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ABSTRACT

Parallel computers are known to be excellent in performance per cost also $atisfying scalability and high performance.
However, parallel machines have enjoyed limited success because of difficulty in parallel programming and non-
portability between parallel machines. Recently, researchers have sought to develop data parallel language that provides
machine independent programming systems. Data parallel language such as High Performance Fortran provides a basis
to write a parallel program based on a global name space by partitioning data and computation, generating message-
passing function. In this paper, we describe the Parallel Programming Translator(PPTran), source-to-source data parallel
compiler, generating MPI SPMD parallel program from HPF input program through four phases such as data dependence
analysis, partitioning data, partitioning computation, and code generation with explicit message-passing and verify the
performance of PPTran
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HPF= A" =33 diolel ¥4 2dg AF
3] fsted (2@ DAAAS o] F dA iy 7y
£ 7AH wWdY dolHE Z2AME FEdE V5L
g, R dA DAdME Z2AXND dolH
ojgo] A2 E MAEL =2 Wd F2A @
E3d AEse, 5 dA QAN E HEE dolH
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DISTRIBUTE 59 #|A¢](directive)& AF gt} TEM-



High Performance Fortran 243 T2 O EA817|0] & R A

or

&7t 903

v 2E3 1 EEEXE Joje) EZ22AE
R e =Y Z2AN e By Z2A4
o oM qamwmer [ adsaw s
- |
Fa T e e T et
- ‘il _m ' D h - T T L‘ p X q i
I e R R e -
- ,,{ &~ . ‘_[,k, e
{ y TEMPLATE PROCESSORS
ALIGN DISTRIBUTE

(3% 1) HPFS dlole ofE =l
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PLATE AA o= oid 848 A8 343 Q42 A
oo AH&5 31, PROCESSORS AAlolE wld 84
7h B89 =93 Z2AM AAE Fs, ALIGN
AAol= d 248 HE WPAHA PB4
d Ag€ch sjdel WEoZ] FAL wd ¢
R Al odd FAdoh bl ooy wg D
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'HPF$ REAL A(88)
'HPF$ TEMPLATE D(838)
'HPF$ ALIGN A(L]) with D(J-2]1+3)

DISTRIBUTE #|#l°]& BLOCK, CYCLIC, BLOCK_
CYCLICS £4& o83 vd 82& =33 =Z=2
Ax A7 #@¥ct BLOCKS w9 248 PRO-

REAL A8
ALIGN A(L)) with D(J-21+3)

TEMPLATE D{g8)

(712 2) TEMPLATE, ALIGN % DISTRIBUTE XIAlo{
(Fig. 2) TEMPLATE, ALIGN, and DISTRIBUTE

CESSORS A Alelo] BAEHo Qe T2 AN Afe
584 Ul B¥sla, CYCLICE ez o
Ao 93] Wd 848 ¥&sn, BLOCK_CYCLIC(K)
T @9l kihe Wid 848 Bzl Wy 93
ZZAAM) B3t "2 T A wid 247}
Z2AAY 2EHA ¢n TE ZgANd BAgg
o m] g},

(29 2)9 3AAe} 4 Ao 4 =AY &= np
9} zto] DISTRIBUTE D(:BLOCK)Z w|¥e] ¥4 4
08 T2 AN E&3stn, DISTRIBUTE DXCYCLIC,)
2 wjge) ol 449 ZZAM LEFc)

HPFE ol £8 A4 olsjo] Z2agels
92 499 4 9t $¥2& 9A8E FORALL 78

& AT AgAe dE HERE APk
FORALLS ©&¢ €24 FORALL &, £+ 24
el EF& & FORALL 7822 A4 5 Yok
FORALL2 g9 4 8454 A& AREL FTA
AN nz & of AgEhed, FORALL thgdl 2

P1

Pl

P2 I
Pi P3

P3

P4
DISTRIBUTE D(CYCLIC,))

DISTRIBUTE D{(:,BLOCK)
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FORALL (I=I:N,J=1:M) A(L])=I+]

FORALL (I=1:N,J=1:M:2) A(L))=I*B(})

Mol

3. PPTran

B =8Nt HPFZ 44 dolg 33 Ao
APogz wop ¥A WEe FxE e AT HF
golA 43 7153 SPMD Z21dg AAss ¥
A#da PPTran(Parallel Program Translator)& T+
Astn 1 A5¢ AP PPTranclAM e 78 ¥4
T (29 33 2o

HPF A4 A%}

DYNAMIC, REALIGN, REDISTRIBUTE, PROCESSOR_VIEW, PURE,
FORALL construct, HPF Library, EXTRINSIC A Al{, Storage &
Sequence

HPF ¥¥# A%
Fortran 90, WHERE &, INDEPENDENT, Intrinsic

PPTran A}%

Fortran 77, FORALL ¥, ALIGN, DISTRIBUTE,
TEMPLATE, PROCESSORS

(33 3) PPTran 78 H
(Fig. 3) Implementation Scope of PPTran

3.1 PPTran 74

PPTrane ¥ ¥ HPF 2213 MPI wAx H
A ZguvjelB7} 449 Fortran 77 YAl(source) 2=
2 g4, o] Y& (2¥ N9 go] TP ¥
A dole ¢ Q4 2, T4 ¥4, 2= Y49 47
A gAE $99g T2y ENdAdME dF
z2aPel EYHoz AHYY7IE =AEZ, AST
(Abstract Syntax Tree)® Name TableZ 443,
diel8] Z£ 4 (Data Dependence) ¥4 % 3 Fri{20]).
diole] R A4 B @AM E ALEAE HAE
olf B¥ AAE ENsln[78] WEEH Wd 44
g 7 Z2AMAN £38 &A5 z=2 AE 4 ¥
g Ade Fydc A ENdAdAE 7§ Z=A
Ao A ¥l A9 dlo]El(non-local data)& &43tal(21]

