3 AT 382 B[R] I % 5

2 84 T B A ARAIE 45 A A KL I PF SR B AT IR 1 E — AN R AP A i AT =R AT
BB WM R IXA TR T 5 J F8 2 4 DA U AE B AT R A sk R v A BE 25 A P W ) — 45 2 4L FR 1 38 2 TR 11
A AE T A7 HUHE 2 PO SR AN ] 5, 17 EL A e 4 35 % sk DA AE R 3b 20 #7 H8 e AT] 2 D) RO A0 e, DR e AE SR AT AP B R &
A7 ik RS0 B A E AT IR OC &R IPF SR R & 5T 6 4548 & (B EATTHE AT U b2 45 56 5 1. 0PF 2 3K 14
Fe K AR A T RS2 RE, 3L cache 404 3 Z%:L1,L2 FI L3.L1 4> #5845 %04 cache(L1D), H i L1D M 2217 485
T4
2.3 Itanium 24X BYycache &4

Itanium 2 ) L1D ) cache SR FEZ 64 5715, H L2 A1 16 MK/ 16 #1511 Bank.

H AR B PR 26 A7 HUER 2 0 2T, 26 — 2 IR 4 1, nT K IX 8 4 1443 oA cache 4% {1 R0 B 4 #F.cache 4% fF 22
F I A 4 A7 B 4 U 1) A7l 2R 28 1A [R] 5 76 DA R A i cache &8 B B0 76 (1 K /N R O AR K 82 (penalty
size, fajFx Sp). 2 1 #UHH T Itanium 2 KT A A M 2879 LLEAH R I ARAN ICJE . cache 454

Table 1  The cache conditions of cache penalty on Itanium 2
F 1 ltanium 2 (ALK Y cache 2511

Cache penalty kind  Penalty size (bytes) Conditions on cache
L1D load/store 64 Access the same L1D line and miss L1D
L1D store/load 64 Access the same L1Dline and hit L1D
L1D store/store 64 Access the same L1D line

L2 bank load/load 16 Access the same L2 Bank

L2 bank store/store 16 Access the same L2 Bank

L2 bank store/load 16 Access the same L2 Bank

24 BRERKEERAE

TR AL 7K 3R] B BAT SR BN [E) A R A 9 48 A S N B A BRI AT I RS R PR K R, — AN B
)8 B F b0 PR g R 2 i, A AR AN 06 IR A1 )3 B i 21 2% BR 4 ) 2) [R] B (initiation interval @ik 1) 45
W (modulo scheduling) 2 — Fh 8 132 K B B K 10 )3 e 2 A0 B8 B2 o, BT A 06 3R 1 8 i 45 SR AR 7D, i
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HL A IR AN E 1M VR 3 A5 B2 1 45 5 38 X\ (prolog)  #% 40 (kernel) R HEZS (epilog)ix 3 #8743 2H . £E 35
HAr B TANME AR LL 14 RS R B, B2 I — A R R O K TS T 10 R E AT, B 3
JTA G IR AW ) 2. 2 A% 0 Ja 3 NHE 2535 4, B 36 FR AT 58 58 A0 I SR B 45 SR, R e e — A
AT 25 A 4 10 R J3E B 2000 A 440 1D iz B 5 e WG 88 4D i 2 11 8 55 BT 220 25 A Ak 4 14 55 K 8 (scheeduling lengtth, 15
FR SL). 1 AN SL A2 i S A 14 BF (1 35 B4R AR 1 (0 FR(MIT) R 2% 305 PR S (ResMIT) FITAR 8t PR 4l (RecMIT) B 562

2.5 PCPMSE:%k

7F PCPMS Sy — S A7 BUHE A 78 AF AR P 476 PR 44 F) H 1k 2 3l BR b #3855 (address increment, f& Bk 14). 21
SRt g1k 398 5 ] 5 AN AR A7 HUH A Bl R A R AT R 4, 73 DR A AS R0 A7 AR 4 PCPMS 32500y 190 U 47 Y
Fe AR %A b cache, T ASHL I AE BUFE 2GR 2 B2 cache it T 1T g LB 10— XHAEEUE A, S BAT (R e Bk M 4K
Wi, S5 AT IO B RR A AR 5 3 AR [RGB A 0 AN J5 5 5 i3 1 bk 22 Bl Bk A 1 A4S B ki 7 % (static address
interval, AR 1sa), W1 SR P £ A7 B FE 4 1) HH AXRAR OO RT BE PR AR /N, B ¥k LA A3 BT HE e AT 22 ) f bk e 3 A A 938
A AR, A Mk 5] B Bl B i Moo, 38 2 B H T 2 bk 1R 56 A2k oo F — 6 B U A7 B 4 B0 4 2 0 A B H
A IR 1P 45384 AT RE K E ARG PR A4 110 6 - AS KU A7 500Fe 4, HH IR A0 14 1 45 45 4 £E A IR 21 A o

Table 2 The conditions of two regular memory instructions whose static address interval are oo

T2 HIAS L AR T o) 1 % KLU A HR 4 1 S0 AL (1 2

Two regular memory instructions Conditions
A B A is integer memory instructions and B is float memory instructions
A, B The address increments of A and B are different
A, B A and B access to different data arrays

PCPMS SESEH T 3 Fiilie G AR 10 75 ¥ 8 BV o Otk v R0 ¥ G A 5 M A 18 5 &6 SR Hb bk VR AN &
F A0 A7 BUHR 4 P BE VR 2 B 1 3 ikvE S 38K SLLPCPMS S0k o S8 EARIEAN B R 1 Bb3R H T R4t
e 4 1(safe 1LFEFR SH), 2 SHSMIN Il 75 2253 5 A 2L AL AR 2 P 35040 O S92 A AR 1 2 ) A ) M
AR SR H K F PCPMS BEIE AT 11 AR R T AEA SO JUAR RN SIE 5 MIT IR BB RR O AR
firte.

B3 AU T X AE R S 4 AT e L I AC 2SR,

Table 3 Implicit cache penalty kind between two regular memory instructions
R3O FNAEICR 2 A B L AR 2R 2

Two regular memory instructions  Characters of two memory instructions Penalty kind
Load, load Integer No penalty
Load, load Float L2 bank load/load
Load, store Integer L1D store/load
Load, store Float L2 bank store/load
Store, store Integer L1D store/store
Store, store Float L2 bank store/store

2.6 EIRHE

IR 53 ) BEL O IEAT R G K — A AT DB 2 AR B 43 B s T AT B A 1) A A R i 4871
IR 53 TC AN ) 1) A FEATL b BRAT, DT i o 08 B 0 AUA 70 5230 N8 S 7, 4AA T 20 00 8 200 1R 06 B A R A o 1 (f o
TEER). A FR 43 038 B % SEILAE B DL AL 3151 PCPLPU 435k -t T 4 23 ) (10 LA 7o 0 B2 128 1] 2 AR A 16) B J2 10
IRELZ SR ER (0 dae P R VEARAR AR SCRRIEFE (AT 280 7] 23 1 2R

