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ABSTRACT. Thi s pape r describe s th e researc h an d developmen t associate d 
with th e paralle l functiona l languag e calle d EP L -  Equationa l Program -
ming Languag e -  an d it s compiler . Th e emphasi s i s o n opportunitie s an d 
challenges arisin g fro m th e us e o f a  functiona l paradig m fo r specifyin g par -
allel programs . Th e EP L approac h i s base d o n a  two-leve l computatio n 
description: th e specificatio n o f th e individua l processe s i n EP L an d th e 
description o f thei r interaction s i n a  macr o dat a flow  language , calle d con -
figuration. Th e EP L proces s specification target s loo p and dat a parallelism , 
while th e interactio n descriptio n i s oriente d toward s tas k parallelism . Th e 
EPL compile r perform s a n extensiv e progra m analysi s an d customize s th e 
generated paralle l cod e t o specifi c architectures . Th e paralle l computatio n 
decomposition an d synchronizatio n i s base d o n th e sourc e progra m anno -
tations provide d b y th e use r an d o n th e user' s define d configurations . 

The pape r provide s a  genera l descriptio n o f th e feature s o f th e EP L 
system, th e detaile d technica l result s hav e bee n publishe d elsewhere . I t 
concludes wit h a  discussio n o f th e genera l propertie s require d o f highe r 
level paralle l programmin g language s an d wit h a n assessmen t o f EP L fro m 
that poin t o f view . 

1. Wh y Us e a  Functiona l Languag e fo r Paralle l Programmin g 

Parallel computatio n ha s becom e indispensabl e i n th e solutio n o f large-scal e 
problems tha t aris e i n scienc e an d engineering . Whil e th e us e o f paralle l com -
putation ha s bee n increasing , it s widesprea d applicatio n ha s bee n hampere d b y 
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the leve l of effort require d t o develop and implemen t th e needed software . Paral -
lel software ofte n mus t b e tune d t o a  particula r paralle l architectur e t o execut e 
efficiently; thus , i t ofte n require s costl y redesig n whe n porte d t o ne w machines . 
Different categorie s of parallel architectures hav e led to a  proliferation o f dialects 
of standar d compute r languages . Varyin g paralle l programmin g primitive s fo r 
different paralle l languag e dialect s greatl y limi t paralle l softwar e portability . 

Parallel computation ca n be viewed as an interwoven description o f operations 
that ar e to be applied to data values , and o f data movemen t an d synchronizatio n 
that dictat e th e for m o f data acces s and th e computatio n order . Th e traditiona l 
programming languages , lik e Fortran , C , o r C++ , provid e a  descriptio n o f dat a 
movements an d synchronizatio n throug h a d ho c architecture-dependen t exten -
sions. Example s ar e various synchronization constructs , suc h a s busy-wait , lock s 
or barriers, used in programs for shared-memory machines , send and receive with 
different semantic s employed by programs for message-passing architectures , an d 
dimension projectio n an d dat a broadcas t popula r i n program s fo r SIM D com -
puters. 

Traditional imperativ e language s over-specif y program s an d a s a  resul t suc h 
programs ar e har d t o writ e and , mor e importantly , difficul t t o understan d an d 
debug. Th e over-specificatio n fall s int o on e o f the tw o classes : 

(i) Data  storage  related:  unnecessar y detail s describin g storag e represen -
tation o r management . Fo r instance , th e progra m ma y stat e tha t tw o 
names mus t b e mapped t o the sam e storag e instea d o f a  separate space , 
or a particular intege r variable may be treated a s a list o f bits and no t a s 
an encode d number . Anothe r exampl e i s an explici t deallocatio n b y th e 
program of part o f its memory a t a  given point o f the program execution . 

(ii) Flow  of  control  related:  unnecessary detail s tha t specif y th e exac t orde r 
of progra m executio n o r allocatio n o f th e program' s resources . Fo r in -
stance, th e progra m ma y direc t th e compile r t o execut e tw o particula r 
loops i n paralle l o r t o execut e a  specifi c cod e o n a  particula r processor , 
etc. 

Functional programmin g paradig m ha s bee n on e o f th e mai n direction s i n 
developing ne w language s tha t directl y addresse s th e challeng e o f paralle l pro -
gramming. Functiona l language s encourag e th e us e o f functiona l abstraction s 
in plac e o f contro l abstractions . The y emplo y typ e inferencin g fo r consistenc y 
checking i n place o f type declarations . Th e storag e relate d detail s hav e no plac e 
in functiona l language s becaus e o f thei r fundamenta l premis e o f valu e transfor -
mations. I n addition , functiona l language s ca n easil y separat e th e descriptio n 
of operations t o b e performe d o n dat a value s fro m th e definitio n o f dat a move -
ments an d th e synchronizatio n neede d t o suppl y thes e dat a value s to the prope r 
processor a t th e prope r executio n instance . Hence , a  well-designe d functiona l 
language ca n shiel d th e programme r fro m designin g a  detaile d implementation , 
a flow of control, o r a synchronization, whil e automatically exploitin g parallelis m 
that exist s i n a  program . 
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In functiona l languages , computationa l abstraction s ar e expresse d throug h 
functions. A  first-orde r functio n take s dat a object s a s argument s an d produce s 
new dat a object s a s results . Wha t i s abstracte d b y th e functio n i s th e metho d 
used t o produc e th e ne w object s fro m th e arguments . Muc h o f th e eleganc e o f 
functional language s stem s fro m suc h semantic s an d fro m th e absenc e o f opera -
tional or machine-dependent details . I t ca n be further advance d i f the referentia l 
transparency i s supporte d b y enforcin g th e singl e assignmen t rule . Unde r thi s 
rule, eac h variabl e ca n b e assigne d a  valu e onl y once . Thus , al l reference s t o 
a variabl e yiel d th e sam e value , n o matte r wher e th e referenc e i s place d i n th e 
program. Becaus e arguments of a function coul d be evaluated i n any order, func -
tional programming languages exhibit significan t amount s of implicit parallelism . 
The above-discusse d propertie s ar e als o importan t i n sequentia l programming . 
However, compiler s o f conventiona l language s fo r sequentia l machine s ar e les s 
complex an d produc e mor e efficien t cod e tha n th e compiler s o f functiona l lan -
guages. Thi s advantag e o f conventiona l language s doe s no t carr y t o paralle l 
programming. 

Many larg e code s wer e writte n lon g befor e paralle l processin g wa s easil y ac -
cessible, and their methods are based on efficient, sequentia l algorithms. Turnin g 
such algorithm s int o algorithm s tha t ca n b e easil y an d efficientl y parallelize d i s 
not merel y a  job fo r a n "optimizing " compiler , bu t require s reprogrammin g a t a 
fairly hig h leve l of the algorith m an d dat a structur e design . I n general , th e tas k 
of automatically reprogramming computation int o parallel programs is extremely 
difficult an d costl y excep t fo r som e ver y restricte d classe s o f problems . Lowe r 
level detail s o f paralle l implementation , suc h a s identifyin g independen t thread s 
of contro l flow , spawnin g paralle l tasks , an d decidin g low-leve l detail s o f dat a 
representation, ca n b e automated . Functiona l language s ar e a  goo d basi s fo r 
building compiler s capable o f such automation , thank s t o thei r simpl e semantic s 
and lac k o f notio n o f the executio n state . 

