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Abstract

Scalarization is a process that a parallel construct like an array statement of Fortran 90 or
FORALL of HPF is converted into sequential loops that maintain the correct semantics. Most
compilers of HPF, recognized as a standard data parallel language, convert a HPF program into
a Fortran 77 program inserted message passing primitives. During scalariztion, a parallel
construct FORALL should be translated into Fortran 77 DO loops maintaining the semantics of
FORALL. In this paper, we propose a scalarization algorithm which converts a FORALL
construct into a DO loop with improved performance. For this, we define and use a relation
distance vector to keep necessary dependence informations. Then we evaluate execution times of
the codes generated by our method and by PARADIGM compiler method for various array sizes.
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HPF source-to-source ZA#¥z{7} HPFE A€ =
2a3s WY 3 /be3 TEF 77 ZROPoR W)
71 SleiMe 4 HPF 782 ZES 77 FEo2 wgg
H, T 77 FERoE FAE Zaodd g HEs
e A2 @Y}, o]4W FORALL 7% wZEsid
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HPF source-to-source Audeie] W@} dAle A
Prg o2 HPFS FORALLE 1 AlEle] fAj5le DO
Fzz didsie e 2ZEsRite @t o
salarization ZAAd ¥ FORALLY} & DO HZ
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FEF 909 W<¥ AiHarray operation)o] YWk
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HPFY] FORALLS @ Egog o]0zl FORALL®E
(FORALL statement)¥} FORALL TZ(FORALL
construct) 2 Utk FORALLE-L wlg @2t} wizbzhA]
2 LHS(Left-Hand Side)29] ujAe] F357] Aol &
utEd) tia] RHS(Right-Hand Side)7t HzlHoiof ke
AELS zhet), O3EReE o|Foid FORALL 3=
FORALLE?] Aliiglo] & (body)W 2t #4Eel 285
i, E RE BA tis] e ukE FelA @ B 4
P& 3 23] AP AF Ad) gaselo} I AULS
Z¥et), aHug Y% uhE kA FAW ERES
238 &M (lexically order)ell we}h &3b A€t

A7l FORALLES AlWEle] fA=e DOFZ=
Walsly) 98] YAeiY (temporary arrays) S EUTOEH
w227t 371 AM8slE B4, FORALLT-2S AlHEE #4]
7] Slal BAl Ul EAES vge] F2E Higean R
euElert ke O= Qe T el AdEe ¥
A o] a2k TEH 909 vig o} HPFS ddF
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(clone)¥e], T84 FORALLTZ WgA] fx 83
wWgo] AR (T)

EA e wgle DO FZoA FORALLES A€l
T8 2R 4 & A% 94 Mg A4s DO #
Z ojde] A WEE YA MIR BRI AMgste A
olt}. (1% 2-1)& B YL ]88 doju}.

FORALL(I=1:100, X{D.EQ.0) X{I) = X{-1) + X(+1)
(a) FORALLZ

CALL MEM_COPY(X_CLONE, X, 100)
DO 1=1, 100
IF (X_CLONE() .EQ. 0)
X({1) = X_CLONE(I-1) + X_CLONE(I+1)
END IF
END DO
(b) &= DO &=

O3 2-1 SxdHol o8y WErE of
Fig.2-1 A conversion example using clone method

UF §%4 FORALL 72% F4 DO FZz wig
o, g8 Fzhof| #Agle] MY B9l 43 Al F3
B3l wkdEofol sk FORALLTZY AlWES 443}
7} 98 (23 2-2)9} o) F= BF WS A gale] W
Lisi=g

FORALL(J=2:99, {=2:99, A(l,J) .NE. B{,J))
C(,0) = SQRT(ALN*AUD)
B(l,.J) = (CU+1,J+1)+C(-1,J-1))/(B(,D-AU,D)
END FORALL
(a) FORALLTZ

DO J=2, 99
DO 1=2,99
IF (A(l.J) .NE. B(1,J)) THEN
C(.J) = SART(AU,I*AUM)
END IF
END DO
END DO
DO J=2, 99
DO 1=2,99
IF (A(LJ) .NE. B(,J)) THEN
BULJy= (CU+1,4+1) +CU-1,d-1))/ (B, I-AU, )
END IF
END DO
END DO
(b) H&E DO &=