3 BHRASELRSIMESEBERAM

B 1) — D6 3R, o el a 2B AL, AR TR & 4 AT L) TR RETT 4 K5
UG R, & BRI AR R 4 AN TS 0 T 200 R AR s, AR STRRIZ A T 07 SO AR TT I 1(c) 2 vl 73 1 34 Ji
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4 UG WFE IR MBS B L(0) A F R, E G R 4 AN SE 1 0] 40 96 PR A o, 1R R FF 117 5 5 2 KA1
IR0 W5 G F F IF 45 4 e ok JUIXFE IV R IR A 43 1 e I I 1(d)FTE] 1(e) 23 il =2 & 1(b) A 1(c) I AIE 3A 14 (1 45
LA T 3R 4), T 1(a) B4 a 2 IEEUEC AL, IRk, T 1(d) RE 1(e) (A7 UHE 4 2 LN A7 IUE s
A e Z AR R A4 LID. AR 1(d)H ok AA R AT 3965 4R 1) load F1 store $84 0I f&4s 17 il AH 5] 1)
L1D B, Bk, e AT v fE <5 B L1D store/load XA AHAE ] 1(e) ™, 5% B AS [\ W] 439G FAA M AE IR 4 A 25
il AH [ 1) LD B, BRI, e AT 2 18] A A B 0w DL 34 23 01 Ji FF e A% d S AR A ] 1(d) 1 4 4% load #8413 HK
ERFEA SR B W —A L1D $e (11 1(e)lf1 4 4k load $&4 B MAR K A 4 NAFI L1D B, 5k, 7y #1 e IF
FLRLE cache H R B 5 2 19404 {H HH T~ cache 25 2R KB OK, 4 73 E1] & T 10 IR BN K ), AN 23 38 0 cache B2k,
K2 BAk BENLHE S B TR A, 5 L(d)AH EL, &1 1(e) 75 T3 I B T B HE 43X ] R4 S BHAT T £ 1170
ATRELFGA AE A P 4 PR RAT B2 % 25 17 2 B 05 3 S B AT T 4% K TRUUHR 2 TV Ak T 2 2 A s A8 3 0 3, 2 A
ZARITITR 4.

5 PCPMS §132:, Bl 1(a) AT 23 0 FR I SIL AL MU 43312 5 A 1,18 1(0) G 730052 11 F1 3,18 1(c) T FR
(195399052 5 A1 3, B[ AT 435 B by b mg WL, A 8 T BB % AR G AR L, 1T 43 0 8 I B 33— 25 BRAR JE AR A L.

for (i=0; i<10000; i=i+4) { for (i=0; i<2500; i++) {
= i . afil++; afi] ++;
for (i=0; |.<i(i(.)00, ++) afi+1]++; a[2500+i]++;
afi++; a[i+2]++; a[5000+i]++;
afi+3]++; a[7500+i]++;
} }
(a) Partitioned loop (b) Basic loop unrolling (c) Loop partitioning-unrolling
(a) "IHEIR (b) JEA AR T 5 (c) PRI HIRIT )G 45 R
r3=rl+4; r5=r1+8; r7=rl+12; = " - ; — . - .
0 =[], 10 rA=[r3] 10 r6=[r5] 10 rBe[r7]  —orird _ rdSrdtA  rSIrSHA  r7Er7HA
- . _ ; _ ; - . Id r2=[rl]; Id r4=[r3]; Id r6=[r5]; Id r8=[r7];
r2=r2+1; r4=ra+1; ré=r6+1; rg=r8+1; 2=r2+1" A=rA+1: 6=r6+1- 8=r8+1:
st [ri]=r2; st [r3]=r4; st [r5]=r6; st [r8]=r7, resrert AR ro=rorL, resror
’ r1=’r1+16' ’ ’ st [rl]=r2; st [r3]=r4; st [r5]=r6; st [r8]=r7;
(d) The instructions of loop body in Fig.1(b) (e) The instructions of loop body in Fig.1(c)
(d) P 1(b)RIPEF A 954 B2 (e) &l 1(c) I FITE 314 i & 4

Fig.1 Two forms of loop unrolling
K1 83T PR E

4 PCPLPU E%

5 PCPMS 823581, PCPLPU Sk AR A Ny MU A B Ha 2 4 4 siw v cache. 73 %1 J& JT- A g ik A [7] 4% 43 16 R
PRI AEUHE A ] R AR A R 1, PCPLPU $322 175 o I A2 B g A1 43T
4.1 BIRSBRFOEMER

I n ZR7R 0] A8 FR AT B W AT 2308 38 B0 P44 23 ST HRAT n IR 1] 43118 PR 10 SR AT AT U 25 4
IX n AN IR R 43 F) 23 I LEAR PR AR 43 L B A TR R o O T3] A0 R AR B R A Sk B 52 A
SR VRS BRI 75 AR WA R ER 58 x AR PR R4 o3 B BT R AR 38 T 5 7 5 U588 & x.PCPLPU Bk
A B 3 0 10 R DU) I 06 B 040 JIT 1 408 B4 140 5 ) o 25 2 09 3 A, LD T 0 7 8 gl R 0 4 W 43 9 2178 A1
IR UNREEZE B A 20 1 NG ER 73 E0 Bl B by 3 S8 73, 75 UL A by 20 00 ) 70 3 8 v 75 B 2% TR A7 At IR K
0. 53 B 0] G ER TSI IR R (R B E R A 41 e T Rl (parrtition-unrolling factor, 8K Fpy).

B2 gyt T 20 B IF RGP A SE o 18 2() M 2() 2 PIAS 20 D6 30, 18] 2(a) B AT 23 fi 4 m] 4 e 49 7 1,
T B 2(b) )R] o 48 B L BE 4 B 1oy 1. B 2(c) 2 o B IT I 2(a) 1 mT 2 I B0 i 119 45 5L, 43 B RE JF 1) 12 2 s 3
AT IR 43 0 9 BEAS O R (3 AT 55 1~ 6 000 15 P44 F1 55 6 001~5F 10 003 15 34 14), 48 )5 4 IR — 5 (1) 4% A
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IS SN N TB 2N B B S/ QR d S0 G M 2B AP < g B N N SR B T B N B N N e T (B AT DB S
2(d) & 3 F R IT I 2(b) (K AT 23 48 0 J5 10 45 5 A 2 S 4 T 20 08 30 3 B0 PAS 108 0 (43 900 4R AT 7 BRI B0 30
), R G S EATE IR AL T A &5 R 3 3 ANMIEER, LT B 2 AR IR I8 P4 Hh A ] o AR A A 2 R A
GBI TF RIS A R — AR IR AR A 1 Py AN W20 98 S AR AL HAT R P A T 0 R A AN & T 17— 1708
A AMEFRFR N kernel 4T kernel 2R iK1 &E 23 54 prolog, 4t kernel 2 )5 (1383 77 4 epilog.

for (i=0; i<10003; i=i++) for (i=2; i<10000; i=i++)
afi]++; a[i]=a[i-2]+a[i];
(a) Partitioned loop 1 (b) Partitioned loop 2
(@) TIHEI 1 (b) TIAMEH 2
for (i=2; i<18; i=i+2)
for (i=0; i<4003; i++) { a[i]=ali-2]+a[i];
a[i]++; for (i=18; i<10000; i=i+2) {
a[6000+i]++; a[i]=ali-2]+a[i];
} a[i-15]=a[i-17]+a[i-15];
for (i=4003; i<6000; i++) }
afi]++; for (i=10000; i<10016; i=i+2)

a[i-15]=a[i-17]+a[i-15];
(c) Loop 1 after partitioning-unrolling (d) Loop 2 after partitioning-unrolling
() 2 HIETT )R PR 1 (d) 2» BRI IS HI9RA 2
Fig.2 Two examples of loop partitioning-unrolling