2. Wha t i s EP L 

This pape r describe s Equationa l Programmin g Languag e (EPL) . I t i s a  sim -
ple, array-manipulatio n functiona l languag e designe d fo r programmin g scientifi c 
parallel computations . Scientifi c computation s ar e particularl y wel l suite d fo r 
parallel processing . I t ca n b e claime d that , s o far , the y hav e drive n paralle l 
applications mos t aggressively . Althoug h computationall y vast , scientifi c com -
putations ar e typicall y quit e regula r bot h i n term s o f contro l flo w pattern s an d 
employed dat a structures . Ofte n suc h computation s ar e comprise d o f iterativ e 
applications o f numerica l algorithm s t o al l (o r th e majorit y of ) th e part s o f th e 
data structures . W e refe r t o suc h computation s a s iterative  computations.  Typ -
ically, th e dat a structure s use d i n scientifi c computation s ar e som e variation s 
of multidimensional array s (spars e matrices , grids , jagged-edge arrays , an d eve n 
some hierarchica l structure s ca n b e viewe d a s such) . Correspondingly , th e EP L 
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language i s defined i n terms o f a few constructs : generalized , jagged-edge array s 
and subscript s fo r dat a structures , recurren t equation s fo r dat a valu e definitions , 
ports fo r proces s interactions , an d virtua l processor s fo r executio n directives . 
The canonica l dat a structur e i s an irregula r tre e which , i n it s simples t form , ca n 
be viewe d a s a  multi-dimensiona l array . Structure d files  ar e provide d fo r com -
munication wit h a n externa l environmen t (i n records)  and wit h othe r processe s 
(through ports).  EP L enforce s a  single-assignment  rule , i.e. , eac h dat a elemen t 
should b e define d exactl y onc e (th e EP L compiler , however , i s fre e t o produc e 
imperative cod e includin g reassignmen t o f variables) . Equations , thoug h syn -
tactically reminiscen t o f assignmen t statements , ar e bes t viewe d a s assertion s 
of equality . I n EPL , a  computatio n i s represente d b y a  collectio n o f processe s 
that interac t throug h ports . Suc h a  representation i s particularly convenien t fo r 
expressing tas k parallelism . Eac h proces s i s specifie d wit h equation s an d dat a 
declarations. Equation s ma y b e annotate d b y virtua l processor s o n whic h the y 
are to b e executed . A  process definitio n i s used b y the EP L compile r t o uncove r 
loop and dat a parallelism . A n integration o f different leve l parallelism i n a single 
computation i s one o f the desig n goal s o f the EP L system . 

2 .1 . I tera t ions . On e o f th e mos t importan t construct s i n an y functiona l 
language i s that o f iteration. I n EPL, iterations ar e constructed usin g subscripts. 
A subscript assume s a  range o f integers a s it s value . Subscript s giv e EPL a  dua l 
flavor. I n the definitional  view,  they ma y b e treated a s universa l quantifier s an d 
equations ca n b e viewed a s logical predicates. I n such a  view, the compile r mus t 
produce a  program that fo r the given input wil l produce such EPL variable values 
that al l predicate s becom e satisfied . I n th e operational  view,  subscript s ca n b e 
seen a s loo p contro l variable s an d eac h equatio n ca n b e see n a s a  statemen t 
nested i n loop s implie d b y it s subscripts . 

There i s a  specia l clas s o f subscripts , calle d sublinear  subscripts,  tha t ar e 
used i n scientifi c application s s o often tha t a  specia l construc t devote d t o the m 
has bee n introduce d i n EPL . Formally , a n indirec t subscrip t s  define d ove r th e 
subscript i  i s an arra y s[i]  associated wit h a  conditio n cond[i]  such that : 

s[i] — i f cond[l ] the n s[i  — 1 ] + 1  else s[i  — 1 ] and s[0]  —  0 . 

It immediatel y follow s fro m thi s definition tha t th e sublinear subscrip t s[i]  starts 
with eithe r th e value of 1  or 0  and, the n with eac h increase of i, i t i s incremente d 
by eithe r 1  or 0 . A  sublinea r subscrip t ha s a n implici t rang e determine d b y th e 
number o f times th e definin g conditio n yield s true . 

The sublinear subscript s are convenient i n expressing such operations as creat-
ing a  lis t o f selected elements , operatin g o n sparse matrices , o r definin g a  subse t 
of th e give n set . Eve n mor e importan t i s th e fac t tha t i n th e implementatio n 
of a  process n o ne w iteratio n ha s t o b e create d fo r computatio n associate d wit h 
the sublinear subscripts . Instead , al l necessary computatio n ca n be nested i n th e 
iterations create d fo r subscript s i n term s o f which th e considere d sublinea r sub -
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script ha s bee n defined . Sublinea r subscript s ar e als o useful i n defining dynami c 
distribution o f dat a t o processors . 

2.2. Reduction . A  computation tha t frequentl y occur s in scientific applica -
tions i s to appl y a  binary operatio n ove r a n entir e vecto r an d stor e th e resul t i n 
the las t elemen t o f th e vector . Fo r example , i n scientifi c computatio n ther e i s 
often a  need t o appl y a n associativ e operato r (suc h a s +,*,—, max,min, etc. ) 
selectively o n th e element s o f a n array . Sca n an d Reduc e ar e languag e con -
structs i n EP L an d othe r paralle l language s tha t allo w suc h operation s t o b e 
succinctly written . Reduc e applied t o a  vector o f values produces a  scalar result , 
whereas sca n create s a  vecto r o f partia l results . 

For example , let' s conside r th e Jacob i iterativ e solve r o f a system o f linea r 
equations 

Ax =  y 

where A is a nonsingular squar e matrix . I f x^ i s the vecto r o f solutio n a t th e 
k-th iteratio n an d x^ k+1^ a t th e (k  + l)-t h iteration , th e Jacob i iteratio n ca n b e 
written a s 

(2.D 4 k+1) = f (-  E avxf -  ±  a l3af +  y) 

(k) 

for i = 1, . .. ,  n, wher e x-  i s the j - th element i n the solutio n vecto r a t th e /c-t h 
iteration. I n EPL , thi s iteratio n ca n b e writte n as : 
Temp\i, j , k]  = if(j ==  0 ) the n 0 

else i f (j  y£  i)  the n Temp[i,j  —  1 , k] + A[i,  j] *  X[j, k]  else Temp[i,j  —  1 , fc]; 
X[i, k]  — (Y[i\ —  Temp[i,  range.j,  k  —  l])/A[i,  i]\ 

or eve n shorte r a s 
X(i,k) =  (Y(i)  -  Reduce(+,A[iJ]*X\j,k-  l], z :  i  ̂j)/A[i,i]; 

Scan an d reduc e operation s generat e reference s o f th e for m B[..  .ranged, ...], 
where range.i  indicate s th e rang e o f th e reduced/scanne d dimensio n o f a  mul -
tidimensional arra y B  (in general , th e EP L range  variabl e prefi x denote s th e 
size o f it s suffix) . Suc h reference s ar e importan t i n th e memor y allocatio n an d 
scheduling o f EP L programs . 

For a  mor e detaile d descriptio n o f the language , se e [20] . 

2.3. Configurations . I n EP L approach , a  parallel computatio n i s viewe d 
as a  collection o f cooperatin g processes.  Processe s ar e define d a s functiona l 
programs (eithe r b y th e use r o r b y a  program decompositio n incurre d b y th e 
user's annotations , se e Sectio n 2.4) . Proces s cooperatio n i s describe d b y a sim-
ple macr o dataflo w specification , calle d a configuration. Configuration s suppor t 
programming-in-t he-large. Th e use r ca n experimen t wit h variou s configuration s 
to find  th e on e tha t result s i n th e mos t efficien t code . 
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The configurato r use s th e dependenc e grap h create d durin g configuratio n 
analysis t o generat e a n architecture-independen t paralle l descriptio n whic h i s 
fed t o th e cod e generator . Configuration s defin e processe s (an d thei r aggre -
gates) an d ports . Statement s o f th e configuratio n represen t relation s betwee n 
ports i n differen t processes . Som e o f thes e statement s ar e generate d durin g an -
notation processin g (a t th e subprogra m level , se e Subsectio n 4.2) ; other s mus t 
be supplie d b y th e use r (t o direc t ho w th e processe s ar e t o b e integrate d int o a 
computation). 