FA ZvjElRst 4dd AAE 2ASHE[IE], 2=
B4 dAdAE dAA By Zvenst A7td €
2} Fortran 77 94 2=& A4t

% O % £4
"""""""""""" Ok BEIE: 2

O 44 2%

O 992 ¥
27| O dej¥ 3z B4

[OF B LI

O A3

O 4 Zvge A4l

e L273
(FT7+MP1)

(22! 4) PPTran2! HEN Zma! S|
(Fig. 4) Conceptional Compilation Phases of PPTran

32 =28 247|(Program Analyzer)

PPTran® T21¥ 2A47]& l8d HPF T2
Peo| 7Rl AYUIE PAS L, S DA AN o]
£9 Z7¥el(Intermediate Representation)ql AST,
Name Table ¥ dlol&] $44 DAG(Directed Acyclic
Graph)& A% ASTE o8 Z2ay9 RE 7
E2g 29 3~ E7 ¥eh2 el Name Table
& AFo AE HolEE WY MU ARE B A
oo wjdel HLole Heoly ¥ ARE EHEd.
bole] £44 DAGE W43 dHoly #£54 AR
g ARsle ARTEZAM F549 FHflow, anti,
output), T4 Bg g, T4 A 59 AR
Bagd

3.3 & 7I(Partiioner)

23y o] 2554, PPTrand I=9 &3
3 9 dojg ¥y A4 EY ARE &4, 13
T @, HAE A x Ay Znjele FtE A9
A BN 7% FysH, (28 M o,
PPTrang ¥ 7|(Partitioner)7} ©] 4L F+3ygrt.
87|+ Serializer, SPMDizer, 2= AA4712 F4
gt
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=299 ¥47] X278 247
£33
E2187)
AST 28t e
= m
SPMDizer gr
A SPMDizer
e
ZugE i
= JA7) A= A7) Ej

(12! 5) PPTrany} £817|
(Fig. 5) Partitioner of PPTran

3.3.1 &A87](Serializer)

=9 a3 HPF Z2aPe 1 9u7t #4
5t Fortran 77 FEOE WMs= AL v &y,
@719 & F84 &A1 o] 715 Y@}
a7 L2y EA7dA 44" ASTE ¥4
ate] FORALL &3 W Edo digsles w=g
ol Fortran 779 DO %I xS 3t 2dd),
FORALL #& FORALL & W9 rhs(right hand side)
Hido] ZE d¥io tfd] FZ oMol Hol® ghol
ojof @tte A|NEAE 71x7] wj&al, Ihs(left hand
side)¢t rhs BB R A7l FHA 0] EAde H Lol
BEE &3 DO A= o] 22 *I“WEV*?} igal
A geth meEly &£33v]E= FORALL £¢ DO

FIZE P37 Ao dole F£4 DAG4 HYE
o] g3t F&AH EA oRE HAEA, FHA4o &
Al FxolHd rhs WA & YA 71
EAHclone)dl FAcH7t WEE DO FE W rhsol A
o] YAl wide U WiE A F=zsFop Al 9
Al WjgEe] B Fjle]l aFHE F4E YA Wi
of gt Al APx o]Fo] o Fir} o] gL HY
o] 9 ¥ rvixo g FORALL £& oA
DO $Z& 443t g EPS DO FZE s
71 M= $4 EE hse rhs9 7 uigol g,
7t ojge x4 FuEe Udda REo| FiHn
DO %X x=71 A48 th$2 FORALL &3 o)
d ¥¥E& DO FEZ dH¥ste 48 B Fr, X9
YE uid A7)7) 158 ol Medse] gt

FORALL(I=1:15, X(D=Y())) - do il=], 15
x(iD=y (1)
enddo

X=Y+1 — do il=], 15

x(iD=y(iD) + 1
enddo

3.3.2 SPMDizer

PPTRanol 4| SPMDizer: 2t Z2AHA 2 289 )
do| a4g AN, 7 ZAMNA Hyd At
& U, £§ L2 AMTN A48 v MY Hol
B AY A, oAA §Y Zevig e g dstg 43
& £4g
o dojE £%

PPTranolAl9] dlo]e #%& Fortran D2 dlojg
8 wyg o] 843te] BLOCK# CYCLIC 2% ¥H
€ A 493, Name Tableo] H#€ wige] i AR
g 7|%oz o o]fojt} PPTrand SPMD X%
Z23Wg Ay die, BE Z A YD
Hjgd AL FHopHEHn, getM ZE ZANE Q4
< A8 A9 Add2docal index)E ©)&¥T} (1Y

)2 WE A7t 4719 Z2 MM BLOCK £% A 4
/gsj LE Z2APE AT Aoz A9 47] Z2A)
Ao e d9 Jd2(global Index)?t 7 [1:25],
[26:50], [51:75), (76100191 widol, AY dedryes T
T ZZAA7L [1:25]01th.