B2 D3R5 BRI (K P A1

B AT UL, 20 ) FR (0 &5 SR BBV A0 5 1, 3 Sl T A IR ER Dk A T T RIS A IR AR IR A R kAT LA
HFIERG S (7576 1~Fpy 2 00), B E A 4516 P47 5 8/ IR A B 0 135 /N 0T 88 B a0 B OF A F
AEER 0 3 B 3 28 5 U 0.0 T Ak BT PCPLPU S92, M 24 44 8 1 2R 16 5 /IS B K BT (O 13 48
53 B JETT) BT IR ER A B0 56 J5 5 (F T 25 0 B0 IT) L AEFI AL % kernel FIPREFAR Fpy /ST 231G AT,
X LG ] G AR 35 T I A5 7 H0 81 30 A ZEFR R 43 %1 T BE 24 (partition-unrolling  distance, & #% Dpy). H1 AT
73,18 2(c)FH 1 2(d) ¥ Dpy 237052 6 000 FI—-15.3E L 53 I (1) Dpy>1, 1M 125 53 %1 J& IT I Dpy<d, ] DAUEREA SR IT &
E Dpy=1 [ 25 o> B TT. i1 110 25 B B b AT =75 ZE T 4 Fp BERR B AN 7T 2018 B 4 2 k28 000 S 20 A )
TAEF R R, B B2 SRR T Dpy A Fey HEBR AL B RLN B0 28 x R W S IRFR 0 7 5 2

(Dpux(x-1))%Fpy+1.
4.2 PCPLPUEXHI#% 0 828

1E kernel IR FR A4, 4 SR 6 4% A7 BUHE 2SR 1 AH TR (0 0] 20918 R 44, WUURR B AT R A7 B Fi 2 %5 75 ), R e AT
B AL AR A% PCPLPU BIEANYS K 0 41 B, e AN R G [F) A4 A7 HUHE 2 6] 22 IF) AR A (L R s A A7 L
Fg A X Z 1A AR A b o] WL, PCPLPU VA (19 A% O 1) S8 2 dn 4T 81 FH - a0 Je P IR R <) o FF B8 8 ok G 6 53 A
TEELFR A% 2 1A (AR PCPMS SiE3S & 24541 5 ,PCPLPU k(e 454 PCPMS 5% 5, 5t Bt 1% 8kt [F] A4 A7
B4 06 2 8] (R A, T 3k — 25 S BLAE it 6. BB 48 PCPLPU. B03ETT LA A T AU LE ,PCPMS BE7E 45 &
PCPLPU 514 &, b 15 31 58 1 A 18 FE 45 SR, gk — 0 rm Rt Pk e
43 BERMMZXKRM

AN AEFR R — 4 F8 248 kernel W& AT ZANEIA . BE A Rl B 2 AR I A6, FUE AT AT RE A7 AE AU i A 2
W EIAR IR A C WEIA,B & i IR K384 D EIA R C Al D 24454, U A fl B 1
M C 1A S A; &L FR A R B IS C Al D A2 AR PCPLPU 592 1 2% FE I A7 WU HE 4 ) T
A HiuHE: 7] B 2 oo [ P 4% A7 HUH 4 BT HE BIAE AR DRI e kAR /IS, BRI AS T 25 B e AT 2 ) 1R A8 AR AR G 3R
3N AT IR 4 2 M 42 22 B LAD AR 40, i B v s A7 A e 4 2 (M 22 2 B L2 Bank /R4, i L1D 18
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i Fi L2 Bank AR 2% A AN [7], B8] 0k 55 ZERE AT 23 ) o BAAST 28
4.4 Ff7Eprolog,kernelfiepilog

TEWf 72 Fpy A1 Dpy Ji5,PCPLPU 4325t v] LU 52 ME—[F) prolog,kernel Fl epilog. 30405l Le o Al L x Rn
TS EA A kernel FEIHRAT KB NI 2 BT DL 34 2 0 B 020 1 T IR 45 SRS [R] R 24 3 3l 1) 8
4.4.1 JEGEIETT
18K FH % S8 4 1 J IF i), AT LUAS2E 7 prolog, JUl,
Lc_k=min(Dpy,Lc_o—(k+Dpu)x(Fpu—1)),
Hor KR AT S5 IR 1 BT A A7 il S A R 1 A 2 1) e AL, AE Kermel H 3 AT IO 20 1 FOR IR A IR A2 28 1 ] 43
TEEFN A epilog H RA—ANMEER HAGER A B 1 AT IR (a0 18 2(c) Brzw ), WX AN EER B 34T 02
Lc o—Lc_kxFpu—kx(Fpy—1).
WIR Dpy>Lc o—(k+D—py)x(Fpu—1), W4T epilog HAERH 1 FIHI IG5, 84 epilog [ 4G IE M4 17
Gt
Lc_o—(k+Dpy)x(Fpu—1)+1,
)48 epilog B AR Fpy TIEFN BT IEER, K 4 epilog HIALGRIEFMA I 75 2
Dpyx(Fpyu—1)+1.
442 BEEONEIRIT
16K H B0 31 )& T I, Dpy=—1 55 Dpy=1 7L 0 B 5 FAE AR J7 112 AR [F) 19, 17 Dpy=1 I 1) kernel 44T
WA Dpy=—1 B kernel FIAT X E0 2, IR L AESK Dpy B, AT BLAE SR B 40 56E, 41 5 | Dpy|>1, ) Dpy=—|Dpyl;
5 M), Dpy=|Dpy|. I 3CHF T B L 7% e I, 2 Dpy=|Dpul X FE LS8 — T B3 L0 H1) e T R 4253 #8724 Dpy=1 Y,
Le k=LLc o Fpul:
7t kernel F1, 5 R HATHIEE 1 FIHI PG AR EE 1 0l 3 JG B4, LIS ¥ 47 prolog, 1T epilog A5+ 71 3
(1) 45 G PR A LB, 20 SR (Le_o—x+1)/Fpy PLLc of Fould IS x B3R 1) 45 AR R A 72 epilog .24 Dpy>1 B,
LC_K:rLC_O/FPU—H—(DPUX(FPU_]-))/FPU—L
175 kernel " i BHAT IS 1 F IR IG IR ARAE 1] 408 B8 1R 75 2
[ Dpyx(Fpu—1)/Fpy IxFpy+1.
I, prolog 1 epilog #8A7£E, U &l 2(d) T 7~ ,prolog Al epilog #7] LA 53 4 Feu—1 ANB Bt (stage, &> i BE 1
JEFN B BN 1T 869 5 BRI 04T 1R e 5 80K) . prolog 1R S5 x By B IO 44 B x AN WT 439 30 A 20 1, L AT I

B FD
(\_.rlm =

[ Dpuxx/Fpy H Dpux(x=1)/Fpy .
TR x B BOh e AT IS 1 TR IR AR R ARALE w] SR G301 e 5 2
[ Dpux(x—1)/Fpy IxFpy+1.
X§ T epilog 95 x ANE B, SLARFAR 1 Fpy—x AN AT 0 8P R 2L R AR A (R AT TR H 0
[ (Le_o—(~Dpuxx)%Fpu)/Fpy H Dpyxx/Fey H (Le_o—(Dpux(x—1))%Fpy)/Fey H (Dpux(x-1))/Fpy .
TE5 X W B, B3 AT 1 565 (—Dpux (Fpu—1)) %Fpu+ L 5418 FR IR BRAALE 1T 434 34 o (10755 2
( (Lc_o*Dpux(x-1))%Fpu)/Fou H (Dpux(Fpu—1)/Feu M Dpyx(x-1)/Fpy ) xFpy—(Dpux(Fpy—1)) %Fpy+1.