Processes created dynamically ca n communicate wit h port s located a t parent , 
child, an d siblin g processe s (eac h o f thos e processe s i s just a  cop y o f th e sam e 
program o r program fragment , excep t th e paren t proces s tha t ca n b e arbitrary) . 

2.4. Annota t ions . Annotation s provid e a n efficien t wa y o f introducin g th e 
user's directive s t o assis t th e compile r i n progra m parallelization . T o b e effec -
tive, annotation s hav e t o b e carefull y limite d t o a  fe w constructs . The y als o 
should preserv e semantic s o f th e origina l program . Annotation s hav e bee n pro -
posed i n man y system s [4 , 5 , 9 ] an d ar e use d mainl y a s compile r directives . I n 
contrast, i n ou r approac h annotation s ar e use d i n decomposin g a  progra m int o 
fragments. Annotation s i n th e EP L syste m ar e introduce d solel y t o limi t th e 
feasible allocation s o f paralle l task s t o processors . Hence , program s decorate d 
with annotation s produc e th e sam e result s a s unannotate d programs . 

int: n ; / * arra y siz e * / 
real: Ain[*,  *] , U[*,  *] , L[*, *] ; 
subscript: z , j ; 

range.Ain =  n\  range(2).Ain  =  n ; 
range.U[k] —  n —  k  +  1 ; 
range. L[j]  =  j  —  1 ; 

T[i,j] :  A[k,i,j]  =  i f k  ==  1  then Ain[i,j] 
elsif i==  Piv[k]  the n A[k  -  l,fc,j ] -  L[k,  k  -  1 ] * U[k -  1 , j -  k  +  1 ] 

elsif i==  k  the n A[k  -  l,Piv[k]J]  -  L{Piv{k],k-  1 ] * U[k -  l , j -  fc +  1 ] 
else A[k-  l , i , j ] -  L[z , k -  l]*U[k-  lj-k]; 

D[j] :  L\j,  k]  =  i f j  ==  k  the n 1 
else A[k,j,k]/U[k,  1] ; 

D[j] :  U[kJ  -k]  =  A[k,Piv[k]J]i 
D[j] :  Piv[k]  =  scan(max :abs(A[k,j,k]),j :  j  >=  k); 

FIGURE 1 . L U decompositio n o f a  matri x A  i n EP L 

In EPL , eac h equation ca n b e annotate d wit h th e nam e o f an arra y o f virtua l 
processors o n whic h i t i s t o b e mapped . Virtua l processor s ca n b e indexe d b y 
the equation' s subscript s t o identify instance s o f equations assigne d t o individua l 
virtual processors . Suc h instance s constitut e th e smalles t granul e o f paralle l 
computation. A n example of the use of EPL annotation s in a program fo r the LU 
decomposition o f a matrix i s shown in Figure 1 . Th e program follows directly th e 
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standard definitio n o f LU decomposition wit h pivotin g [10] . Th e input matri x 
Ain i s decomposed int o tw o matrices: lowe r triangula r L  an d upper triangula r 
U. 

The progra m operate s on the sequence o f matrices A[i,  *, *] starting wit h the 
input matri x Ain.  A s discussed i n [10] , the computation ca n be partitioned int o 
the followin g tasks : 

• diagonal : Th e n tasks D[j]  that operat e o n the diagonal o f the matrix 
A. 

• subarray : Task s T[i,j]  tha t operat e o n submatrices o f the matrix A. 
The presente d annotatio n impose s thi s partitioning . 

3. EP L Compile r 

Object Cod e 

Synthesizer Scalable Code Generator 

FIGURE 2 . Th e structur e o f the EP L compile r 

The basi c technique s use d i n EPL compilation ar e data-dependence analysi s 
and data-attribute propagation . I n a single program, the dependencies are repre-
sented in the compact for m by the conditional array  graph.  A  similar dependenc e 
graph i s also create d fo r a configuration. I t shows the data dependencie s amon g 
processes o f the computation an d is used fo r scheduling processe s an d mapping 
them ont o th e processors. Figur e 2  depicts th e structure o f the EPL compiler, 
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grouping the components int o the following part s (discusse d later) : Precompiler , 
Annotation Processor , Synthesizer , an d Scalabl e Cod e Generator . Th e stage s of 
the EP L compilatio n are : 

(i) Array  Graph  Construction  whic h transform s th e sourc e cod e into it s in -
termediate form . Th e main component s o f this form ar e the array grap h 
and th e symbo l table . Th e arra y grap h node s represen t th e variable s 
and th e equations . Eac h arra y grap h edg e represent s th e dependenc e 
between th e node s and i s labeled b y its attributes suc h as the associate d 
subscript expressions , dependenc e type , an d condition s unde r whic h th e 
dependence holds . 

(ii) Dimension  Propagation  tha t check s correctnes s an d assign s dimension -
ality t o eac h EP L variable , 

(iii) Type  Checking  which verifie s tha t al l variable s an d expression s hav e o r 
can b e assigne d consisten t types . 

(iv) Completeness  Verification  tha t perform s variou s semanti c check s an d 
verifies tha t eac h variabl e i s defined ove r it s entir e domain . 

(v) Range  Propagation  tha t finds  equivalence s betwee n range s o f variable s 
and equations . Th e EP L compile r use s th e concep t o f a  rang e se t a s 
an objec t t o whic h al l equivalen t range s ar e linked . Rang e propagatio n 
links al l dimension s whic h shar e a  commo n boun d int o a  rang e set . 

(vi) Condition  Analysis  whic h establishe s equivalenc e and/o r exclusivenes s 
of predicates use d i n conditional equations . Th e found relation s o f pred -
icates ar e use d i n schedulin g an d verification , 

(vii) Scheduler  tha t finds  a n arra y grap h evaluatio n orde r whic h i s minima l 
among al l order s preservin g th e progra m semantics . Schedule r als o de -
fines th e scope s an d nestin g o f th e loop s i n th e objec t program . Th e 
output generate d b y the schedule r i s used by the schedul e optimize r an d 
the cod e generator . 

(viii) Schedule  Optimization  i s an architecture-dependent ste p that customize s 
the generate d schedul e t o th e targe t architectur e (see , for example , [11 ] 
for SIM D specifi c optimizations) . 

The remainin g stage s ar e discussed below : Annotation  Processing  i n Section 4.2 , 
Configuration Processing  i n Sectio n 4. 3 and Code  Generation  i n Sectio n 3.4 . 

3.1. Conditiona l Arra y Graph . Th e conditiona l arra y grap h i s defined a s 

G =  (V G,EG,MG) 

where VQ  — [v\^ ... ,  vn} i s a  se t o f nodes , E G ^  V G x  V G i s a  se t o f edges , 
and M G :  LG =  {/i,.. . ,  Zm} — > V G U  EG i s a  labelin g function . Eac h nod e Vi 
represents on e o f the following : 

• Equation : Eac h equatio n fro m th e progra m create s on e node . 
• Variable : An y variabl e tha t appear s i n equation s i s represente d b y a 

node i n th e grap h (i.e. , primitiv e dat a structures , sublinea r subscript s 
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and implie d dat a structure s create d b y prefixin g variabl e name s wit h 
keywords lik e range) . 

• Interfac e structure : A  structure declare d i n the progra m a s a  par t o f 
an inpu t o r outpu t file. 