08 2-2 R=Fgof ofsH HEE of
Fig.2-2 A conversion example using loop distribution

PARADIGM Z=delellr AMEE= EAlME-S FORALL
Fol AldEg fAZ Slol =4€ dA wig= <l W=zt
iz a7se B ok thee R R FEE 83l
FORALL7ZE W83I9Ed, FORALLTEW ¥4 +7} %
7REEE el DO 7L AgEe] R eF|srt Fotet
o Zgadel 45E Ashl7le 247t sck

22 TEZH QOD/MHPF Hu

FET 90D/HPF ZA=dd<He FORALLS DOEZ
2 g o g4 7|k o)g, FE W, upad A9
71y ol AM&E (1)

A 71934 o] ¥EE PARADIGM ZHnel#e
A ws $gslnz Ao vgog FX uwd
FORALL®e] £ DO =g w3 o), $3 RZd £
g gubre Aotk TEHE 4 4 &4 (column-
major order)Z W¥€-E AXsin=, TEF 90D/HPF &
gdelE (28 2-3)3 Zo] FORALL triplet2 € $4
o= ZEIt,

F

M rlo

FORALL(I=1:N, J=1:N) Al,J) = B(.J)
(a) FORALLE

DO J=1, N

DO I=1, N

AlLJ) = B(,J)

END DO

END DO
(b) gigtsl DO &=
Jg 2-3 R=usof o3l eigE of
Fig.2-3 A conversion example using loop interchange

opato g2 wpas Akl 7P (O’ 2-4) ()% 2ol
Gaussian  Elimination =) vwlx3rt &A=
FORALLZIX ()9} o] A U Qluzol] tiefrlwt
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HHd Wil n, wad AN e I3 AR A
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FORALL(=1:N, J=1:NN, INDX({) .EQ. -1)
AllJ) = A(.J) - FAC(D * ROW(J)
(a) FORALLEZ

DOi=1, N
IF (INDX() .EQ. -1) THEN
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DO J=1, NN
AlJ) = A(LY) - FAC() * ROW(W)
END DO
END IF
END DO
(b) W&E DO 7=

37} 2-4 AT MelT (Mol ofs MEE of
Fig.2-4 A conversion example using mask insertion
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2723 AHEE fA37] S AL E Eeiok
e Aol U £54 RO vt 2 FEE ALE
o2H FHa 79 JAMERRE =Usle] |ER 5 gle
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3het Ao] (b)eli, Y. Zhaost Ak FZ FEE A8
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%% A=d e DITF

9 ?MHH% to2 AJaiEe] TrX]EI— 27787} 7hssitt

T o] Wigke dhfe) W AdRhe qPeE It

o2 wjg el ARE g B¢ FA B R
FORALLT-29] 2zl 23 243l7] oj@t

A(2:11) = A(1:10) + A(3:12)
(a) FOO i o4t

ALLOCATE T(10)
DO 1=1, 10

T = Al) + Al+2)
END DO
DO 1=1, 10

Al+1) =TO
END DO
DEALLOCATE T

(b) 7|= ghol ofefl HEHE DO F=

ALLOCATE T(2)
T = A(D) + A
DO I=1, 9

T(2) = A(+1) + A(+3)

Al+1) = T(D

T = T(2)
END DO
AT = T
DEALLOCATE T

(c) = Mol ofsl HEE DO &=

02| 2-5 s edike] AZiaist of
Fig.2-5 A scalarization example of array operation
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HPF #9487} 05 ¥4 FORALL 728 %23}
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3 2o ge] Mak 244 (Forward Data Dependence:
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HPF #Afdsise shle] FORALL +&& 9 DO
2xg Wgksla glct