Bl 3 2 BRI )T 3(a) IR T 416 F1 R Re i B 1L 1, Fe=3. 18 3(b) B o0 F S 1M 45 2R Feu=3,
|Dpyl=28.kernel [FIAT IR E A2 3 314,78 kernel H, 28 1 4 34 5 B HUAT (96 PR 4R 2 25 58 W] 4396 24 .prolog AT epilog
5353 P ASBY B 4 T prolog, 58 1 RIS 2 B B OO FR A 23 00 B 1 AN B 2 AN W] 2R ER A 2H G X P AN B B IR 4
ATIRH ) 10 A0 955 1 M BRIV AE 1 TR EA (1 5 AT IO R A2 28 1 mT R IRERAR 50 2 B BRI SR 1 PR3
() g AT TG EA A2 28 31 W A R4 0T epilog, 25 1 FNEE 2 BY BEIIAE R A 23 3 e 2 AN B% 1 AN W] 40 6 344
SR, B 1RGS2 B BT BT 2 9.7 58 LB B b BB A BAT 1058 2 TR FR (W AR PR AR 2 56 9 946 1 3 IR F1 4K,
TEEE 2 BB e R BT EE 2 PRI RIE PR AL 2 9 973 AT 411 P A ax e &8 B 5 A /NS 1 A A — 2L
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/Iprolog

for (int k=3; k<33; k=k+3) //stage 1
a[k]=a[k-3]+b[K[;

for (int k=33; k<60; k=k+3) {//stage 2
a[k]=a[k—3]+b[K];
a[k-28]=a[k-31]+b[k-28];}

float a[10000]; //kernel

float b[10000]; for (int k=60; k<10000; k=k+3) {

a[k]=a[k—3]+b[k];

for (int k=3; k<10000; k++) { a[k—28]=a[k-31]+b[k-28];
a[k] = a[k-3] + b[k]; a[k-56]=a[k-59]+b[k-56];}

} Ilepilog

for (int k=10002; k<10029; k=k+3) {//stage 1
a[k-28]=a[k-31]+b[k-28];
a[k-56]=a[k-59]+b[k-56];}

for (int k=10029; k<10056; k=k+3) //stage 2
a[k-56]=a[k—59]+b[k-56];

(a) Original loop (b) After partition-unrolling
@ AR (b) IR IFIS 45 5
Fig.3 Dispersedly partition-unrolling
K3 B E g
4.43  fal RITEIRBIR

WER kernel AT IR AT 23 16 F1 A B0 HAHXS T 0] 2008 30 (0 AT 280 1 L 4B, ) PCPLPU B3048R AT 24
PCPLPU Sy5A7 4 TT Y, 16 S HE 0T 23116 P B PR AT 3ok B2 43 Sk 35 AN B by ik, 7T BAs 7€ — AN 48(4H (threshold), 24
Le kxFpullc o>=threshold i 7 i, 4 BEAE 4 %1 i .

45 EBHRHMNBELFRIESEHNBFRMMZT KN

H Siip %78 L1D 1 cache BRI EE T x KR [1,Fpul3t Bl N AL B4 50 36 3 AT 153, ANAETE L U 4E 4 load
FEA 1 E S B A LRI AE KK store 454, 24 (xxDpyxla a>=Siip I, A2 HHBL A [ 1 SR JEH 10 2 22 A 10
HhERE R T AN I A 1A BN TR 1 2

Dpu>=[SL1p/1a Al-

W B Rl C A& P4 A [R] I HE ) B A7 B de &, EAHE 2 load 48 4. 2 |Isa sc+XxDpyxla c[>=Suip H.
[1sa_cetXxDpuxla g>=Spip I, A I B 5 C A AU, ot 14 g IR B I HLIERG &1, ¢ 78 C Wik 4
Isa_c %78 C 155 B [ &S LT B, 17 1sa_ce %78 B 55 C (KA HBHETAT B, U 1sa_se=—lsa_ca MHEH 2,1a 555 1ac
AHAE, A5, 1sp_pc S0, 2

y=max(—lsa gc/la_c,—1——sa_ce/la_g8.0),
zg=max((Sip—|lsa_ca+yxla_sl)/|la_sl0),
zc=max((S.ip—|lsa sc+yxla_cl)/la_cl.0),
W28 3 2 sCHERR ) £3,B F C AN H IAE SUARMNY B A8 o0 45 1 2
Dpy>max(| zg+y I zc+y )5 Dpy<min(ly-zgLy—zc)).
46 EHMNZSFRIESEHNBFRMMZ KM

ltanium 2 [¥] L2 A5 16 ™ K/NA 16 51511 Bank. iz A Fl B ZEIA L2 4 AE IR 2 WHR 15 as%256€
[0,15]U[240,255], 1) A A1 B 1 [l A [7] L2 Bank, 21, 1sa ag 275 A FI B ()5 25t 1k ) .

FRPE R 2RISR 34T 75— 0o o 2 bk ) 9 A Az oo R SO V7 5 A7 B 4 #0517 BB H B L2 Bank A A SRR —
MU A7 U T x R [1, Py Y P9 AR A RIS 2R

(xxDpuxla_x)%256¢[0,15]U[240,255] 1)
WIS HIL A 1 B SR, L 1 o 2 A 1AL & 0T DA s a0 80 2 MRS RO R, I ] a0 R
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TN 2 W5 1A A odd RANFTEL M 1a_a 22256 16, A 30 (1) 4R 2 A o, IR AN b 23 AT I 2R 1 . 4
Ia_a_odd_m=1a_a_0dd%0(256/1a_a_2),1a_a_odd_m_c=(Dpuxla_a_odd_m)%0(256/1a a 2),
T 1a_a_odd_m_c /2 HEHL H. 1a A odq m_c€[0,(256/1a a 2)-1], T2 A (1)L H
((xxIa_a_odd_m_c)%0(256/1a_a_2))xIa_a_22[0,15]0[240,255] (2)

W |A_A_2=16,|J_1'J |A_A_odd_M_C€[0|15]i§ 4 FIHT X 1a A odd m_c B SR Q@A AL, I x 15 R E 2

788K Fpy A2 8(Zhm TR, 3 Fey M KB A 8)N KR ALK 4 AET 1a_aodd M c>8

IR0, L A 1A _a_odd_m_c T 256/1a a 2—1a_a_odd_m_c FIXF IV 3 A1 46 SR AH IR ). FH RT3, 24 14 6 2=16 H. Fpy 22 8 I,

A Q)AL ZAT 7 1a A oda_m_c2{0,4,8,12}.