REAL A(100) REAL A(Z)
do1=1, 100 doi=12
Al = 00 AG) = 00

et e a8
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enddo enddo
(YY) Zzd) (SPMD & Z2713)
{(Original program) (SPMD node program)
(38 6) MY QldA0AM X/ oldjAZo| gt
(Fig. 6) Converting global to local Indices

dwty oz BLOCKolY CYCLICH o] A3y

Yz 2HE A99 A ddre) X Addat

o HEHAE <E >3} go| 7 § glod, & A

o A = AY Adx N& ujd 849 5, P

T Z2AM AF, pe Z2ZAM HEQO<p<P-1) ot
<& 1) M7t GlojE] BEHof ChSt Qley~ opy

(Table 1) Indices Mapping for Regular Data
Decomposition

¥ Global to Local Local to Global
BLOCK | i = 1 - psN/F I =1+ pNP
CYCLIC|i=lU-p-DPl+1|1=G1wP+p+1

o AN &

dole] £%¢ &4 Gt v, T2 M)
oleje}l datg Bt wA T2 AN wd 8
28 8% Fod 294 A4 H(Owner computes
rule)[3]e) wiE} FX 8kE(oop iteration)E BT}
UA, o] =FA Al8d 2 7tA Bo|g AHogr)
o= MMM A WE FAocal iteration
set)& 1 T2MHM7 2f3n e dolHE A2
T Rz 9E IJEL duisty, Y 92 Jy
(local indices set)& ZZAIMolAN 2f3xn Ae AY
g aio REE 9ugth PPTranclA & RSDs
(Regular Section Descriptors) && 3-tuple £alol&
(slice) W& ol 83te] g8 FPol} Ad2 AHE
Ed#d. RSDst [wss,..]2 EAHY, | u, ® si&

M Ao A deg € F4E JYehac. F
3 2y oty wdelM RSDY A #2 A9 v}
3 vzt X (outermost loop)tt WIS H F2 29
< ez, g2 A9e £AYes dAdd. 1A
< WA= QR god 12 71§

A 2o A gA2ZA AY 92 B AA
ot o] AAE (2 NY Jacobi TRIAYP0Z oA
s g3 gk Z2H2 AfE 42 Hgage
o, olg A% Bt Q&Y D9} ¥ ol FAH] Qo
g Do} Z2 Bge zet DY 149 RE ¥
ZAA o AfHT 234U EF EHolnz v
4 Ast B9 A9 92 F@L BE Z2AM 9

" o4 [1:100, 1:25)7 B}

REAL A(100,100), B(100,100)
CHF$ TEMPLATE D(100,100)
CHF$ A, B with D
CHF$ DISTRIBUTE IX:, BLOCK)
do k = 1, 50
doj=29
doi=29
Sy A, j) = (BG§-1 + Bi-1)) +
(B(i+1) + B(ij+1))/4
enddo
enddo
doj=29
doi=29
Sz B(i,j) = Afi))
enddo
enddo
enddo

(38! 7) Jacobi ==
(Fig. 7) Jacobi program

BLOCK# CYCLIC #&d dig dwt¥d A9y <
92 A%e APse grdFEe (ad 8 ¢ (2
9% gon, <E 2>& o dnFFAN AHEHE W

(B 2 XY oldi~ Z X @4
(Table 2> Varibles determining local indices set

LastProc el npxlet @47 Fole E2AA
tp Z2AH id

Align_offset | 34| 22

Glowerl(tp) | tp7h 283t vl We 9 &3t

Shortage

' 98 ' ¥ 8
ower | A9 W Uele s GUmer(tp) | tp7h 2f3te e 999l Aea
s LR LERR T GStridettp) | tp7h 2935 W WaAel 22
& [} pper— . .
Suthre | 4s A0 A pols Beay | BockSee | A9 Was s 201 ASae ) )

NoElements | 2|9} Wjg g #( [ -Arsize—ldlion offsed )

o] 2 T2HN Yo TYY 27|12 UHA & F

ISR
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Teolch & Z2AA tp7h 232 e AY gdgx
A3 OwnSet(tp)= (2@ 9 (28 9ZHE (GLower
(tp):GUpper(tp): GStride(tp))7} |t}

if (Align_offset > ()

if (tp < StartProc)
GLower(tp)=0
GUpper(tp)=0

se
if (tp = StartProc)
GLower(tp)=lower
GUpper{tp)=GLower{tp)+BlockSize-Align_offset
%BlockSize-1
else

GLower(tp)=tp*BlockSize- Align_offset+lower
GUpper(tp)=GLower(tp)+BlockSize-1
endif
endif
else
if (tp > LastProc)
GLower(tp)=0
GUpper(tp)=0
else
if (tp < LastProc)
GLower(tp)=lower+tp*BlockSize-Align_offset
l GUpper(tp)=GLower(tp)+BlockSize-1
else
GLower(tp)=lower +tp+BlockSize- Align_offset
GUpper{tp)=GLower{tp)+BlockSize-1-Shortage
endif
endif

endif
Gstride(tp)=1

(32 8) XY oldlA X HX Ln2|Z : BLOCK 2§
(Fig. 8) Algorithm determining local indices set: BLOCK
decomposition

if (Align_offset > 0)
if {tp = StartProc)
GLower(tp)=lower
GUpper{tp)=GLower{tp)+(NoElements-1)*nProcs
else
if (tp < StartProc)
GLower({tp)=lower+nProcs-Align_offset%nProcs+tp

GUpper(tp)=GLower(tp)+(NoElements- nProcs )