• File : Eac h file  creates tw o nodes : representin g respectivel y a n openin g 
and closin g o f the file. 

Generally a  node in the array graph represent s a  program activity , e.g. , recor d 
nodes indicate a  read or write operation, equatio n node s represent th e evaluatio n 
of the equation . Node s that d o not trigge r a n activit y (dat a node s an d sublinea r 
subscripts) generall y indicat e a  stag e i n th e computation . Fo r example , dat a 
nodes indicat e tha t a  field  has bee n define d an d i s available fo r access . 

An edg e ê f c draw n betwee n node s i, k ca n b e o f on e o f th e followin g thre e 
types: 

• Hierarchical : A  dependenc e tha t i s implie d vi a declare d structures . 
For example , i n inpu t structures , a  recor d nod e i s implied t o b e depen -
dent o n th e file  nod e fro m tha t structure . Thi s dependenc e document s 
the fac t tha t a  recor d canno t b e rea d unti l th e file  has bee n opened . 

• Data : A  dependenc e tha t i s derived fro m equations . Th e nod e fo r th e 
data elemen t bein g define d i s mad e t o b e dependen t o n th e equation' s 
node an d th e equatio n nod e is , i n turn , mad e dependen t o n th e dat a 
nodes for the data elements used in its definition (appearin g on the righ t 
side o f the equatio n o r i n a  subscriptin g expressio n o n th e lef t side) . 

• Parameter : A  dependence implied by the presence of a range definitio n 
for th e EP L variable . 

A labeling function M  define s a  label for each node and edge in the graph. Th e 
node labe l li  =  M(vi)  include s informatio n o n the type an d clas s of the node , it s 
dimensionality, range s o f th e dimensions , an d subscript s associate d wit h thes e 
dimensions. Th e edg e labe l li^  —  M(e^fc) include s condition s unde r whic h th e 
dependence associate d wit h th e edg e holds , th e typ e o f th e dependence , an d 
subscripting information . 

Typically, data flow analysis in procedural compilers ignores conditions guard -
ing the contro l flow paths; however , recognizin g equivalen t o r exclusive guardin g 
conditions improve s th e checkin g an d optimizatio n capabilitie s o f the compiler . 
In th e functiona l programmin g environment , suc h recognitio n ca n b e don e ef -
ficiently (a t leas t fo r som e commo n cases ) becaus e o f th e simpl e semantic s o f 
the underlyin g language . Th e analysi s o f th e conditiona l dependencie s involve s 
traversing variou s computationa l path s i n th e equationa l progra m an d collect -
ing a  conjunctiv e se t o f inequalitie s fo r eac h path . Whe n th e conjunctio n o f 
the condition s i s no t satisfiable , th e dependencie s labele d b y thes e condition s 
never hold s an d therefor e ca n b e ignore d i n furthe r analysis . W e have designe d 
and implemente d algorithm s fo r conditiona l dependenc e analysi s tha t ar e poly -
nomial i n th e siz e o f th e sourc e progra m [2] . Thi s i s a  significan t improvemen t 
over methods applie d i n conventional languages tha t ar e exponential i n the inpu t 

Licensed to AMS.



210 B. K. SZYMANSKI 

code size . Th e advantage s o f performing conditio n analysi s ar e threefold : 
• Mor e efficient cod e is generated. Parallelis m ca n be exposed t o a  greate r 

degree i f som e dependencie s ar e eliminated . I n addition , th e equiva -
lent condition s ar e teste d onl y onc e and th e cod e dependen t o n the m i s 
consolidated int o on e block . 

• Storag e us e i s optimized . Th e EP L compile r use s th e windowin g tech -
nique for representing the large dimensions through a small-sized window 
in memor y eve n i n case s involvin g fairl y comple x subscrip t expressions . 

• Progra m verificatio n i s improved . Th e singl e assignmen t rul e ca n b e 
enforced b y checkin g satisfiabilit y o f the conjunctio n an d disjunctio n o f 
conditions in several equations defining the same variable. Verificatio n of 
noncircularity o f variable definition s i s also refine d i n a  simila r manner . 

' (ij-l,k ) X 

FIGURE 3 . Arra y grap h fo r Jacob i iteratio n 

3.2. Memor y Optimizatio n an d Scheduling . Program s writte n i n EP L 
obey th e singl e assignmen t rule . A  variable whic h i s reassigned i n a  procedura l 
language i s see n a s a  vecto r o f value s wit h a  differen t subscrip t i n eac h assign -
ment. Thi s extra temporal dimensio n allow s the program to be specified withou t 
any reassignment s but , unles s optimized , ma y requir e a n exorbitan t amoun t o f 
memory. Th e problem i s important fo r an y functional languag e an d th e solutio n 
presented her e i s a  genera l one , no t restricte d t o EPL . Th e essenc e o f optimiza -
tion i s t o replac e som e o f th e dimension s o f a  variabl e b y windows  whic h hol d 
only a  fe w element s o f eac h windowe d dimensio n a t a  time . Returnin g t o th e 
example o f Jacobi' s linea r solve r define d b y Equatio n (2.1) , i t i s easy t o notic e 
that a  procedura l progra m (fo r exampl e i n Fortran ) wil l requir e memor y pro -
portional t o th e proble m siz e n.  However , a  naively implemente d EP L progra m 
using variabl e Temp  woul d requir e memor y proportiona l t o n 2, quit e unaccept -
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able overhead . Figur e 3  show s th e arra y grap h fo r th e Jacob i iteration . Th e 
dotted lin e i n Figur e 3  enclose s a  strongl y connecte d component , SCC , i.e. , a 
maximal subgrap h o f th e arra y grap h suc h tha t fo r an y pai r o f vertice s v , w i n 
SCC ther e ar e directe d path s fro m v  t o w  an d fro m w  t o v.  Conside r th e SC C 
consisting o f nodes Temp  an d X.  Element s o f Temp ar e used t o define element s 
of X  an d vic e versa . I f th e loo p o n k  proceed s i n th e forwar d direction , th e 
edge wit h labe l (i , range.j,k —  1 ) i s redundant , becaus e al l element s compute d 
at (k  —  l)-t h iteratio n ar e availabl e a t th e k-th  iteration . Remova l o f thi s edg e 
renders th e arra y grap h schedulable . Fro m th e arra y graph , i t i s apparen t tha t 
X an d Temp  shoul d b e schedule d withi n th e sam e loo p o n k.  Moreover , i n an y 
loop arrangemen t fo r th e Jacob i iteration , w e hav e t o assur e tha t th e loo p o n 
j surroundin g th e equatio n tha t define s Temp  i s completed before  th e equatio n 
defining X  use s those values of Temp (a s implied b y the edge (z , range.j, k—1)). 
All thes e restriction s allo w onl y fiv e loo p arrangement s fo r th e Jacob i iteratio n 
as show n i n Figur e 4 . 

Careful analysi s o f th e arra y reference s reveal s tha t fo r a  proble m o f siz e 
n =  500 , the optimized cod e will require about 100 0 location fo r a  window of size 
1 fo r arra y Temp  an d a  window of size 500 x 2 for arra y X.  Eve n more revealin g 
are th e communicatio n requirement s o f differen t solutions . I n term s o f loca l 
memory requirements , th e first , thir d an d fourt h loo p arrangements ar e the bes t 
and ar e al l equivalent. However , i f arrays X  an d Temp  ar e evaluated on separat e 
processors, th e thir d solutio n i s preferabl e sinc e onl y a  singl e elemen t o f Tem p 
is needed t o evaluat e a  new value i n the vecto r o f X.  Thi s kin d o f consideratio n 
can easil y b e include d i n compile r optimizatio n b y assignin g greate r penalt y t o 
global communicatio n dela y tha n t o allocate d memory . 