Table 4 When I 4 =16, whether formula (2) is false as Ia a_odq_m_c and x are variable
Fd Ml p =16 BT, 1a o m_c AT X A FRIEUE 2B 2 FEA R (A HAL
x=1 Xx=2 x=3 x=4 x=5 x=6 x=7
IA A odd M c:O N N N N N N N
I A odd M c=1
I A odd M c=2
I A odd M c=3
I A odd m c=4 N
I A odd M c=5
Ia A odd M c=6

I A odd M c=7
I A odd m_c=8 N N N

L5 T g a2l 16 H Foy BRI 2 20 (2) B (415 0 78 Foy i BERETEARYE R 5 k1 A 3((2)
JESL B A p oga v B HUCAE VS B LB W, 2 14 a4 0716 Ho Fpu=8 M I A oaam A= [1,31] H 1 AF £, W
Ia A odd M c2{0,4,8,12}. 1% I a oda M=5.JUl Dpy%(256/1a A o) 2{3,7,11,15}, 7T LA —/> 32 {4k d(Bl e s A7 — 1
JEE O, BRI A — A 5 31 A1) SRR ARIXAN S, W Dpy%(256/14 4 o) ANBEAE KU d FRIER K A7 0,75 ) 2 1.
Rl d & EEEE, T d FR ok 2 F i TR 2 B (vector to restrict partition-unrolling distance, & X Vrpup).

Table 5 The condition that formula (2) is true as I a ,=8 and Fpy is variable
F5 Y laa0=16,Fpy WA RME I 2 (2) AL ) 4611

IA_A_Z Fpu Condition: IAﬁAfoddfoCE
2 {0}
16 3or4 {0,8}
5-8 {0,4,8,12}

£ 06 1T % lg po 2 16 H FouUit K TEE BT In n oo BRI Vipuo,Vapu KIS 25671 5 o 7.
AT Vepup F— 2K R KFEA L 64 711 Vrpup H E A 64 17

Table 6 Vgpyp When I 4 ,=8, Fpyand Ia_a odq_m are variable

% 6 i"l |A_A_2:8,Fpu %ﬂ IA_A_odd_M me E'TE.EH—E/‘J VRPUD

Ia a2 Fru 1A A odd_M Vrpub
2 1-7 FFFEFFFEFFFEFFFE
16 3~4 1~7 FEFEFEFEFEFEFEFE
5~-8 1~7 EEEEEEEEEEEEEEEE

1 BT C 2 9 4% 1 2 Hiu b 7] AN 2 oo PR HE D7 A7 BUHR 4 I AR 4 2 2,B 1 C (¥ Hiu 1l 3% == 48 [R], 51t B A1 C
(1) 53 #1 R RS HR — B0 Vrpup s RRHIE Fey JG A HIL B 1 B S AR 73 #1 R ITFIRZS LM Veeun s ¢
RRHATE Fpy JG A HIL B R C 1IAE XA 123 B TR HL, 2 k=1sa_s_c/1a sl
Vropu_s_c=SHR(Vropu_g,K) & SHL(Vrppu_s:K) (3)
P SHR(Vrpup_s,K)/ 7R Vrpup s TEIR AT # k 47, SHL(VRpup_ . K) K 7RI Vrpup s THIR L K 47, &K 7R AT 5.
TEMfE Fpu )5, BLRE R AT RN A2 B 2 1) 18 S AR RIAE AR 1) 43 0 Je TR A 4, 48 s P4
HIPIRES BOdEAT He b 538 5, I A5 I 25 B0 R 28 W IR0 1) 23 5 R RS 4L
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47 BMESERFEFMOERIFIES

H T HATHIE T Fey A AESK HI 34 kernel (1443 %1 & FRARZASHL X 6, PCPLPU SR 1 77 V2 564 Fey,
PR Dpy. 4 Fpy KB B 7 AR B2 MK ™ = LA A1, 3 25 5 S5 A i 80 R b, 75 2206 52 Foy 189 1 BR.
471 R¥EFE A cache 1R DL T AT EL il e 43 1 e F R T 1) B BR
o IR kernel MR H R4 K2 Bl & AliH5 4 cache M) R &8 M AR 1541 22, DRI b, AT AR 9% AT 23478 BR A4 1)
B4 B4 cache IR EiE Fey H—A LBE,H FMPU_Iﬁ%;
o SrEIEIF TR cache HpEINAE O 22 (WA, 1 K1 Fey 23 80HE cache [¥ R 381 A% 22, DRk, m] LAAR
8 0T 34 PR A K47 U A I B A S cache (1) cache SRECRA 5T Fey 10— LB, Fupu o 7.
o 4 PCPMS 5L &5 PCPLPU SN FE LAY Ll /N 31— & F5 BE 5, PCPMS S5 0 B 1M J82 45 LK) 5% i
FAR /N T R TCARHY Ho<1, 39 ¥ A7 6 S Pk /N e AR BB 43 1 TR ORUE T ANt B B B AR 0 48 AR
M R Fey B R B —AMEJE S 15 AU Eo<=1, X ME WA T Fey 10— LB Fupy n 5.
o 1 Fupu_i,Fupu_n A1 Fupu_o #iE Fey B9 EBR(H] Fuvpy #713), Frpu=min(Fupu_i,Fupu_n: Fupu_o)-
4.7.2 ARYE L1D AUl 43 F0 R B 1) e TR RN 431 o DR 11 b PR
[0 4.5 15 AR LD F1 54 FIAE AR B B8] Do 0.1/ 3051 Dy uppe B Doy ou 2675,
Dpu<=Dpuy_—_upper B Dpu>=Dpy_jow:Dpu_1ow>=Dpu_upper-
h T AL SR BT, AT LA IR Dey_jow 2T B 5 FI3E Al %2 1) Dpy_jow M5 KAH, TG HR 1)
Do, uoper JE AT 5 15 SR B 52 9 Doy, apper 95 AV T LU Doy o 1 Doy apper 58 Fop 19— A~ 1 B,
)EH FMDPiLlD %%,FMDPJJD @’/l\ﬁf%lll“ kernel ﬂ’]j’}\ﬂ(k;ﬁﬁ? 0-&”% DPUflowgl g% Dpufupper>0,ﬁlﬂ Dpy GIRYS3 1,
FMDPiLlD:L(Lciofl)/(k*'1)J+11
1t ],
FMDP_LlD:L(LC_o_l)/(k+DPU_IOW)J+17
o SR H R 8 03 S R S IR k2 T 3 A 1) J3T A A i S A 1) R 22 1) i DR AL R FH B LA S R I k2 0.8 4
RS BE S SRR IR Dpy_jow A1 Dpy_upper-

loop_L1D_penalty_analyze(loop) {

for (every integer regular memop-pair(memop 1,memop 2)) {
if (both memop 1 and memop 2 are load) continue;
Isa_12=static-address-interval of memop 1 and memop 2;
if (Isa_12==00) continue;
Dpu_iow_new=low bound of Dpy determined by memop-pair;

Dpy_upper_new=upper bound of Dpy determined by memop-pair;
DPUrowzmaX(DPUJonDPUflowﬁnew);
DPUfupper:min(DPuiupperyDPUfupperﬁnew);}

if (loop can only be partitioned dispersedly) k=0;

else k=biggest distance of all mem-anti dependences in loop;

if (DPU7I0w<2”DPU7upper>O)
Feu=min(Feu,L(Lc_o-1)/(k+1)}+1);

else Fpy=min(Fpu,(Lc_o=1)/(k+Dpy_iow) +1);}

Fig.4 Algorithm for analyzing constrains of L1D penalty
K4 5t L1D AR BRI A o 25
4.7.3 R4 L2 Bank AUHMiflE 70 1 T IR EL
A Fop N HLRER BIBE— L2 Bank F 5 ANAZ AR 19 73 T Je TR 25 K, AN T SRAF A 24 1) 23 e IR 2
H. P 5 S RE S SR VR B 0 B TR A H, 24 18 B0 00 B B4 I 75 28 250 Vrppu, BAIRIIE Dpy AN BEHE Dpy HEFR.
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loop_L2 Bank_penalty_analyze(loop) {
Vropuz_res= FFFFFFFFFFFFFFFF;
for (every regular float memop-pair(memop 1,memop 2)) {
Isa_1o=static-address-interval of memop 1 and memop 2;
if (Isa_1,==00) continue;
Vropu_new=Vropu determined by memop-pair;
Vropu_res=VRoPU_res & VRDPU new; }
if (loop can only be partitioned dispersedly) {
k=the lowest common multiple of Fpy and 64;
Extend Vrppy to k bits by copying Vropu itself;
Set all bits in Vrppy Whose serial numbers are divided by k to 0;}
return Vrppu;}