* nProcs
else
GLower(tp)=lower+tp- Align_offset%nProcs
engUppeﬁtp =GLower(tp)+(NoElements-1)*nProcs

endif

else

if (tp < LastProc)
GLower(tp)=lower-Align_offset+tp
GUpper(tp)=GLower(tp)+(NoElements-1)nProcs

else
GLower(tp)=lower- Align_offset+tp
GUpper(tp)=GLower(tp)+(NoElements-2)*nProcs

endif

endif

Gstride{tp)=nProcs

(O3 9) XY clgA Xt 22X AI2|E : CYCLIC 28
(Fig. 9) Algorithm determining local indices set: CYCLIC
decomposition

o= MMM A uhE JFPL wd Mz
e A#4E I Z2AX9 A9 Adda FAf
ALY ¥, 10 AFE Fxo e AHYae nyge
2 7% £ Ak o= T2 AN 2R A4k gy
< A8sto] FEU Wid BFES AYANY o, 4
dxlojo} & X g8 JHe 2 ¥FE9 lhse A
o uhE A Az £ (7).

AY 9 JgE FIE dndFS dAE7) 9
ste] (29 7)9 S UFES Add A A9 AY
Adx JEFL Aol F& [1:100,1:25]01 2, Ths
AGje AR ¥4 1251010000 ") o
7]*1 1399 “E kFXo RE HHEd N A9 Y

28 Fzar] ot o] HzAYPF AYsE
-?—E FA9 AAAY w8 <) [1:50,2:99,2:99]9} ]
2FAFL FaE [150,1:252:99]0] ®th zH T2 A
o AY QQ¥A2 HWEAIE WA Aol D3, &
e AY BE e d& 4 Uk

Z2AA0) = [1:50,2:25,2:99]
Z2AA(12) = [1:50,1:252:99]
Z2AA(3) = [1:50,1:24,2:99]

71N Fo & HE& YT A ZZANO)
o} Z2AM (3L wide) 23l Ao]r} EA gt
%, ZA 23 A7t dagg v F3 Yo} S2 @
FE dAME f9 BAE H4d vy, e A
7t Aol
o T &4

doje] ¢ G4 #8 £Mo] ¢ ¥ PPTrand ¥
A AL YUY, B4 EYdAe XU o
e A27 v Y dojHE HIH=rE B4sa
g, AN EE A2 A% HHE £y

Z2 AN 44 He il 229 ARe &
gloj 29 DA MEE vigo s o AN £ ¢
tHall eld AFg$ vl o], Alfy I sa)=Blfy Iy
so)9h 2 vlg FFEAN Af: I s)= Alf + ixs)H
Huld 848 Ho&E evtolzolr) oM f | &
st 4z A dA dld 84 HA, ol wjd 84
o A 4 & a9 HAe g 849 YA
F3E vy, ik 0<i<|(-i/s]2 AYEHE glho)
th. HPFelA dlejg] £&& $a BLOCK, CYCLIC
% BLOCK-CYCLICY] 37hA] #4o] 415y, BLOCK
7} CYCLIC® BLOCK-CYCLICS] 4@ wAojmz
EE wde 7zt T2 A BLOCK-CYCLICL 29t
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Foddz 7Hg@ch BLOCK-CYCLIC(n) 22 #%
WAol A st Of o9} Zo] BE 7] nF Z2AA
Ass] §o2 FPE & AUArhn=3, T2ZAA HF=2).

(1:24:6)

-_J_J_-II-[ -III

f ]

gutdoz gao)2e WAL (1Y 10X #
Agoltt E g Edolrolng, setolar ZWY
o taa 2 1oy, BLOCK-CYCLICAIMS &8
o2t @AY Wt (28 IDAY vH AA ¥
. gebd BLOCK-CYCLICAMY &golaE 1Y
1293 Zze) gtola §AY U D) (f + kils)
tale] TYPE TG ol A #FY AdY &
ol 2ol A, (fihs) (frlis)d EIYL (max(fi,f):
min{ly L) LCD(s),52))7F Bt} 94714 LCDE HA3W
+§ 9u|g},

Nl 5E0 BEE AN BEE AR
(3:24:6)
BT ENEND ENRED RARED BN

(9:24:

IIH] [T T

(1:24:4)

(4:24:6)
NN BENEE NEREE ERREE BB
(empty)
H1RRNEERENERRARARERRNENR

(38 10) & sciol2e BYE o
(Fig. 10) Two examples of slice intersection

A(l1:24:6)

il IR _ENE_ N

(n=3, T2 MAAN 715=2)

B(1:24:4)

(n=2, T2HA A4=2)
ANB

__NENE _NEBE _DERBER BOD

(228 11) & BLOCK-CYCLICY &at0]~ mE#t
(Fig. 11) Intersection of two BLOCK-CYCLICs

+0:24:4)

1NN NEE BEE BEE BER WA

(f+1:24: 4)

(f+2:
E[IIIIIIIIIIIIIIII]
s (f+k:24:4)

