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Abstract

Arra y languages suc h as F ortran 90, HPF and ZPL ha v e

man y b ene�ts in simplifying arra y-based computations and

expressing data parallelism. Ho w ev er, they can su�er large

p erformance p enalties b ecause they in tro duce in termediate

arra ys|b oth at the source lev el and during the compila-

tion pro cess|whic h increase memory usage and p ollute the

cac he. Most compilers address this problem b y simply scalar-

izing the arra y language and relying on a scalar language

compiler to p erform lo op fusion and arra y con traction. W e

instead sho w that there are adv an tages to p erforming a form

of lo op fusion and arra y con traction at the arr ay level. This

pap er describ es this approac h and explains its adv an tages.

Exp erimen tal results sho w that our sc heme t ypically yields

run time impro v emen ts of greater than 20% and sometimes

up to 400%. In addition, it yields sup erior memory use when

compared against commercial compilers and exhibits com-

parable memory use when compared with scalar languages.

W e also explore the in teraction b et w een these transforma-

tions and comm unication optimizations.

1 Intro duction

Arra y languages suc h as F ortran 90 (F90) [1 ], High P er-

formance F ortran (HPF) [13 ] and ZPL [24 ] ha v e b ecome

imp ortan t v ehicles for expressing data parallelism. Though

they simplify the sp eci�cation of arra y-based calculations,

they also presen t a p oten tial problem: Large temp orary ar-

ra ys ma y need to b e in tro duced, either b y the programmer

or b y the compiler. F or example, the F90 statemen ts in

Figure 1(a) use temp orary arra y R to cac he a computation,

while the F ortran 77 equiv alen t in Figure 1(b) uses only the

scalar v ariable s , whic h can b e view ed as a c ontr acte d form

of the full arra y R . Similarly , there are cases where an arra y

language compiler will insert temp orary arra ys to preserv e

arra y language seman tics. In b oth cases, these arra y tem-

p oraries increase memory usage, degrade p erformance b y

p olluting the cac he, and therefore imp ede the acceptance of
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arra y languages, despite their other adv an tages.

There are t w o w a ys to solv e this problem. The �rst is

to scalarize the arra y language source ( i.e. , pro duce scalar

lo op nests for eac h arra y statemen t) and rely on a scalar

language compiler to remo v e the arra y temp oraries using its

existing sc alar level optimizations. Sp eci�cally , the scalar

compiler m ust fuse lo ops to enable con traction, as sho wn

in Figure 1(b). The second approac h is to optimize at the

arr ay level prior to scalarization ( i.e. , p erform analyses and

transformations on arra y statemen ts directly). Since fusion

and con traction are mature and w ell understo o d transforma-

tions, the �rst approac h app ears a natural c hoice b ecause it

simpli�es the arra y language compilation pro cess and lev er-

ages existing compiler tec hnology . Ho w ev er, w e b eliev e that

the �rst approac h is inferior for sev eral reasons. First, the

realit y is that scalar languages do not require programmers

to in tro duce large temp orary arra ys, so scalar language com-

pilers do not b other to p erform costly transformations that

will not b ene�t t ypical h uman generated co de. Second, re-

mo ving arra y temp oraries at the scalar lev el solv es the prob-

lem at a greater conceptual distance from the source of the

problem and at a greater cost. Most imp ortan tly , it is im-

practical to implemen t an in tegrated optimization strategy

when some optimizations ( e.g. , comm unication pip elining)

are p erformed at the arra y lev el while others ( e.g. , arra y

con traction) are subsequen tly p erformed at the scalar lev el.

Our w ork supp orts earlier claims that there are p erfor-

mance b ene�ts to p erforming analyses and transformations

at the arra y lev el [6, 21 ]. In particular, this pap er mak es the

follo wing con tributions. W e explain ho w fusion and con trac-

tion can b e p erformed at the arra y lev el. W e refer to the

former as statement fusion b ecause arra y statemen ts, not

lo ops, are the fused en tities. W e pro vide empirical evidence

that our approac h is sup erior to those used b y sev eral com-

mercial compilers. W e measure the b ene�ts of v arious arra y

lev el fusion and con traction strategies, b oth in terms of ex-

ecution time and memory usage, and w e �nd that the com-

mon practice of con tracting only compiler in tro duced arra ys

is insu�cien t. In addition, w e sho w that our arra y lev el

approac h pro duces co de that is comparable to that of hand-

written scalar programs. Finally , w e sho w that p erformance

su�ers when compilers do not use an in tegrated strategy for

optimizing comm unication and p erforming fusion.