Fig.5 Algorithm for analyzing constrains of L2 Bank penalty
KI5 437 L2 Bank AU 1) BRI ) R 4k
4.7.4 e o> B I B i L A

FESR B 1 Fpu,Dpu_towDeu_upper A1 Vropu Jai AL BER %€ Dpy [ £ LT F¢. 1T LK A5 Dpy FT HEIE 21 1 55 K

{8, M Dpy_max %75, M
Dpu_ma=L(Le_o—1)/(Fpu—1)J.

RS EE 4.1 a5, 53 T 2 i 20 FI R IT Dy i1 kernel  HYPUAT IXBUR R S T HELE 5 HI R IT, 2 Dpy_min=
LLc_o/FpuJ,)”JJé Dpu=Dpy_mig I kernel BHAT X H0ik 1 KAEH; ™Y Dpy<Dpy_mig I, Dpy BRI 1kernel AT X
B 1,24 Dpy mig<Dpu<Dpy_max I, Dpy 14 K 1,0 kernel FIHRAT IR BB Fpy.

K 6 JZ3K Dpy HISRAE b T A5, 30, 1 6(a) A1 6(b) 70 ) A Sk 1 AR Fr it 4k,

get_best_Dpy_jow(loop) { get_best_Dpy_ypper(loop) {
compute Dpy_max and Dpy_mig; compute Dpy_max and Dpy_mig;
k=the length of Vrppy; if (loop can only be partitioned dispersedly)
if (loop can only be partitioned dispersedly Dpuy_upper=num_first_1_from_r(Vropu);
|IDpy_Low>Deu_mid) { else {k=the length of Vrppy;
low=num_first_1_from_r if (Dpy_mia>=Dpu_upper)
(SHR(VRDpu,Dpu_LQW%k)); Dpu_upper"':num_ﬁrSt_l_fl'Om_l
Dpu_Low=Dpu_Lowtlow;} (SHR(Vropu,(Dpu_uppert1)%K))—k+1;
else {low=k—num_first_1_from_| else {low=k—num_first_1_from_|
(SHR(Vropu,(Dpy_mig+1)%k))-1; (SHR(Vropu,(Dpy_mig+1)%k))-1;
upper=num_first_1_from_r upper=num_first_1_from_r
(SHR(Vropu,Dpu_mia%K)); (SHR(Vropu,Dpu_mia%K));
if (low>uppexFpy—Lc o%Fpy if (low>uppexFpy—Lc o%Fpy &&
|IDpy_mig—10W<Dpy_Low) Dpu_migtUpper<=Dpy_upper)
Dpu_iow=Dpu_mig+upper; Deu_upper=Dpu_mia*+Upper;
else DPU_Iow:DPU_mid_IOW; Else DPU_upper:DPU_mid_IOW;
} if (DPU7LOW<:DPU7max) }} if (DPuiupper>0)
return Dpy_jow; return 0;} return Dpy_upper; return 0;3}
(a) Algorithm for computing best low bound of Dpy (b) Algorithm for computing best upper bound of Dpy
() K Dpy MIHE T A I EIE (b) K Dpy MIEAE LI A5

Fig.6 Algorithm for computing best bounds of Dpy
K16 3K DpyHImtE E FHRFEE
B num_first_1_from_I ¥ 45 F & A Ze 1) A 94 20 S0 RS O A — 67, 3k 55 102 1 AL U P 5
4 num_first_1_from_r (%45 R AT 1) 26 4514 40 30 B PR AS B AR — A, SRHER 12 1 IR BT 5 H L
FOREH ) 7 B FE TRV R EE, 2 VIS K A2 10, 101 2R Dpy=xxL+k, ) kernel AN > 13 L2 Bank (1)
AR SHARHY, Forh xR AR SO AL ) m IR A IE R YRR R AE R n, 2 Dpy=n I, A2 I L2 Bank (122
SCHEA SACH IR n R A KT m R R I A 5K n (7R BT VIR 2B (m+1) %L A7 AR5 K H VO
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A IEE LA 1 RIALE )75, o & om, ) n=m+o-L+1,[!
n=m+num_first_1_from_r(SHR(V,(m+1)%L))-L+1.

[ 2, a0 5 n AT mo 1 d /N AE L, I n=m+num_first_1_from_I(SHR(V,m%L))-L+1.

1B 6(a) s 152 SRAF 1) DpuzDpy_max- " 7H S R AEHE 25 573 F15X Dpy_jow=Dpu_mia I, Dpy /1N kernel
(AT UEE R R, B £F R 5 Dy Low 5=Dpu_Lowrnum_first_1_from_r(SHR(Vropu,Deu_Low?0K)), 1k /& Vrppy
A B AR R R e 0% 8253 31 H. Dy 1ow<Dpuy_mia I, W R A T L0048 42 RE A2 8 4 L2 Bank 928 XUF0 A SV A
KT Dpy_mid I8 K ELERAS /N T Dpy_mia 155 AN ECH B — > b b o] U0, 1] 6(a) ) 450 92: e g il o 1 A 4k 2 35 AL D
[F) 22, 1 6(b) Ao S Be g d it b 54 3 AL Dpy.

475 1 53 F) I DR TR Gy ) e o B e

Bl 7 J2 doe Sl i 43 1 e T DR -0 23 ) e T R B 1 vk D IR R

1. MR A F0E cache [1JRFPE DL TCARMT LU S Fey 1 1B

2. IRAEE 4 PBros o BIAR B8 L1D AR B9 BR 1,35 Fey 1 L FR Fypy BAAZ Dpy jow Dpu_upper-

3. 0 T B HL o B R IT BB L Foy RA KT Fupy 1 Fop [ R  T1E 825 81 B T BEAMEIE Fpy £AK
T Fupu 1 B AR EC 3 R BNF RS R A — AMRIE Fpy, W AR B AR TR 0T 1%L Foy V1A H G BRI
Dpu st XA Dy 7E A 35 24 1) Dpy, 4T AT (153 Fey 7E A 41 Fey.