(38 12) 2t i SciojAs gERC=2 LIEHH
BLOCK-CYCLIC 2&(n=3)
(Fig. 12) A BLOCK-CYCLIC distribution as a union of
disjoint slices(n=3)

oldl B3 M &elo]Ag o83 °l-‘: =
ZAAT O Z2ANR(ZL HEH) $FAEZE 4
g dio[EE A 5 ok dele T2AMzE A
od ag dolEe BHf fFE ¥FEY hs¥g 7|
ToE AARY F Aol B/ER e hsHo) i
A Aol o]8E Ay, idA A 3o Pa
rths® 9] diclg7} deAE& ZARE dd. Wld Af
1l S!)Ql' Bf;: 1:s)7t 2+ T2 AAMe] BLOCK-
CYCLIC 2¥dez 2uiso)d ¥, Alh:lis) =
F(B(fy: 1, :s)E HEE FY8G T a1 gl =
ZAA De 9aaE FA87] A8 499 Z2AA
Sel sirnzld e wid B doHE ¥az ¥ £
Utk ol & HHa, $4 Z2AA St £ Z2AH D
7t 982 & do|HE Hade ol D2 $A43
of #c}, wid A% B BLOCK-CYCLIC E#vol7] u
Fol DolM Bf3la e wig A9 8 ¢ So
A B&3ta e 99 Be & IEE 44 (0
el o8 FHAT A (DF (N np%} ne= T2
A4 D9} Soll Eeld BE29 A7)o|Y fp, I, sp, fs,
ls, ss& D9} S7F 22t A9l Bl dis] H{dn fle
e 84 Y & A9 Q42 J#HE Jdehls
3-tuple &elol2e] Hzlolrh

n,—1

Owm(A) = Ulbo+izlp:sp) (D
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ns—1
Ows(B) = U (f+j: i+ ss) @

tfol Z2AA DollM B{sn gloddy ZzA
4 DS Ayl 0§t Wl A ZZMA Sol
A Bfen gowd ZzAA D die o848
A9 9EE THE 42 4 3) 2 @Ws 2k

Si = Ownp(A) N (f;: bk : sa) 3)
S2 = Owns(B) N (f 2 1p & sp) (4)

Z2H4A SolA =AM DI £4% g 840
gL vhea gol AARD WA WY 849
frti*sa7t S19 Aol forixso7t S0 Aol =
ZHA SE Blfi+i*spl& ZZAMA DE 44182 =2
HA DE 2 dolHE Alftirsol ARed o]g =
A Adez FaseA N2 i Yo
(29 13)3 Zo] vid B WA 24 (f+ixsy) x7F
g A9 A 8 A(f+*s) yoll dgdn & o
xE T3] 9% #F54L (59 o

‘Map(y) =
Map(f; + i*sa) = fi, + i*sp = fp + ((y - £2)/s2)*sp (5)

fati*sa = y
!

Z2AAM D EZZAAN SEHE £4d° HAxE
FAF F, A Bud Qe HAMAE AN 83
71 sis Wi Bol R0 wisgsior Fr) o|E s
ZZAMN DolldE Z2AA S2HEH A4 dAAE
g Bot wWigGA7]7) 8 Z2AM SelM A4E by
g 848 AFH7 A FYF $£42 ayEE
Al 8% F 4 (B U= Map F52 9¢5E
T3t F4 Hd) Q= HolelE dile) AlgHE
N2 W% & 5 Ao £02 SaYFe $023
vl & uf, Map @5l @ A¥+E o) gE:
A olgel = Fddt A2 dnEe (IY 159
Eig=y

BEGIN Algorithm
SendSet = {empty}
DOj=0UPTOmp - 1
DOi=0UPTOns - 1
SendSet = SendSet U ((fs+i : s : ss) N Map((fD+j
:ID:sD) N (fa:l: s))
END DO
END DO
END Algorithm

(323 14) SAE vl QAR HAHSH= ene|E
(Fig. 14) Algorithm for computing the indices of the
array elements to send

L
Aol ]+ T[]

fo + i*sp = X

fs
Bhoibisy Ll =+ [ [--- T]

(3% 13) x2} yo| A
(Fig. 13) x and y

webx EZ2AA SelA, x7t Map(Spel EgHn
Al Sol X#=H i B9 84 F Bxd T2
A4 D2 $A8E Ha, gl 2N S =2
A4 DE A4 wd BY 842J¢E 4 6)F go
o, Z2AA SEREH Za MM D2 A$dor & W
d 849 AL AA e gudEFe (29 1499
2z,

SendSet = SN Map(S))
= Owns(BY NMap(Ownp(A) N (fz : L i sa) (6)

BEGIN Algorithm
RecvSet = {empty}
DOi=0UPTO ns - !
DOj=0UPTOny - 1
RecvSet = RecvSet U Map™((fp+j & Ip : sp) N ()N
(fs+i t Is * )
END DO
END DO
END Algorithm

(32 15) FAR vigiel RAR HASH= Yu2S
(Fig. 15) Algorithm for computing the indices of the
array elements to receive

ASARA Y HAL A7 dso (Y 167 2
o] wid =27|7} ZHet 1290 Ast BE EZAA 2704
BLOCK-CYCLIC ¥4og RBgsan vy ge =
2a¥e FyYdda 34

doi=112

AG) = B
enddo




910 SRPEXEIED =2X M6 HM435(394)

89 ZAN 07} 2482 9 WY A% B
2% %% 983} o) TN,

2 2
kL=J0A(fD+k:1D:sD)= HOA(IJrk:IZ:G)

={A(1,A(2),A(9),A(D),A(8),A(9

1 . 1
‘QOB(fs+k:ls:ss,= lQOB(1+1<.12.4)