This pap er is organized as follo ws. Sections 2 and 3

de�ne the represen tations w e use and the problem w e solv e.

Section 4 describ es our solution to the problem. Section 5

ev aluates the implemen tation of statemen t fusion and arra y

con traction in the ZPL compiler, and the �nal t w o sections

presen t related w ork and giv e conclusions.



R(i,:)=AA(i,:)*D(i-1,:)

D(i,:)=1.0/(DD(i,:)-AA(i-1,:)*R(i,:)

Rx(i,:)=Rx(i,:)-Rx(i-1,:)*R(i,:)

Ry(i,:)=Ry(i,:)-Ry(i-1,:)*R(i,:)

(a)

do j=1,n

s = AA(i,j)*D(i-1,j)

D(i,j)=1/(DD(i,j)-AA(i-1,j)*s

Rx(i,j)=Rx(i,j)-Rx(i-1,j)*s

Ry(i,j)=Ry(i,j)-Ry(i-1,j)*s

enddo

(b)

Figure 1: Illustration of unnecessary arra y allo cation ( R ) in

an arra y language using a co de fragmen t from the tridiago-

nal systems solv er comp onen t of the SPEC CFP95 T omcatv

b enc hmark.

2 Rep resentations

This section describ es our arra y statemen t normal form and

arra y lev el dep endence represen tation. The represen tation

w e describ e will b e used in de�ning the fusion for con traction

problem and in implemen ting its solution.

2.1 No rmalized Arra y Statements

W e de�ne a normalize d arr ay statement to b e an elemen t-

wise arra y op eration that has the follo wing prop erties: (i) the

same arra y (or aliasing arra ys) ma y not b e b oth read and

written, (ii) the statemen t con tains arra ys of a common

rank, and (iii) the exten t of the arra y statemen t's com-

putation is de�ned b y an index set, called a r e gion , and all

arra y references are sp eci�ed as constan t o�sets from this

index set. The �nal prop ert y implies that for eac h arra y ref-

erence, the elemen ts of its subscript are sep ar able ( i.e. , an

index v ariable ma y app ear in only a single elemen t of a sub-

script) and a particular index v ariable app ears in the same

p osition of all subscripts. A normalized arra y statemen t has

the follo wing form.
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] . Figures 2(a) and (b) con tain F90 arra y

statemen ts and their normal form equiv alen ts (note that

A � A@0 , where 0 is the n ull or zero v ector). Though only

normalized statemen ts can participate in fusion and con trac-

tion, unnormalized statemen ts do not prev en t indep enden t

normalized statemen ts from b eing optimized.

This normal form is an appropriate represen tation for

arra y statemen ts b ecause the data v olume of eac h term in

a single arra y statemen t is the same ( i.e. , they are con-

formable). Conformabilit y p ermits most F90 and ZPL arra y

statemen ts to b e normalized, either directly or b y the in-

tro duction of compiler temp oraries that are often later con-

tracted. F urthermore, the normal form serv es as an e�ectiv e

in ternal represen tation when compiling for parallel mac hines

b ecause it mak es the alignmen t of arra ys explicit. All arra y

references are p erfectly aligned except for v ector o�sets, so

normalized statemen ts will compile to highly e�cien t paral-

lel co de [7 ]. Compiler generated comm unication primitiv es

need not b e normalized b ecause they are not candidates for

fusion or con traction. Not coinciden tally , the normal form

closely resem bles the core of the ZPL source language.

1 A(1:m,1:n) = B(0:m-1,1:n)

2 C(1:m,1:n) = A(1:m,0:n-1)

3 B(1:m,1:n) = A(0:m-1,2:n+1)

(a)

1 [1..m,1..n] A := B@(-1,0);

2 [1..m,1..n] C := A@(0,-1);

3 [1..m,1..n] B := A@(-1,1);

(b)

do j = n,1,-1

do i = m,1,-1

A(i,j) = B(i-1,j)

B(i,j) = A(i-1,j+1)

enddo

enddo

do i = 1,n

do j = 1,m

C(i,j) = A(i,j-1)

enddo

enddo

(c)

3

2

1

{(A
,(0

,1),ß
ow)}

{( A,(1,-1),ßow),
  (B,(-1,0),anti)}

(d)

Figure 2: F our di�eren t represen tations of the same arra y

computation: (a) F ortran 90, (b) normalized arra y state-

men ts, (c) F ortran 77, and (d) arra y statemen t dep endence

graph.