The executio n orderin g o f th e statement s i n a  functiona l progra m i s deter -
mined b y a  recursive procedur e calle d th e scheduler  [20] . A t eac h leve l of recur -
sion, th e schedule r linearl y order s al l SCCs i n the arra y grap h o f the progra m t o 
satisfy th e existin g dat a dependencies . I t the n attempt s t o schedul e eac h SC C 
by enclosing i t i n such loops that dependencie s represente d b y some of the edge s 
inside th e SC C ar e enforce d b y th e loo p execution . I f successful , th e schedule r 
removes the loop-enforced edge s from th e SC C thereby creatin g a  cascade of new 
SCCs (component s o f th e paren t SCC ) tha t ca n b e ordere d linearly . Remova l 
of th e redundan t edge s a t eac h leve l define s th e loop s tha t shoul d surroun d al l 
statements represente d b y node s withi n th e paren t SCC . 

Each leve l o f recursio n produce s on e o r mor e o f suc h loops . Loop s obtaine d 
for a n SC C M  ar e alway s neste d withi n thos e obtaine d i n a  previou s recursio n 
for th e SC C tha t contain s M.  B y analyzin g al l SCC s a t eac h leve l o f recursion , 
it i s possibl e t o obtai n th e loop s tha t shoul d surroun d eac h statemen t an d th e 
partial orde r o f the loop nests. I n [14 ] we have proven tha t th e loop arrangemen t 
problem i s NP-har d b y reducin g i t t o th e weighte d cliqu e problem . Th e EP L 
compiler use s a n heuristi c t o fin d a  suboptima l solution . Onc e a  loo p cluste r i s 
selected, a  simple linear algorithm can be used to find the best loop arrangement s 
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Loop o n k 
Loop o n i 

X\i] =  (Y[i]-Temp\i])/A[i,iY, 
Loop o n i 

Loop o n j 
Temp[i] =  Temp[i]  +  A[iJ]  *  X[j]; 

/* Windo w o n X:  [500 , 1 ] on Temp:  [500 , 1 , 1 ] * / 

Loop o n k 
Loop o n i 

X[i] —  (Y[i\ —  Temp[i,  range.  j])/A[i,i\] 
Loop o n j 

Loop o n i 
Temp[i,j] =  Temp[i,j  -  1 ] + A[i , j] *  X[j, fc]; 

/* Windo w o n X:  [500 , 1 ] on Temp:  [500 , 500 , 1 ] * / 

Loop o n k 
Loop o n i 

Loop o n j 
Temp =  Temp  +  -4[z , j] *  X[j, fc]; 

X[i, fc + 1 ] = (y[i ] -  Temp])/i4[i , z]; 
/* Windo w o n X:  [500 , 2] on Temp : [1 , 1, 1 ] * / 

Loop o n k 
Loop o n i 

Loop o n j 
Temp[i] =  Temp[i]  +  A[iJ]  *  X[j]; 

Loop o n i 
X[i} =  (Y[i}-Temp\i})/A[i,i}; 

/* Windo w o n X:  [500 , 1 ] on Temp : [500 , 1 , 1 ] * / 

Loop o n k 
Loop o n j 

Loop o n i 
Temp[iJ] =  Temp[iJ  -  1 ] + 4[z , j] *  X[j]; 

Loop o n i 
X[i] =  {Y[i]  —Temp[i,range.j])/A[i,i]\ 

/* Windo w o n X:  [500 , 1 ] on Temp:  [500 , 500, 1 ] * / 

FIGURE 4 . Differen t implementation s o f Jacob i iteratio n i n a 
procedural languag e 
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for the selected loop cluster and the best windows for variables enclosed in it [14] . 

3.3. SC C Schedulin g i n Presenc e o f Conditiona l Dependencies . A s 
discussed above , th e computatio n represente d b y a n SC C i s enclose d i n a  se t 
of loops . Th e schedule r ca n ignor e an y dependencie s tha t ar e labele d wit h th e 
subscript expressio n o f i- k ( i i s a  subscrip t o r sublinea r subscript , an d k > 0 
is a  constant ) fo r loop s wit h a n increasin g loo p contro l variable , an d i+ k fo r 
loops wit h th e decreasin g loo p contro l variable . Suc h a n eliminatio n o f certai n 
dependencies ma y decompos e a n SC C into part s tha t ca n agai n b e enclosed int o 
loops and decompose d further . I n the cas e of SCCs with bot h type s o f subscrip t 
expressions presen t i n a n SCC , mor e subtl e analysi s i s needed . A n SC C wit h 
diverging subscripts (hencefort h referre d t o as diverging SCC) recursively define s 
some variable(s ) i n differen t evaluatio n direction s fo r thos e subscripts . Par t o f 
the SC C require s a n ascendin g loo p i n certai n dimensions , whil e anothe r par t 
requires a  descendin g loo p i n th e sam e dimensions . Th e EP L compile r use s 
the conditio n analysi s t o verif y tha t th e computatio n ca n b e spli t int o loop s i n 
different direction s an d tha t thes e loops can b e scheduled i n such a  way that th e 
recursion refer s t o instances of the variable(s ) tha t hav e already been calculated . 

Such schedulin g require s tha t th e divergin g SC C b e spli t int o separat e SCC s 
that shar e commo n data . Al l subscrip t expression s fo r th e dimensio n bein g 
scheduled hav e t o b e eithe r i  an d i- k o r i  an d i+ k i n eac h spli t SCC . Fo r eac h 
variable define d i n th e divergin g SCCs , th e EP L compile r build s a  defined  area 
structure. Thi s structur e i s a  linke d lis t o f uppe r an d lowe r boun d expressions . 
The existenc e o f a  define d are a structur e indicate s tha t par t o f th e dimensio n 
between th e uppe r an d lowe r boun d expressio n i n th e structur e (includin g th e 
upper an d lowe r bound ) i s defined . 

The compile r firs t identifie s initializatio n area s o f the dimensio n tha t ar e no t 
defined recursivel y an d the n enter s the m int o th e define d are a structure . Next , 
it repetitivel y look s fo r divergin g SCC s with recursiv e equation s tha t borde r o n 
the define d area s (thos e ar e identifie d b y thei r conditio n sets) . Thes e SCC s ar e 
scheduled an d th e section s o f th e dimensio n tha t the y defin e ar e adde d t o th e 
defined are a structure . 

Each divergin g SC C define s a  subsection o f an arra y variabl e tha t i s an entry 
point nod e for thi s SCC. The expressions for the bounds of the area being define d 
are derived directly from the equation conditions within the SCC. In each diverg-
ing SCC, there i s a conditiona l equatio n definin g th e entry poin t node , called a n 
alternate equation.  Par t o f the conditio n i n th e alternat e equatio n mus t specif y 
bounds fo r th e subscript , calle d the bounding  predicate.  Th e conditio n ma y b e a 
disjunction o f th e Boolea n terms , bu t i t mus t hav e a  commo n subscrip t boun d 
expression acros s th e disjunc t terms . Th e boundin g predicate s ar e extracte d 
from th e equation' s conditio n an d creat e th e bounds fo r th e divergin g SCC . Th e 
bounds fo r th e initia l define d area s ar e derive d fro m th e nonrecursiv e equatio n 
(not appearin g i n th e SC C bu t attache d t o a n entr y poin t node ) i n th e sam e 
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manner. 
The compile r als o identifies th e depth o f the recurrence . Par t o f the divergin g 

SCC wit h a  negativ e (positive , respectively ) dept h i s considere d schedulabl e 
when it s minimu m (maximum , respectively ) bound , offse t b y it s depth , fall s 
within a  define d area . 