4. AR ST BRIE Fpy 1L Dpy MR FEJE, JE R4 1 5 195005, 10 L2 Bank AR 4 #% H 2 BRI IRE LR R
FRYEE 6 HIHVEME Dpy s tE bR A Rt B R A8 0N i EE Foy A& Fpyr T U AR I 53 A2
R G g — AN B AE Dy, S AR kernel BBAT O 0% B i K, FRAR B kernel FRIHRAT B PT35I AT IR
BT LG DG R 8 XA e Dpy A 75 B 3L A A — A 1] 50 1) TR A AR,

determine_partition_unrolling_factor_distance(loop) {
Fpu=get_biggest_factor_of_partition_unrolling(loop);
loop_L1D_penalty_analyze(loop);
while (Fpy>1) {
Vropu=loop_L2Bank_penalty_analyze(body);
if (VRDPUZZO) goto L1;
Dpu_low=get_best_Dpy_jow(l00p);
DPUiupperzget_beSt_DPUiupper(Ioop);
it (Dpy_upper<=0 && Dpy _ow<=0) goto L1;
if (loop can only be partitioned dispersedly)
DPU=DPU7upper>0? DPUfupper: DPUflow;
else if (Dpu_upper==0lIDpu_tow<Dpru_midl|Dru_upper<Dpu_mid &&
Dpu_mid—Dpu_upper>=(Dpu_upper-Dpu_mid) *Fru—Lc_o%Fpu)
DPU:DPUJOW)O? DPUJOW: DPUfupper;
Lc «=the loop count of kernel;
if (trip count of kernel is smaller than threshold) goto L1;
break;
L1: if (loop can only be partitioned dispersedly)
Fpu=the biggest factor of Fpp which smaller than Fpy;
else Fpy=Fpu—1;}}

Fig.7 Algorithm of determining Dpy and Fpy
K7 3K Dpy M Fpy IR E
4.8 PCPLPUE %12

Kl 8 /£ PCPLPU 5Lk RE, & H S AT PR A2 75 BEA 7 1, AR J5 SR ) Fpy AT Dpy AR L) Fey 52 1,00
TEIAAE ST HUETT 5 W AR Foy A1 Dpy A2 53 1 IT 5 A
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static Dpy_jows Dpu_uppers Dpu_mid: Fpu, Vropu, Lc_o, body;
PCPLPU(loop){
if (loop can not be partitioned) return false;
body=the loop body of loop; L¢ o=the loop count of loop;
DPU_mid:LLC_D/FPUJ; Dpu_Low=0; Dpy_upper=+0;
determine_partition_unrolling_factor_distance(loop);
if (Fpu==1) return false;
generate the partition-unrolling result of loop;}

Fig.8 PCPLPU algorithm
8 PCPLPU ik

4.9 PCPLPUZE %4

WK 9 B, B 9(a) 2 AT 83K, 2 b a Al BB AL AN 4 AT b LR B AN L E
8 AN AT G IR L A 0 B B A TR 381 9(b) 2 TN EFR MR A5, B T 4y SO A A R
R A T84, 0 op3 Fil op8 43 il Hu kb #8854 A2 %L load I store $i54>,0p3 5 op8 A kit R
b2 —12;0p4 F1 opl0 435 e k14 8 HIAE I & load 1 store ¥54-,0p4 5 opl0 A& A b hik [R] % 2 —16.
“r3(3)"F o 3 MAEIRZ Hi v R r3,4r3(0)7 K 7R 2 B I P8 4 UF B H SR I 1r3,“rd=r3(0)+r3(3)" K/~ 4t 3 4
PEERR 2 W5 SR I 3 5 Y Y ISR A vk 52 Sl K r3 (AR rd P B op3 5 op6 Z IMIAELEARZE K 0 Fi 3
)25 17 2% 5 N AR IS, 33X T AT B 27 A7 2% SE P (r3(0) M1 r3(3) 5% 3 45 1 ] 1 12 4 25 A7 3%, 1HL %o I 35 S 7] () 49 B 25
178

T A PCPLPU S32:3E4T 23 Hr:

1. #1528 Fupu MR IIFE A R IR 250 B #AZ U Fypy 1 F1 Fupy o ASHAE Fypy. BT R 8B 29150
4380 BN 2 3,0 Fey HAESE 181 3.9 Fpy /2 1 B, AR LE 2 3,k Fypy /2 3.

2. 4y BT L1D 1 B & RIAE AR .Op8 &3 500 4 IR AEEL store 384 H 4 5% 4.5 17, Dpy>16.0p3 1 op8
Sy AN 4 B L5 load A store 54, i & Mo ik [A) % /£ —12, ] y=3,23=10,28=16,Dpy>19 i Dpy<-13,R
Dpu=19. A IR LD H £ FIAE AR 1) 56 A4 72 Dpy=19,M Fypy 110=910,Fupy &2 3.

3. 4 #T L2 Bank H 5 F148 XA opd 1 opL0 43 A Hbotik 3 55 2 8 (19 MU VF £ load F store ¥§4, 24 Fypy
A& 3 I A 5 4.6 5 ,0p4 F1 opl0 1) B S AR 1 4 EPR S EOR TFFEFFFCTFFEFFFC,0p4 5 op10 (175 M ki 18]
W & —16, & i1 2 18 28 AR A B9 40 #1000k & B0 & LIFFBBFFLIFFBBFFL, [ b, 76 28 4 4 F0Rk 2 02
1FFABFFO1FFABFFO, H J-if 4 /2 1 180 1, DRLG FF 2E4E Ar BRAS B B Re o 192 47 H AL jr 7 )75 8E 3 2 0
(47 B A 0,5 445 B (1 4 TR AU

1B68B6D00DB29B6016DA2DB01B68B6D00DB29B6016DA2DBO,
FH LGSR AT Jo AR 23 B R T R 2 19,55 800 8 110 4330 Joe I DR R i 43310 02 3 A 19,

4. R R TT 25 R ARTE 2 4.4.2 37 kernel [IFAT IREUE 6 653,17 kernel H1, B AT 26 1 063K 11
A2 28 40 1] 43438 . prolog F epilog 4343 8 2 AW B % T+ prolog, 28 1 B BEFNER 2 B B (A6 344 23 Sl 1 1
ANBE 2 AT AR PR A 2R 3K T A B B AT B S 7 R 6.7 EE 1 Y B R R AT ISR 1 P IR R IR ER
PR LR IRER AR 2 I Bh e BT IS 1 T ARER AR A 402 5 22 WT 43 9R 303 T epilog, 28 1 B BURT 2R
2 W BERIAEFR AR 2 B 1 2 AN sk 1 AT R AR L R 55 1 I BOMAS 2 By B I PAT B ) 7 A0 B7E 46 1 v Bt
R R BATIEE 2 PRI IOE IR 2 28 19 961 vl /3 (54 46 28 2 By B b S AT IO SH 2 A6 B (0 0 440 2 5
19 982 1] 43R B 5 445 B 43 JE I 5 (0 45 SR a0 1 9(c) i oms.
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Opl: rl=ri+4;
_ , . Op2: r2=r2+8;
int a[20003]; Op3: Id4 r3(0)=[r1];
float b[20003];

Op4: ldfd f1(0)=[r2];
Op5:  f2(0)=f1(2)+r3(3)+f2(3);

for (int k=3; k<20000; k++) { Op6:  r4=r3(0)+r3(3)

b{k]=b[k+2]+a[K]+b[k-3]; OpT: rEerii2:

alk] =[] + afk+ 3]; Op8: st4 [r5]=r4;

¥ Op9: r6=r1-16
Opl0: stfd [r2]=f2(0)