={B(1),B(2).B(5),B(6),B(3),B(10%}

AR Z2AA 10] BHEa gle wid 84
£ e 2

IQOA(fn+k ‘lpisp= QDA(4+I‘ 112:6)
={A(4),A(5),A(6),A(10),A(11),A(12))

1 1
lQoB(sz( 1,8 = kLJOB(3+k 112:4)

= {B(3),B(4),B(7),B(8),B(11),B(12)}

P, Z2MA 0 &AM Al Hod u
848 {A), A@), A(3), A(D), AB®), A} {B(1),
B(2), B(5), B(6), B(9), B(10)}o]n], ZZAA 1o} %3}
A Adde Fad uld 24F (A4), AG), AW
A(10), A(ID, A(I2)}5 {B(3), B(4), B(D), B(8), B(1D),
B(12))7} @ik, mebd Z2AHA QoA T2AA 1
2 Hule BY ol 84% g el pIAch

{Z2AIM 0o gl Be) Wi 84} N (ZEAA 10
A2l Map(y}} =
{B(1), B(2), B(5), B(6), B(9), B(10)} N
{Map(4)=B(4), Map(5)=B(5), Map(6)=B(6),
Map(10)=B(10), Map(11)=B(11), Map(12)=B(12)}=
{B(5), B(6), B(10)}

FUH ol o8 Z2AA 164 ZRAHN 02
Bl B wjd a4E (B3), B(7), B)iol 9ok

seqqon I T T 1)

(B% 371 n=13

s T [ [

(8% 37l n =2

LSYERPYNEE  EER
JEN IR BB

(22! 16) i A%} Bo| 2&E HEY
(Fig. 16) BLOCK-CYCLIC distribution of A and B arrays

ZZAMZ] A g 849 ARE FAR
¥, PPTran2 F4H|8& #AAA7|7] HE HAg
& Y%t PPTrandl N &= oAz HEe)3} 7188 o
-3 FH O 71YE Asdd A HdHEs
LCD(Loop-carried Data) 449 #W& ol &aq
BA0] whouter) FZANM £ F Y7t B4
gl o] 49 He HAAEL e & dAxz
FolA A48 & A 87 dEe] §4e 27 v g
# A Tatency) & FAaA Y, AANE HE 5
A7 e F5498 obrlske AlF REd nix|
% REE ZTHdE 7MY Adad FEo e Fof
ol @t &, Z2AML & dolEl #5454 (true Data
Dependence)o] A== 714 A&xd FI9 g
WA ZE HE B = A7 o ol AAET] 9
st oAl (29 79 Jacobi ZE1YPL o] LA, ¢
o B4 &4 dAldA S9 BG,i-1)# Bj+el ¥z
q deoHE FHIELE ¢ £ deon, BG(i-1#
BGj*Di kFZolM S¢l BERE T2 AN & o
olE F&Ao] AAEY] Yol o] FRE AFHAU
g7t 2= A4 dANA oA HYd ZjujgE i
g Aol o) gt}

A 54 FH 7IYe U wd A= F F
&40 EAste wWid HIol Abgdt o) g
e FI olde RE wdYLE Hud= ez
WHE AMEE 4 g, wtEA 22 oA dloles}
Hojg £ BAL 9ol @)k PPTranol = ol
3 BS54 28HEE Zol7 ¥ FAn dxe
FHANE HAAY NEE AP § T2 Mg
dolele] £44 Ate Bsid, g8 Tz M A
Yag volele AH® AF $A&n, $A4d A8
AT JAdo] FAge2A FAoE AF 2
Hog HadY + Uk

34 2= YM(Code Generator)
HAade 29 743 v d49 3= 447
& SPMDizerdl A A4 3$ ASTZHE Fortran 77 2 &
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2 FHHE 25E QNS Y4E FEE wWd 8
A9 Ad A & AAZDE 2P £ Jdx 2
&, FA dole A FA B3 2 MPl HAlA 4y
Aert A8 94 :Eoth (I¥ 79 Jacobi TR
age 2= A4 SN (IY 17)3 go] WPk

REAL A(100, 25), B(100, 0:26)
#INCLUDE <MPIF.H>

C  MPI Initialization
CALL MPLINIT(IERR)
CALL MPL_COMM_SIZE(MP1 COMM_WORLD, NPES, [ERR)
CALL MPI_LOOMM_RANK(MPI_COMM_WORLD, MYPE, IERR)

dok =130
if (MYPE EQ. 0) Ibl = 2 else Ibl = 1
if (MYPE EQ. NPES-1) ubl = 24 else ubl = 25

C SEND
IF (MYPE GT. 0) CALL MPLSEND(B(29, 1), 98,
MPI_REAL, MYPE-1,
* 11, MPLCOMM_WORLD, IERR)
IF (MYPE .LT. NPES-1) CALL MPI_SEND(B(2:99, 25),
98, MPI_REAL, MYPE~+],
* 10, MPI_COMM_WORLD,IERR)