The divergin g SCC s aris e naturall y i n program s tha t describ e phenomen a 
which sprea d outwar d fro m th e define d initia l region . Definition s o f thi s typ e 
can b e foun d i n simulation s o f th e protei n foldin g [2] , fractals , growt h o f crys -
tals, shoc k waves , etc . A  natura l wa y t o describ e suc h behavio r i s to defin e th e 
outward sprea d o f the value s i n term s o f conditiona l relation s betwee n discret e 
structures o r betwee n th e element s o f multidimensiona l structures . Th e condi -
tions o f th e relation s dictat e th e directio n o f th e spread . I f th e condition s fo r 
the dependencie s wer e ignored , th e dependencie s modelin g suc h behavio r woul d 
appear t o b e cycli c (du e t o equation s tha t woul d defin e th e value s a s spreadin g 
in conflictin g directions) . 

3.4. Cod e Generatio n fo r Massivel y Paralle l Computers . Dat a struc -
tures use d i n scientific computatio n ca n b e viewed a s a  function 6  from a n index 
domain I D to a  value  domain  VD . An index  domain,  i n general a  se t o f tuples of 
integers <  ii , ^2, • • •  , in > 5 i s often a  subse t o f th e Cartesia n produc t o f intege r 
intervals, fo r regula r n-dimensiona l arrays . Fo r example , I D =  I\  x  72x . . . x  J n, 
where lj  =  [l,Imax,j]>  Ofte n a n invers e functio n 6~ x doe s no t exist . Followin g 
the standar d higher-leve l programmin g languag e notation , w e denot e th e valu e 
of the functio n 6  at poin t <  z i , . . . ,  in >  a s v[ii, ... ,  i n]. 

Program executio n ca n be seen as an evaluation o f the arrays a t variou s inde x 
points (element s o f the inde x domain) . Th e orde r o f execution i s restricted onl y 
by dat a dependencie s tha t rarel y impos e th e tota l order . 

Figure 5  shows th e conceptua l stage s o f mapping th e inde x domai n o f a  vari -
able t o th e processo r domain , th e memor y domai n an d th e tim e domain . Th e 
goal is to find a mapping that result s in the minimum execution time. I n Figure 5, 
VPD represent s a  virtual  processor  domain.  I t i s defined b y the compute r inter -
connection network . Fo r example , i n a  /c-dimensiona l mesh-connecte d architec -
ture of size N, processor s can be thought o f as arranged i n a /c-dimensional array , 
with VPD =  [ l ,ni] x [1,712 ] x. •  -X [lj^fc]? wher e N =  ni*ri2*. . .*nfc. Th e proces-
sor p[/i, Z2,... ,  Ik] i s connected with processors p[ / i , . . . ,  l3;±1,... ,  /&], 1  < j  <  k 
provided tha t processo r p[ / i , . . . ,  lj ±  1 , . . . ,  Ik] exist s (lj  ±  1  mod n^ , i n the cas e 
of torus-connected architecture) . T o facilitate dat a alignmen t an d tim e schedul -
ing, w e assum e tha t a  virtua l processo r domai n VPD  i s compatibl e wit h th e 
index domain ID.  Local  memory domain  L  ca n be viewed a s a multidimensiona l 
cube wit h th e volum e equa l t o th e actua l loca l memor y availabl e o n eac h pro -
cessor. Virtua l processor s i n VPD  ha s loca l memor y o f th e sam e structur e a s 
the domai n L , excep t eac h i s o f unlimite d size . Th e executio n tim e step s ar e 
represented b y time  domain  T  =  [ l ,£ m a x] , wher e t max i s th e tota l numbe r o f 
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VD 

T 
5: Data Structure mapping 

FIGURE 5 . Functiona l vie w of code generatio n 

time step s neede d t o complet e th e computation . 
In such a  view, there ar e three majo r mapping s tha t nee d t o be found t o gen -

erate optimize d cod e fo r massivel y paralle l architectures : Alignment  Mapping, 
Time Mapping  an d Memory  Mapping. 

Data alignmen t challeng e is to selec t suc h a  mapping a  o f index domains ont o 
the virtua l processo r domai n tha t communicatio n o f arra y operatio n argument s 
is minimized . Dat a alignmen t performe d b y th e EP L compile r wa s presente d 
in [16 ] an d i s no t discusse d her e du e t o th e spac e limitation . Tim e mappin g 
of iterativ e computation s i s usuall y don e eithe r throug h data-driven  schedul-
ing o r wavefront  mapping  [15] . Bot h method s explor e th e fac t tha t iterativ e 
computations ofte n allo w th e simultaneou s evaluatio n o f man y arra y elements . 
Data-driven schedulin g start s th e execution o f an index poin t a s soon as all dat a 
that thi s poin t i s dependen t o n become s available . However , dat a dependencie s 
often hol d unde r condition s tha t involv e inpu t dat a an d therefor e ca n b e re -
solved only in run-time. Consequently , data-drive n schedulin g typicall y relie s on 
run-time distribute d synchronization . I n th e cas e o f functiona l program s wit h 
single assignment an d recurren t relations , the compile-tim e data-drive n schedul -
ing is decidable [13] . Suc h a  scheduler ha s been implemente d i n the compile r fo r 
EPL languag e an d i s discusse d i n Sectio n 3.3 . A s discusse d i n Sectio n 3.2 , th e 
EPL schedule r determine s als o a  memor y mapping . Wavefron t schedulin g fo r 
EPL program s wa s presente d i n [15 ] an d i s no t discusse d her e du e t o th e spac e 
limitation. 
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4. Parallelis m i n EP L 

4.1. Level s o f Parallelism . I n EPL , compile-tim e parallelis m i s sought o n 
three levels : 

(i) Tas k Parallelis m i s dictate d b y th e proces s definition s an d thei r in -
terconnections int o a  configuration. Th e configuration grap h (th e grap h 
obtained b y representin g processe s a s node s an d por t interconnection s 
as edges ) i s decomposed int o paralle l task s b y the EP L compiler . Sen d 
and Receiv e operation s necessar y fo r process coordination ar e also gen-
erated. Sinc e the optima l decompositio n i s NP-hard fo r multiprocessor s 
[1], the EP L compile r use s a n heuristi c describe d i n [12] . 

(ii) Loo p Parallelis m i s sough t a t th e leve l o f equation clusters . Eac h re -
currence equation can be annotated b y a process name to assist th e com -
piler in parallelizing computation acros s the subscripts. Thi s is very sim-
ilar to the loop parallelism i n imperative language s lik e Fortran. Withi n 
the EPL framework, separat e processes are generated by the compiler fo r 
each equatio n cluster . T o minimiz e interproces s dataflow , th e compile r 
uses an heuristi c to impose a n hierarchy amon g the generate d processes . 
The detail s o f these heuristic s ar e give n i n Sectio n 4.2 . 

(iii) Dat a Parallelis m i s explore d a t th e leve l o f instance s o f equation s o r 
their cluster s [11] . Thi s sourc e o f parallelis m i s o f th e greates t impor -
tance i n SIM D architectures . Mappin g o f array s ont o th e processor s 
dictates communicatio n cost s o f fetching th e argument s an d storin g th e 
results o f operations . Th e proble m o f finding  th e mappin g optima l i n 
that respec t i s know n a s th e data  alignment  problem  an d i s discusse d 
in relatio n t o EP L program s i n [16] . Th e executio n orde r o f arra y ele -
ment evaluatio n i s importan t fo r SIM D cod e efficiency . A  compile-tim e 
method o f defining suc h a n order , know n a s wavefront  determination,  i s 
discussed i n [15] . 