2.2 The Arra y Statement Dep endence Graph

In this section, w e review the concept of data dep endence,

and w e mo dify existing mec hanisms to represen t dep en-

dences b et w een normalized arra y statemen ts. Data dep en-

dences [26 ] represen t ordering constrain ts on statemen ts in

a program. A 
ow or true dep endenc e requires that a v ari-

able assignmen t precede a read to the same v ariable, and an

anti-dep endenc e requires the rev erse. An output dep endenc e

requires that one assignmen t to a v ariable precede another

assignmen t to the same v ariable. T ransformations that re-

order dep enden t statemen ts ( i.e. , mo v e the dep endence tar-

get b efore its source) are illegal b ecause they violate the

dep endence and do not preserv e correctness.

Data dep endence is also used to represen t ordering con-

strain ts on iterations in the iteration space of a lo op nest.

The iteration space asso ciated with a lo op nest has a dimen-

sion for eac h lo op in the nest. Lo op transformations suc h

as lo op in terc hange or lo op rev ersal are only legal if they

preserv e the data dep endences in the iteration space. Dis-

tanc e ve ctors serv e as a static analysis to ol to represen t data

dep endences concisely in an iteration space.

De�nition 1 A distance v ector is an inte ger n -tuple, d =

( d

1

; d

2

; : : : ; d

n

) , r epr esenting a dep endenc e b etwe en the iter-

ations of a r ank n iter ation sp ac e, wher e the sour c e of the

dep endenc e pr e c e des the tar get by d

i

iter ations in lo op i (1

is the outermost), for 1 � i � n . Note that a ne gative or

zer o value implies that the tar get pr e c e des the sour c e or that

they ar e in the same iter ation, r esp e ctively.

A distance v ector is lexic o gr aphic al ly nonne gative if it is

a n ull v ector or if its leftmost non-zero elemen t is p ositiv e.

A lexicographically nonnegativ e distance v ector is said to b e

le gal b ecause the dep endence source precedes the target in

the lo op that c arries the dep endence. If a distance v ector

is not lexicographically nonnegativ e, then the target of the

dep endence precedes the source in the lo op that carries the

dep endence, whic h is clearly illegal.

Distance v ectors are inappropriate for use in arra y lev el

compilation b ecause they are deriv ed from lo op nests, whic h

are not created un til after our transformations ha v e b een



p erformed. As a result, w e in tro duce a v arian t of the dis-

tance v ector, called the unc onstr aine d distanc e ve ctor , to

represen t arra y lev el data dep endences b et w een normalized

arra y statemen ts.

De�nition 2 A n unconstrained distance v ector is an in-

te ger n -tuple, u = ( u

1

; u

2

; : : : ; u

n

) , r epr esenting a dep en-

denc e b etwe en two normalize d n -dimensional arr ay state-

ments, wher e the sour c e of the dep endenc e pr e c e des the tar get

by u

i

iter ations of the lo op that iter ates over dimension i (if

b oth statements app e ar in the same lo op nest).

Unconstrained distance v ectors are constructed b y subtract-

ing the dep endence's target o�set v ector from its source o�-

set. F or example, the unconstrained distance v ectors that

arise from the dep endences in the co de in Figure 2(b) are

(0 ; 0) � (0 ; � 1) = (0 ; 1) and (0 ; 0) � ( � 1 ; 1) = (1 ; � 1) for arra y

A and ( � 1 ; 0) � (0 ; 0) = ( � 1 ; 0) for arra y B . The lexicograph-

ical nonnegativit y of an unconstrained distance v ector has

no b earing on the legalit y of the dep endence it represen ts.