B =EdME FORALL T2 BE 7 2540 A3
283l DO FZAA H% F&4(Backward Data
Dependence: ©13} BDDg} 3he] TAse A5l dis)
FORALL 729 AlgiElo] fAHTEAME 7}sd 1?} ?J’\]HH
do) E¢EA g1 AL §9 72}
st gt} ol 3 TaF oy -’a‘*’%‘-"é BArsl
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31 #AA El ey

dole $&£4de Hdshe oo WEPiH (direction
vector) ¢ 7']3]"—‘]51 (distance vector)7} ®o] AREH
‘4 (9,11) n-BA 3 F= Qe xo) dia] HEE U] of

o EFo2NE ¥ bule] FFCR dojE F&40 &
A w) 22 AQulxo] thgh W5 gho] Ajo|E Az|dE#
gt 7']!’4‘13‘51 o] Yold WEEE '+ EE (E, &
old - EE YR, (o)A 0 e =2 ZHI} ol 2
o] Azdeie} "“‘VJ“—‘JHt S840 EAlde F 73 Aol
diM ‘F&IRs BRIN FEHE TR SN @
7\‘3"1]*1 2 RE e~ %H Ao|'E FHE}
T2y J2 YA FE WA sle F 24 2

<Al wet 94 vdes 24
statement), ¥l Jer FHE&
statement) 2} &4z}, WakeE] 9}
Ak T 84 F oz 8] M8 Egoln,
o] & IR & # §ich

23, BANE (relation vector)® F&A0|
5 B AfelolA MERAANN FEEAo I F& WEk
FAAA desls X Adda o] Aol FAZ Y, |
=2 FEAT}.(10) olF B % TA e wEE
44 A9 58 ARE Vel ¢ oot FE5A A
B g £ gict
A B =Rdde 22y FAE Al $&5A
3 dolE &4 AEe BN AP 24U &
ARE 2% Ul & JEE WAMEE £33 34
2]9E (relation distance vector) & B2]3lo] AM8-gHc}.
#HA ol &3 2o] Fojgit.

S : FORALL 724 s &4

lic © S8 49 FEZEHE kiR 2 Adx

rdy @ APEF Si9F FERR S Aol kA R=

Qe gte] Aol (<, &5, 02 EE)

A8 F4(predecessor
g & FA(successor
AZE ==

=2
=2
=2
1=
A

rde A2 g} Ao] BAl] wet g A 42
o (2, Ce 999 ¥4 )
(1) rde = +C

v}

lx = m, lx = m- Colx
Ta - i AL I

Sk = m, ik =m+ Colx

(2) rdx = -C

I - e 27} &5
Dk = lx = molx

ik - IS 23710

(3) rdy =0

nAs 33 I, § 24 5% S Aole) 52
A7t 24 W, el = Qdx gkEe) Aol WA WY
& WAARIIE RO o, Thesh Lol v

71 n& FZ ez Huigtols, A el

WA e rdE T B0l Saht ki 2 9
SRR PEEERERIEIY

WAADIEE F540) EAFE T B AllIA A
PEAON FETAoZY FHYF VI = gz
2l AoE FUAT. W 354 Push Al5E
Bg BA6] YEd 4 Aok & F B Akl BlE B
AARME R fATeEA TRFS dole $4549) Ug

2 7)ze) w3k Wen} Al ze vebd ¢ 39 Al
o} 5&%9] ’d%ﬁ\(precedenoe relation) & T8E &+
At
v 2L zh= FAA e dsle] 2 ko] &
old A F&HEL fold A FEAL et o
PAE At vhey 2t
(1) RDy = +Cod
S7h Sl A3k F(FDD), LCDHT.
(2) RDy = -Col¥,
St Sl 98k Z4(BDD). LCDE.