Task parallelism  relie s o n th e existenc e o f separate , relativel y independen t 
processes o r function s tha t ca n b e execute d simultaneously . I n th e traditiona l 
approach, th e use r i s require d t o handl e th e error-pron e an d difficul t tas k o f 
synchronizing thes e independen t processes . Th e configurato r ease s th e burde n 
of harnessing tas k parallelis m b y automatin g th e definitio n o f interprocess coor -
dination. 

Data parallelism,  popula r i n massivel y paralle l systems , relie s o n larg e dat a 
structures t o b e processed an d assign s individua l element s o f such structure s t o 
a singl e processo r (eithe r virtua l o r real) . Th e sam e sequenc e o f instruction s 
is applie d simultaneousl y t o al l element s o f th e processe d structures . I t i s als o 
necessary t o decid e whic h element s o f th e differen t structure s shoul d b e place d 
on th e sam e processo r i n orde r t o minimiz e th e cos t o f fetchin g argument s fo r 
operations involvin g thos e elements . 
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Annotations, relevan t t o both task and data parallelism, provid e the user wit h 
the mean s o f rapid-prototypin g alternativ e parallelization s o f the program . Fo r 
example, supplyin g prope r annotations , th e use r ca n experimen t wit h variou s 
combinations o f column- an d row-wis e parallelization s o f the matri x programs . 

4.2. Annotatio n Processing . Annotatio n processin g includes : 
• creatin g paralle l task s define d b y annotate d fragment s o f th e origina l 

program, 
• declarin g port s neede d t o interconnec t create d task s int o a  network , 
• interconnectin g port s accordin g t o th e tas k communicatio n grap h t o 

preserve dat a dependencie s betwee n create d tasks . 
Each annotate d fragmen t o f th e sourc e progra m become s a  separat e task . Al l 
data element s define d i n th e tas k ar e loca l t o it 1. Al l neede d non-loca l dat a 
have to be received fro m th e othe r tasks . Th e annotatio n processo r analyze s th e 
flow of dat a incurre d b y th e decompositio n o f th e sourc e progra m an d build s a 
corresponding representatio n o f this flow in the for m o f the tas k communicatio n 
graph. Then , th e annotatio n processo r supplement s th e cod e o f eac h tas k b y 
port declaration s an d sen d an d receiv e statements tha t ar e needed t o implemen t 
the require d intertas k dat a flow.  T o minimiz e th e communicatio n generate d 
by th e adde d statements , th e annotatio n processo r embed s a  tre e i n th e tas k 
communication graph . 

FIGURE 6 . Communicatio n tre e fo r EP L progra m 

We develope d heuristic s [12 ] whic h selec t th e embeddin g tha t satisfie s th e 
following criteria : 

1We refe r t o thi s principl e a s Executor  Owns  rule . I t i s a n invers e o f th e mor e commonl y 
used Owner  Computes  rule . I n [16 ] w e hav e show n a n exampl e o f computatio n fo r whic h 
neither o f th e rule s yield s a n optima l solution . 
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• Dimensio n nesting : I f two tasks wit h differen t numbe r o f dimension s 
are connecte d i n the tas k communicatio n graph , th e tas k wit h mor e di -
mensions shoul d b e locate d lowe r i n th e spannin g tree . If , fo r example , 
tasks T[i,j]  i n Figur e 6  were locate d abov e th e task s D[j]  i n th e span -
ning tree , th e addressin g an d creatio n o f chil d task s i n T  woul d involv e 
executing a n if—the n statemen t i n al l i*  j  T  tasks . 

• Rang e nesting : Wheneve r possible , task s sharin g th e sam e rang e 
should b e clustere d togethe r i n th e spannin g tree . Variable s tha t shar e 
ranges ten d t o appea r i n th e sam e equations . Thus , clusterin g suc h 
variables togethe r decrease s th e numbe r o f cross-proces s reference s t o 
distributed variables . 

• Dat a flow:  Th e tota l communicatio n cos t o f the selecte d spannin g tre e 
should b e the smalles t amon g al l spanning trees satisfying th e above two 
criteria. 

A tre e create d fro m annotation s o f the L U decompositio n progra m fro m Fig -
ure 1  is shown i n Figur e 6 . Th e double-outgoin g arrow s indicat e a  broadcas t o f 
messages (fro m a  tas k t o a  grou p o f tasks ) an d double-incomin g arrow s corre -
spond t o th e invers e operatio n o f gathering th e data . 

4.3. Configuratio n Processing . Th e goa l of configuration processin g i s t o 
establish schedulin g constraint s fo r th e overal l computatio n an d t o synthesiz e a 
parallel computatio n fro m th e decompose d parts . Th e latte r tas k i s performe d 
by th e EP L compile r par t calle d synthesizer  whic h generate s code s fo r invokin g 
and synchronizin g paralle l tasks . 

In a  paralle l computation , individua l proces s correctnes s i s a  necessar y bu t 
not sufficien t conditio n fo r th e correctnes s o f th e entir e computation . I f a  tas k 
has inpu t an d outpu t port s tha t belon g t o a  cycl e i n th e configuratio n graph , 
then thi s task' s inpu t message s ar e dependen t o n th e outpu t messages . Suc h 
dependencies (i n additio n t o dependencie s impose d b y the statement s o f a  task ) 
have t o b e take n int o accoun t i n generatin g th e objec t progra m fo r individua l 
tasks; otherwise , los s of messages, process blocking, o r even a deadlock ca n arise . 

Tasks tha t belon g t o a  cycl e i n th e tas k communicatio n grap h ca n execut e 
concurrently only if they are all enclosed in the same loop including the respectiv e 
send an d receiv e statements . Suc h task s ar e calle d atomic,  sinc e they canno t b e 
broken int o part s withou t splittin g th e loop . Fo r example , i f a  sen d statemen t 
is executed i n a  separate loo p from th e correspondin g receive , then al l message s 
must b e sent before  an y one can be received. Th e successors of a such nonatomi c 
task canno t star t unti l it s predecessor s i n th e tas k communicatio n grap h finis h 
sending al l messages . 

The algorith m fo r findin g externa l dat a dependencie s ha s bee n presente d i n 
[19]. Th e analysi s start s b y inspectin g al l atomi c processe s an d the n propa -
gates transitiv e dependencie s alon g th e path s o f th e tas k communicatio n grap h 
restricted t o atomic processes . A s a result , a  configuration  dependence  fil e i s ere-
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ated an d late r use d by the synthesize r an d th e code generator . Thi s file contains 
a lis t o f th e additiona l externally-impose d dat a dependencie s (edge s an d thei r 
dimension types ) tha t nee d t o b e adde d t o th e tas k arra y graph . On e tas k ma y 
have severa l suc h files,  eac h associate d wit h a  differen t configuratio n i n whic h 
the tas k participates . 

Each edg e in the configuratio n dependenc e file may hav e the followin g effect s 
on th e progra m generate d fro m th e arra y graph : 

• a n additiona l constrain t i s impose d b y a n edg e i f ther e i s n o equa l o r 
stronger interna l dependenc y betwee n th e considere d nodes , o r 

• a n error i s discovered when there are internal dependencies incompatibl e 
with th e edge . 

Configurations 

(((. CompileZTu) { Configure , 1 J 

Inter Task 
Analysis 

FIGURE 7 . Tw o stage s o f dependence analysi s 

Hence, a s show n i n Figur e 7 , th e dependenc e analysi s fo r th e synthesize d 
computation ha s t o b e don e i n tw o stages . 