(a) Partitioned loop (b) Instructions set of the partitioned loop body

(a) T4 EER (b) WA IR TR A 4R

for (int k=3; k<24; k=k+3) {//stage 1
b[k]=b[k+2]+a[k]+b[k-3];
a[k]=a[K]+a[k+3];}

for (int k=24; k<42; k=k+3) {//stage 2
b[Kk]=b[k+2]+a[k]+b[k-3];
a[k]=a[k]+a[k+3];
b[k—19]=b[k-17]+a[k-19]+b[k-22];
a[k-19]=a[k-17]+a[k-14];}

for (int k=42; k<20000; k=k+3) {
b[k]=b[k+2]+a[k]+b[k-3];
a[k]=a[K]+a[k+3];
b[k—19]=b[k-17]+a[k-19]+b[k-22];
a[k-19]=a[k-17]+a[k-14];
b[k—-38]=b[k—-36]+a[k—38]+b[k—41];
a[k—38]=a[k—38]+a[k-35];}

for (int k=20000; k<20021; k=k+3) {//stage 1
b[k-19]=b[k-17]+a[k-19]+b[k-22];
a[k-19]=a[k-17]+a[k-14];
b[k-38]=b[k-36]+a[k—38]+b[k—41];
a[k-38]=a[k—38]+a[k-35];}

for (int k=20021; k<20036; k=k+3) {//stage 2
b[k-38]=b[k-36]+a[k—38]+b[k—41];
a[k-38]=a[k—38]+a[k-35];}

(c) The result of loop partition-unrolling
(c) B HIREITJE &R
Fig.9 Example of partition-unrolling loop by PCPLPU algorithm
K9 AliJl] PCPLPU $ik ) &1 e FHOG 3 i 481

4.10 SN EIRF

WA S5 4.4 45 152 T o] S R ER R 23 SR IFRE L 23 T I D)7 R0 23 1 Jo B 29 J At i oK L A o 4 B R O
Jei PR 45 R 93 F) TR A AT DA & T3 i B 2 0 T SRAT KBS 4 16 I 2 R0 AT 23 I B, ) LLAE i 1E B B o I
73 F T IR - F0 73 B & T BE A ARIR 55 4.7 755, 00 T AT O G T IR 0 B R 2 O 38, L REAE R P AT i A
SR FC 73 0 T DA 3 A0 23 30 T B 3 e I 1) 20350 R Tk hy 3 28 20 B FETT AL B AR IA 72 BRI, 24 73 1 g
TFRFAERE P Is AT € I kernel FRIE AR AERE 33 47 I 2 X 2R ) A 23X 23 i PCPLPU §1iK722 45
IR ST A% 0 o A FRATT AR S I o BIAT IR L 2 126 IR A 4600 £ ) 43 08 A 1) 70 S0 o O KL A 2 T o BOAR 5 1Y) IR
WL AEER A M kernel LLJZ prolog 1 epilog )4 stage.

LEBN A3 FIFETF o G PRI BT Sl B T AR A

1. B 43 F PR, 70 TR TF IR 7 (25 18 L1D AR FR) BRI R BA 1 23 1 e TR S B (AN e 2 0);

2. MR > FIRETT R~ A LID 19 8 5 1528 AR 3K O PR T I H5 6 AL Y
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3. EAGFRPAT IO 53 TR TT R B A by R S0 20, A oy 1 R TT I B 45 R R OR B T 20 0 36

FEBN A 7> B R ITHh FE i AT i e mh B it AR A

Lo A RAEIAPA T UK RV [ A 0 B 2545 I R AT T 00 A

2. WRAE IR 7 (SR SK 3 R T B, T BRI U S T DY 1 A g BRI CfE 18T 7 BT R S P R IR
SAAT LR SRR () T JRE O DRT 0 A TR AR JUU AT 20350 R T i PR 4 R 5 U R AT T 20 9 34

)25 73 H R TTHEG 1IN 138 20 TF A0 i N T R e IR AT R R v D 1 3 e s 2 20 T Uk REREAR, 7T LA
I 7 kP R K.

5 SRIHIEAN

FAT/E ORCI®2.1 sl T PCPLPU $i%.ORC J&— AN JT JHCUE I B 4 1 28, e by 0L A0 43 W42 A3k 7 R4
(3R, i H BATT CU7E ORC 15 31 7 PCPMS 5592 3X ol PCPLPU S92 1) S BLAR A3 17 1R e ¥ KLt AT T3 ok SPEC
2000 ) 7 MR AR 6 PCPLPU ST ME REREAT 17 A 20 #r 2 1 1) 45 SR AE Itanium 2 E AT

R THIH T PCPLPU 5%, PCPMS B3k LUK P Al i A 45 & (0 P RE Nt EL. 7T LA H PCPLPU Sk e 4
PET T G A% APk BB I IR R T 0] 0 AR 2R, L4 PCPLPU S AS At 36 G b () 166 P8 4 1 472 BUHR 4TI ¥ cache
A AE K BE A% 38 G AR [R) 415 2R 1A 18] (1 42 BXUHE 4 18] 1) cache £G4 PCPLPU 43325 1 i 3 b A/ 1) 5 B I A AT

(1) Itanium 2 ¥ CPU 5 cache 11 J& 7 AHDO /)N, DRI A it D10 A0 7 A R 1 B 8 vt 2 /) 2

(2) #i e G nT LA oy %) HAE R A b A m] B85 80 cache AR IIAF IR A /& PCPLPU 3K (1 AT $2 4 1R 3l 2
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(3) ORC A JT FH 4 196 4%, 1) 25 MR B O 28 1 1459 LR I 77, AT 5 B30 4 1R DAL L2 A S /o,

L% 7 v LA H,PCPMS S A1 PCPLPU ST #R HE S 37 i 4 15 & AU ML RE, 1T H. PCPLPU 57345 55 PCPMS
Hkgi G R Ret it — SR PR 2R 7 b 2 i LA T 38 45 benchmark, /2 P51 24 76 HoAth benchmark Hh ] B4
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Table 7 Comparison between PCPMS and the combination of PCPMS and PCPLPU
% 7 PCPMS Sk A% ] 5 PCPMS 591 PCPLPU 535 45 & 1 %t bk

Speedup of the combination of

Benchmark Speedup of PCPLPU  Speedup of PCPMS PCPMS and PCPLPU
164.9zip 1.013 1.000 1.016
173.applu 1.013 1.021 1.029

175.vpr 1.006 1.009 1.021

188.ammp 1.008 1.024 1.030
191.fma3d 1.006 1.006 1.008
301.apsi 1.014 1.013 1.021

AV 1.010 1.012 1.021
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ASCHR T —F R G B 3 H0 G R R TT (1) 45 6 A3l S AG A 1Y) PCPLPU Sk T JB AR50 3 25 (0l Bt I T 43
] JE TF 3 AR PP AT I, TR AE 28 4.2 T3R8 T PR R JT 2 BB ARG 7E 58 4.3 15 ~5 4.6 154001 T Wil H 43 1
JETT SR G L1D A1 L2 bank [ GHARM FIAE AR, 55 5 7E 56 4.6 9 TE R T PCPLPU %32,

SCHR [0 75 B A B ATk B X S E R B SCHR 1] B0 PCPMS B3 AL 4 4R BA kAT A AL H
&30 o 5 4 1 B SR G % cache A B, fH PCPLPU Sk ANES K 3454 T, i 2 ) FH 476 26 8 JT >k i % cache
M. SEER 45 R WI,PCPLPU Sk BB S M 4 1R 25 1K 1 B8, 5 PCPMS &k &5 & nl DLtk — 25 42 & 4w
PEA I M B
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