(3) RD; = 009
S7} S A% F4(FDD), LIDETH

o714 LCD(Loop Carried Dependence)= A2 th&
. oA LCD(Loop Independent Dependence)
=g BB YoM F B 2t doly FE5TAN 9F
ofv)| g},

o3 23 FORALL 72 Ul 24504 ZRshe o
W 7l EEBAT 9S8 ©, olE FEWAE JrllE
AAUEAY BB F 35 Fol Aolx it EAlEd
~Zas 3 Wgd 2T ] 245 Aol dFF 840
TS orignt,

]
=
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32 azelst 2nglE
B =RiAe A8 dF =2(16)04 Akt HA 5]
2 2 o AARcE QA 2dus ¢aElEe A
(16)914 & T B4 FORALL T2 354 44
ANE B8 TR 28 FAAUNEE Ve g oEd
o] 2ZslE: HA571E AtEgr
(1) BAAEE FE FE F 45 F5 o] 39,
oW 9% FEHHE AR go=2 FORALL
FZ2E a2 DO FEZ #gt
(2) BAASEE JE ' F & ) ol &5 &
3ol ZAEH A3k FLAlo] TR
D &4 &= FE F 2 Ao ENEEA)
< Fect
@ FORALL 72U & 84 7|Eeg A &%
22 RE 23 9dxd da Ho £& Az @
= A4S F43led DO FEE WA

o] HAs7|e ek e 9 T84S §l
7] 98 Fx dex FE glo] Hd F& ATE
2 FAg A4t 9 FTHHE Yol T2 4
dry} oplols h2 2 Qldird] thd A A UE
& F &5 FE ol Jow RE FZ Qdxd g
2z BFdo] 4E DO FZ2 WSl dct & £
AEo) YeX ¥ FIL Qdxo] M= FLIA
22 Fgo] HEgozH Hrt B4F Feo] DO 7=
7V ATl HPF Znjedzols ~Zets § HYs o
A7t AgHE AL A o, BPed FT FHo|
A4d e W) Wit € 4 o

o83 ZAIHS Hdstn Brl HHsle == WA
317 98l FORALL Tz 24 78 #AAY
HE] 9ol 5 olaisl o] AEsleta, 74 At B
o ARE L WS ALt

(1) 28 £ Addxd] tig) AAYEH F& @

o| 03} %

(2) 2 X Jdxd) dis] FAAHEE ¥5 @
o] 03} &%

(3) & &= ogxd dsixgt BAAZ Y PE
o) 07 &5

(@) 2E 22 Quzd sl BAADMES 33
gl 0, e, &4

(D9 AS, 2838 Palshe oW 9% F5E=
uAlsiA] gkom® aUlE DO £EZE WA (2)9
A% BE 23 odxd e A TS LA
ga g% FHAT WASER o|E AAWN] A F
WAL ATk (3)9 AS, WY FHAT LA
=4 Qluzd Y3 FEE HIH L2 WA
= p3g AeFoas e I QUisoA U
E 9% 2448 glor). Beg (99 A% BEF
= odxo] thal AF F54% 9F Tl WA &L
Bz T 3EE BEP)

(28 3-1), (T¥ 32, (I¥ 3-3& 38 22
(a)Z=9 tal BdAe 97 S8 vkeag st
oM BRE (2)~(4) A% didehe F5EE R=
2 449 Z=E 47 g Wyes AZ4usidt dojth

Hu e e

FORALL(J=1:98, |=1:98)
C(1,d) = SQRT(AUL*AWUD)
B(,J) = (CU+1.J+D+CU+2.3+2))/(B(,I-AU,IN
END FORALL
(a) (2)9] Z0 sigsh= FORALLTE

DO J=98, 1, -1
DO 1=98, 1, -1
C(1,d)= SQRT(AU,J*AUD)
B(l.J)= (C(H+1,J+1)+C(1+2,J+2)/(B(L,I-AL )
END DO

END DO

(b) H&E DO B=

T8 3-1 R=gro ofs) WEE of
Fig.3-1 A conversion example using loop reversal

FORALL(J=2:99, |=2:99)
C(1,J) = SQRT(AUL*AWUN)
B(.J} = (CU-1.J+ 1 +C(-1,J-1)/(B(,J-AlI)
END FORALL
(a) (3)9 Z=0 slizksk= FORALLTE

DO =2, 99

DO J=2, 99

C(,J)= SQRT(A(,J)*AM,D)