C RECEIVE
IF (MYPE .LT. NPES-1) CALL MPI_RECV(B(Z:%, 26),
98, MPI_REAL,
* MPI_ANY_SOURCE, 11, MPI_COMM_

WORLD, STATUS, IERR)
IF (MYPE .GT. 0) CALL MPLRECV(B(299, 0), %,

MPLREAL,
* MPI_ANY_SOURCE, 10, MPL_COMM_
WORLD, STATUS,IERR}
do j = Ibl, ubl
doi=29
Si AG, ) = (BGj-1 + BG-1j) + (B(itl) +
BGij+1))4
enddo
enddo
do j = Ibl, ubl
doi=29
S: BG,j) = AGy)
enddo
enddo
enddo
CALL MPI_FINALIZE(IERR)

end

(32! 17) MPI SPMD 2E=2 HEE Jacobi T2
(Fig. 17) Generated Jacobi

(2% 17elA NPES, MYPEx Ztzt TgAM 7
F, 0%8 MYPE-19 g2 & Z2AA yioly
NPESt 42 71450 gict wid A, BY g2
7} Z4Ho} 9low, BY ALe dolHE F4137]
A% A% FAEA 02 268K 247 HAEH )

th FE QdAE jFEAA FA 2L 2 4F
oA FiHe] gtk BN BN dAA v AY o
olE1 & HI3hE Bj+Del disl, 244 MYPEY A
Z2 AN MYPE-12 Rulcl & Wjg &4%E [2:99
1], BGij-Deol disidE ZZ 4 MYPEoIA ZZ A
MYPE-12 Hulo} & g a4+& [2:99, 252 B4
Ha, £3 kFZoAM 2N & diojg F44 o
ZAQs7] W o] FA FSE kFZUY SRR
A7tEo] ot o] EA 2=E wid B ztzt 1WA
A3 BAHA Do WA 84S FAMA FAEE
wAlA] e sirh AEso] ook

4. 45 &4

o] Folx HPF Z2EEeq] ABYL PPTran
o 4% BAHgth & qixvia Z2oPg AAs
o PPTrancl 3] Hodd =9 44 HPF A4
#1Q pghpfoll ¢l3] 44€ ZE=E Cray TIEACIA A
gsto] o AnE vz Hrgch PPTrand SPMD
299 Fortran 77 7802 FAHY 25§ 4AA3E
£ AA37) dFo] thA] Fortran 77 A& o] &
ol A3 F=E AAsor s ukde, pghpfe
SPMD 299 x=4& 43 a=g vz 44 cH22]
Z2aYL pghpfE o83l HANH wie HAHAY
A 4243 FHCE reduction T& HE AANE A
3 Ak B4 23 $48 YA

Cray T3E A" 128702] DEC Alpha(900 MFLOPS)
oz FAHO Un, T2AXNTZ 128MByted] 52
& 2= a5FE 4E Aadelrn 94 UNIXE
7wz 3tn oo, Tz % Aol Fortran 77,
Fortran 90, pghpf §°] AT HL HA A 4 oln
g el PVM-3, MPI, SHMEMe] AF9t}.

4% H714 TzayPoczr PARKBENCHS HPF
ARgy PAuia T2 aR[3)FA4  AAHPFS
SHHPFE& o|4%rtl. AAHPFE Z2ZAMT Sl
¥8¢lE= FORALL #9 #% 78L& $3E + Qe
Z2ayos BLOCK #¥3 CYCLIC #8¢ 7%
3] AN}, (2Y 1812 BLOCK £¥9 3¢
24, 218178 26817479 FORALL W 3=l
A Ths9 rhsd] wWlg ©}§L FYsh dolg F4£4
o] WAEA ¢on, wid PX9 2xds PR 47}
e gz A= g7 fF Z2AMNT Filo]




912 SR BH2IHD| =2X MEH M4=(994)

87HA gk o] =9 4 AA(E (2¥ 2009
EANHO Qe AAY, WEdZv|t 4L Ao 2
AA 7 49k 8% wie wild =7]|7F 100,0008 A5
& A9t nt PPTranolA 44€ =71 pghpfol 9
8 AA4E Zsrg o A45E 149 WgE 27]
7t & 7 %9 PPTran %ol AZ# olfr& delg
B3 A4 #£8 7l%e] 493 gejrelz 7H
5ol 9l7] o] o] @ oHF=R A5,
de} =717k 100000%] -9 wig AzxE A5 dl
g olfE Alad Fze Bl AL LR udd
t} a8y Z2AAM $:71 49 83 o] HE A9
gt PPTranol A QA9 3=o] Mol ymu I 4
A g7h Z71stH Aol Fobx|7] Wi Yuixez
B o Z2AME ol&sts HE Z2adY 83
di & BAE fle Aoz AzEd CYCLIC 2%
A%9 sYd3E (29 209 B AMY BE A
%o PPTrancls A48 Z=9 Asel $43th
SHHPFE (219 19)9t Zo] ug o|f X2 A A
shift¥d $41& 24471 FORALL #9 +8 532
Z2A3% ¢ dve ZRaPelrt 21eRl6A 232U 7
o] BFEL AHEA ZT2AA Q 1, 2& HE o] 23
3 e T2AAN 2 3 4858 27 uid U9 6719

program AA
parameter ( N = 100000 )
real PX(13N), Q
real DM22, DME3, DM24, DM25, DMV, DM27, DM28, (0
integer i, k, it, nit
data nit /23/
CHPF$  processors pl4)
CHPF$  template d(N)
CHPF$  distribute d(block) onto p
CHPF$  align PX(*]) with d(I)
DM22 = 10
DM23 = 25
DM24 = (.11
DM = 05
DMX = 26
DMZ7 = 02
DM28 = 100
@ =05
FORALL(I=1:13J=1:N) PX(L}) = [+1.E-07s]
DO IT=1NIT
FORALL (i=1N)
& PX(1i) = DM28 * PX(13,i) + DM27 » PX(12,) +
& DM26 * PX(11,) + DMZ5 * PX(10,) +
& DM24 * PX(9,i) + DM23 » PX8j) +
&
&