5. Conclusio n an d Compariso n wit h Othe r Approache s 

In this section we characterize EPL in terms of criteria that identif y importan t 
properties o f paralle l language s [18] . 
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Architecture Independence . Th e sam e sourc e cod e i s use d b y th e EP L 
compiler to produce different paralle l executables for different architectures . Cur -
rently, EP L compile r include s cod e generator s fo r MP L an d C * language s fo r 
SIMD architecture s (MasPa r an d CM-200) , Dynix C  for th e shared-memor y Se -
quent Balance , an d message-passin g C  fo r th e Starden t computer . Ther e i s on -
going work on C code generators for the CM-5 and SP 1 architectures. Neverthe -
less, th e use r ma y stil l prefe r t o us e differen t annotation s o r eve n differen t EP L 
programs fo r differen t architecture s t o achiev e th e optima l performance . 

Parallelism Specification . A  high-leve l languag e shoul d shiel d th e use r 
from havin g t o specif y eac h an d ever y detai l o f paralle l execution . Belo w w e 
discuss th e leve l o f use r involvemen t i n definin g th e paralle l executio n o f EP L 
programs. 

• specifyin g data  and  program decomposition 
Only a  partia l specificatio n i s expecte d fro m th e user . A n EP L com -
putation consist s o f cooperating functiona l processe s tha t defin e a n ini -
tial decompositio n o f th e program . Paralle l task s ar e create d b y th e 
EPL syste m throug h mergin g an d splittin g EP L processe s base d o n th e 
communication-to-communication rati o o n th e targe t architecture . Th e 
programmer ca n us e explici t annotation s t o defin e th e par t o f a n EP L 
process tha t i s t o b e assigne d t o a  singl e virtua l processor . Th e anno -
tations defin e th e lowe r limi t o n th e granularit y o f decomposed task s t o 
improve th e efficienc y o f generatin g progra m decomposition . If , durin g 
the proces s decomposition , a  tas k i s create d tha t include s al l compu -
tation designate d t o som e virtua l process , thi s tas k wil l no t b e furthe r 
divided b y th e EP L system . 

• specifyin g mapping 
Mapping of the parallel task (create d from processe s by the EPL system ) 
to the physica l processors i s done entirely b y the EP L system . However , 
the quality of the mapping is decided by the quality of the decompositio n 
which, i n tur n (se e poin t above) , i s partiall y define d b y th e use r wh o 
defines th e EP L processes . 

• definin g communication 
At eac h proces s descriptio n ther e i s n o differenc e betwee n communi -
cation an d regula r inpu t /output; bot h ar e see n a s externall y provide d 
input t o th e process . Th e necessar y communicatio n cod e i s generate d 
by th e EP L compiler . 

• definin g synchronization 
Again, th e use r i s shielde d fro m thi s aspec t o f paralle l programming . 
The synchronizatio n generate d b y the EP L compile r i s derived fro m th e 
data dependenc y impose d b y the EP L processes . 

Software Developmen t Methodology . EP L relie s o n functiona l decom -
position o f the computatio n int o processes . Processe s ar e describe d i n a n equa -
tional languag e an d thei r cooperatio n i s described a s a  configuration . Program s 
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describing processe s ar e compile d b y th e EP L compile r an d a  configuratio n i s 
processed b y th e configurator , i.e. , th e compile r fo r th e configuratio n language . 
Hence, ther e i s a  separatio n o f programming-in-the-larg e fro m programming -
in-the-small. Th e proces s writte n a s a  functiona l progra m ma y b e refine d b y 
user-supplied annotations . Th e paralle l cod e i s generate d throug h a  serie s o f 
transformations. First , th e flow of contro l i s established an d minimu m synchro -
nization necessar y fo r preservin g program' s correctnes s i s found (i n EP L terms , 
a schedule of a process i s created), which is still architecture-independent. Then , 
the decompositio n an d mappin g take s plac e (creatin g anothe r equivalen t for m 
of th e sourc e program) . Finally , input/outpu t an d communicatio n statement s 
specific t o th e targe t architectur e ar e generate d an d th e final  paralle l cod e i s 
produced. 

• structur e o f the developmen t proces s 
In EPL , th e equationa l progra m fo r a  proces s i s writte n ver y indepen -
dently fro m th e program s o f othe r processes . Onl y clearl y define d in -
terfaces (dat a structures exchang e with the environment ) ar e o f concer n 
for th e proces s progra m writer . 

• expositio n o f the decisio n point s 
Preparing a  configuration fo r th e overal l computatio n force s th e use r t o 
decide on the method o f writing the program a t th e global level withou t 
considering low-leve l details . 

• recor d o f construct s 
Thanks t o thei r concisenes s an d lac k o f implementation detail s (i.e. , in -
put/output, communication , flow of control), computation configuratio n 
and equationa l program s fo r it s processes form a  good basis for progra m 
documentation. 

• preservatio n o f correctnes s 
The paralle l cod e i s produced i n thre e majo r transformation s tha t wer e 
designed t o b e correctness-preserving . 

• limi t o f proofs t o derivatio n syste m 
Proof of the correctness-preserving propertie s of the EPL transformatio n 
has no t bee n mad e formally , howeve r thes e properties strongl y influenc e 
their desig n an d implementation . 

Cost Measures . Ther e i s a  par t o f th e system , calle d th e Timer , tha t 
provides the use r with the executio n time estimate s fo r equationa l programs . A s 
in [8] , the Time r relie s o n a  se t o f simpl e architectur e measurement s tha t ca n 
be establishe d b y runnin g benchmark s o f th e Time r o n th e give n architectures . 
However, w e do no t hav e a  mechanis m fo r determinin g th e overal l computatio n 
execution cos t (i.e. , executio n cos t a t th e leve l o f a  configuration ) a t thi s time . 
For SPM D models , Time r i s sufficient; however , i n a  more genera l setting , ther e 
is a need for a better tool. Time r results are used in transformations o f equational 
programs int o schedule s an d durin g progra m decompositio n an d mapping . 
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No Preferre d Scal e o f Granularity . Ther e i s no uppe r o r lowe r limi t o n 
the grai n siz e i n EP L wit h th e exceptio n o f th e statemen t instance ; i.e. , EP L 
does no t explor e parallelis m o n the leve l of expressions an d below . 

Efficiently Implementable . Ou r experienc e wit h th e curren t EP L imple -
mentation indicate s tha t th e EP L generate d cod e i s n o mor e tha n 20%-50 % 
slower tha n th e equivalen t hand-writte n code . However , w e hav e no t ye t mea -
sured th e efficienc y o f large r application s (o r eve n a  larg e numbe r o f smalle r 
ones). 

Usually a  large paralle l computatio n ca n b e efficiently designe d a s a  set o f in-
teracting processes which represent logica l partition of the problem. Eac h process 
is typically furthe r functionall y decompose d int o procedures an d subroutines . A 
hierarchical vie w o f a  paralle l computatio n supporte d b y th e macro-dat a flo w 
EPL configuratio n i s helpfu l i n extractin g tas k parallelism . Progra m decompo -
sition base d o n annotation s an d computatio n synthesi s base d o n configuration s 
can suppor t efficien t paralle l cod e generatio n fo r thi s kin d o f parallelism . I n 
addition, annotation s suppor t rapi d prototypin g an d performanc e tunin g o f a 
parallel computation . 

Using functiona l paradig m fo r EP L proces s specificatio n result s i n absenc e 
of contro l statement s i n EP L programs . Hence , functiona l paradig m simplifie s 
program analysi s an d enhance s compile r abilit y t o produc e a n efficien t code . 
However, majorit y o f paralle l cod e optimizatio n problem s ar e NP-hard ; hence , 
development o f proper heuristic s i s important . 
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