B(,J)= (CU-1.J+1+C0-1,J-1)/(B(,J)-AU.I)
END DO

END DO

(b) Big= DO R=

17| 3-2 Rxudiof o HEE of
Fig.3-2 A conversion example using loop interchange

FORALL(J=2:99, 1=2:99)

C(1,J) = SQORT(AU,J)*AUN)
B(l,J) = (CU+1.J+D)+C(-1,J-1)/(BU.N-AD)

END FORALL
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(a) (4)2 Zol sligkst= FORALLTE

DO 1=2, 99
C(,2)=SQRT(A(,2)*A(2.1))
END DO
DO I=3, 99
C(2,9)=SQRT(A(2,J)*AJ,2))
DO J=3, 99
C(,J)= SQRT(A(,N*AU.I
B(-1,J-1)=
(CULN+C(-2,0-2))/(BU-1,J-1)-Al-1,4-1))
END DO

B(99,1) = (C(100,J+1)+C(98,J-1))/(B(99,J)-A(99,J))
END DO
DO 1=2, 99
B(1.99) = (C(I+1,100)+C(1-1,98))/(B(1,99)-A(,99))
END DO
(b) g&El DO R=

T3 3-3 = o ofs) wEE o
Fig.3-3 A conversion example using loop alignment

(0¥ 3t ¥ =8dA Adshe FORALL 729
278 gmeFeint.

Algorithm : Scalarize FORALL()
begin

/* Initialize */

Positive; = 0

Negative; = 0

Max distance; = 0

// (1<i<n)

/* Check any negative entry
for relation distance vectors of each loop index */
for each 1,
check GGG
if there is any positive value then
Positive; = 1
else if there is any negative value then
Negative; = 1
if (Max_distance ) Ci') then
Max_distance = C"

if all of Negative; are zero then // Case (1)
naively scalarize

else if all of Positive; are zero then // Case (2)
apply loop reversal

else if any Positive; is 1 then // Case (3)
apply loop interchange

else // Case (4)
apply loop alignment to each loop

with abs(Max_distance;)
end if
end

8 34 A%z YdelE
Fig.3-4 Scalarization Algorithm

(38 3-DoM AR 882 o 2o

Il ¢ 33 Qe ~o] ubE F2H(jteration space)
St,*8m : FORALL 724 &%
RD : 81,Sn Alelel EA8le d7IX
HAAEE JF
= (GG e (e

FSAA e

G OO,
where (1<r=<d)

C’nr) ’ o

abs() © AURE FHE V5

Iv. 45 71

o] AoMe B wEdM A ~Zwsl gl Eel
o3 AR F=% PARADIGM Asdd] <& 442
F=d g ¥lE A% H71E B 4186404 HE 2
7F o m=e A Hrh el e vlsdta, 4.249
X A5 H7t Al el =3

41 M5 "ot b

s WS geiMe B £ FORALL Fxo|8A &
A FHol BAE 70 ekt 4d0) WAdke 3=% X9
g wix|elz Zzade] Gesith a8y surveydad ool
v A48 WxXuErt EAER Aoz  grigo]
PARADIGM ZAujd#olr] »Zels} 2 ARG (23 2-2)
(a) F=E A7l AT (7™ 2-2) (a)olM B3
e 97 98 na3mE Agsln 2 =Rdi BRS
(2)~(4) Al AFehe FENL R=E 258 2 &
Aacy,  olgA  wHEoR  FORALL & s
PARADIGM #=ide] wbgos wighy zcoel B =R
Aot gnalEd wa Y 7= (2 3-1), (23 32,
(a9 3-3)9] A8 A7he <3 wlgd =)o 8 St

A8 2Ae dx=% Xprh 2x8 RWE] 4 PC(CPU
2.8GHz)el Innotek VirtualBox2 7Fd wAl(7]E| 22
512MB, &l=r)~A 6GB)E P23t SRR HAEA(F-
RE 7048 dAsigct, HeE 3o Ande g77 XE
& Asjely), AP 24 goluHele dtime()& ARESH

[s1a=N
oo
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ZoA BB (2)~(4) AS) sidske Zzte] o W) PARADICM Az el o ugd 3=9) 43
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