[X) — o e s e
ﬁwswmqmmaww-—cwmqamuwm»—

DM22 « PX(71) + CO * (PX(5) +
PX(6,i) + PX(@3,)

ENDDO

(22 18) MAHPF ZZ13(BLOCK)
(Fig. 18) AAHPF program

22E5E 7HA ol &0 lhss rhstol dHojg F54
o] HAEtA] gomg FX ojhd HE|Y FHNIA=E
AY# 4 Qlch of Rz £y A (1Y 22)9)
2 AAY, £E H$ol PPTrandld 448 F=7)
pghpfoll 93] BAY 2= v 58 5L Holxn
o, 53, T2AN 7 FNEFE QS F& A4
%% Yehlz itk SHHPF 299 4%9 $5¢e
LCD #4444 vgez 3 54 A& Fiio oy
Ag HE g A7 A3 BN FH 7Y ool &
g Aoz wddd

1 program SH

2 integer N

3 parameter ( N = 1000000)

g real, dimension(N) = X, Y, Z U
6 real Q R T

7 integer k

g CHPFS processors pl4)

g CHPF$ template d(18432)

10 CHPF$ distribute d(block) onto p

11 CHPF$ align () withd(} =X Y,Z U

12 R-15
13 T =37
14 U=170
15 X = 80
{g" Y =90
5 Z =100
19 do it=15
2 forall (k=1:N-6)
21 & XK=  Ulk) + Re( Z(k) + ReY(K)) +
2 & To( U(k+3) + Re( Uk+2) + ReU(k+1)) +
2 & Tso( U(k+6) + Qu( U(k+5) + QeU(k+4))))
2 enddo
(22! 19) SHHPF =22y
(Fig. 19) SH.HPF program
;,J ey PRy
b LI
) - + o : \
L) e lﬂ:".ys‘::s)t L—-— v > -~ ln:”&:ﬂﬁ 100000 17
PE = 4 PE = 8
§) o] LT Gl o
!.: . ’ !:z " '
e | %! .
B -k
e | . S
o4 o Il!:-’ “ie 100800 1 102¢ s IG?:."SI:S)O 1o [$11 )
PE = 16 PE = 32

(33 20) AAHPFe| S8AIZHBLOCK)
(Fig. 20) Execution time of AAHPF(BLOCK)
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B oy ul |
§ e 7 L
oo .
Sas Eo
Tau %
o E
5 2
N Za;
o - o .
2 At X 0 —— L1
L) L3 Qe “e 100000 14 4086 020 e 100000
Amay Sizx Aray Size
09 —oom o - o
f | i
O vy ! 051 o Trman)
P e i 7| o
ED:- ' | gua
Zos ' ! aotl
[ ' o f
ia! i ) ol
£ 1 .‘ 02 ¢
o1 - ) LA o
PR St Sl - 9 —
@ e e s wom W e e e oo,
A Size Amw Size.
PE = 16 PE = 32

(38 21) AAHPFe| $8AIZHCYCLIC)
(Fig. 21) Execution time of AAHPF(CYCLIC)

P i z
il i |
3! 5l
| ‘ Bl ‘
PE = 4 PE = 8
s B
b LS
g .
| .- B
PE = 16 PE = 32
(O3 22) SH.HPF2| T8 A|ZKBLOCK)
(Fig. 22) Execution time of SH.HPF(BLOCK)
6.d B

24 HEe AFHE AAY, 839% 5 4%
59 ¥ FHdx B7sn 38 z2ad9e do|
59 71F 22099 T84 A= dNE AF
Hoz TEHA Eaxn ok o, Al2g) EgFHo|
2 44 Z2a#dY ¥ 4 9l doE Wd doq
e A7t H274x] @ds Agso] sioh dEF
ol Hole Wa <ojQ) HPF A#AdaE AHga7} 3

g JRE o83t dlojE| ANE P Z2
AMel gFstn wAA By A 715 AZEeR
A, 223y FAANA Y FA FLE ol §3d

By 222 44 AL 4 dE ke AFg
=FMe HPF ZZEES] #A%Y29 PPTran

< 7HIUL 45E FFAMUS PPTrandlA =
olg] W ddojo Y sl & 5 e dolH
2, A4 28 % 3 24 7lgo rEH Qo
58], "HEist A 71 A §4 FH 1Y A%
< FF HHYE ZEHoEA BY AT F& =
E$ SPMD Z2aHg AHSHEE sUch =3, o
A EE F BN EY JIEe 4N golree

Ta3A7] d&o] PPTran] 9] 448 z:=9 4
S 48§ HPF 3922l pghpf 44 Ao "*‘—“°ﬂ
H] 3] PARKBENCH v}z AlfolA Autxoz &

£ Ho Fu}. 53], PPTran A4 3=+ E1l°l'51 %3
°] Bolxn ZZMAN F71 F/AEFE YFo] A3
A AdE Boln 9o, PPTrangl A% 3 &340
Holdg Yehdxn it

¥ HPF subset?] 4#2% 7@€ PPTrang 7]
& F7F $34stn, RX 2y 3, FZ 28, strip
mining, MAIA] ¥ (Message Coalescing), AR 5
&(Message Aggregation) 59 ¥WE HHslel A
HAg A7E YA HYA PPTrane &3 4%
HPF A#dezst € ¢ glg Aoz Azgn
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