Because scalarization of a normalized statemen t gener-

ates a single lo op to iterate o v er the same dimension of all

arra ys in its b o dy , w e can c haracterize dep endences b y di-

mensions of the arra y rather than dimensions of the iteration

space. Th us u

i

is the distance of the dep endence along ar-

ra y dimension i . Unconstrained distance v ectors are more

abstract than traditional (constrained) distance v ectors b e-

cause they separate lo op structure from dep endence repre-

sen tation. Though unconstrained distance v ectors are not

fully general, they can represen t an y dep endence that ap-

p ears in our normal form.

W e represen t co de using the arr ay statement dep endenc e

gr aph .

De�nition 3 A n arra y statemen t dep endence graph

(ASDG), G = ( V ; E ) , is a lab ele d, acyclic, dir e cte d

gr aph, wher e vertic es, v

i

, r epr esent statements, e dges r epr e-

sent data dep endenc es b etwe en statements, and e ach e dge,

( v

1

; v

2

) 2 E , is lab ele d, l ( v

1

; v

2

) , with a set of (vari-

able name, unc onstr aine d distanc e ve ctor, dep endenc e typ e

2 f 
ow, anti, output g ) tuples.

An ASDG is guaran teed to not con tain cycles b ecause

it represen ts a single basic blo c k at the arra y statemen t

lev el. An edge from v

1

to v

2

, ( v

1

; v

2

) 2 E , in an ASDG

indicates that the target statemen t v

2

is dep enden t on the

source statemen t v

1

. The lab el on eac h edge in the ASDG

describ es the dep endences the edge represen ts b y naming

the v ariables that induce the dep endences and the asso ci-

ated unconstrained distance v ectors and dep endence t yp es.

Figure 2(d) con tains the ASDG that corresp onds to the nor-

malized arra y statemen ts in 2(b).

If after scalarization, the source and target of a dep en-

dence app ear in the single lo op nest, a con v en tional (con-

strained) distance v ector ma y b e constructed from an uncon-

strained one giv en a description of the lo op nest structure.

De�nition 4 A lo op structure v ector is an inte ger n -tuple,

p = ( p

1

; p

2

; : : : ; p

n

) , that describ es the dimension and dir e c-

tion of e ach lo op in an n -de ep lo op nest. L o op i (1 is the

outermost lo op in the lo op nest) iter ates over dimension j p

i

j

in the dir e ction of the sign of p

i

, p ositive denoting incr e as-

ing.

A lo op structure v ector is a

p erm utation of ( � 1 ; � 2 ; : : : ; � n ). The lo op structure v ec-

tor that describ es the lo op nests in Figure 2(c) are ( � 2 ; � 1)

and (1 ; 2). In the �rst nest, the outer lo op iterates o v er the

second dimension and the inner lo op iterates o v er the �rst

dimension, b oth in a decreasing direction.

A constrained distance v ector, d = ( d

1

; d

2

; : : : ; d

n

), is

constructed from an unconstrained one, u , and a lo op struc-

ture v ector, p , b y letting d

i

=

p

i

j p

i

j

u

j p

i

j

, for 1 � i � n .

Consider arra y statemen ts 1 and 3 in Figure 2(b). If

p = ( � 2 ; � 1), the unconstrained distance v ectors ( � 1 ; 0)

and (1 ; � 1) b ecome (0 ; 1) and (1 ; � 1), resp ectiv ely , when

constrained. The constrained distance v ectors are lexico-

graphically nonnegativ e, so the dep endences of the co de in

Figure 2(b) are preserv ed b y the �rst lo op nest in 2(c) result-

ing from lo op structure v ector p . There are no constrain ts

on the structure of the second lo op nest b ecause it do es not

con tain statemen ts that dep end on eac h other.

A fusion p artition describ es a particular fusing of the

statemen ts in an ASDG.

1

De�nition 5 A fusion partition , P = ( P

1

; P

2

; : : : ; P

l

) , of

an ASDG, G = ( V ; E ) , is a p artitioning of the no des of

G into l disjoint sets, P

1

; P

2

; : : : ; P

l

, c al le d fusible clusters

such that the fol lowing c onditions hold: (i) al l statements

in a single cluster op er ate under the same r e gion, (ii) al l

unc onstr aine d distanc e ve ctors on intr a-fusible-cluster 
ow

dep endenc es ar e nul l ve ctors (i.e., 8 P

i

and v

1

; v

2

2 P

i

, if

( x; u; 
ow ) 2 l ( v

1

; v

2

) then u is a nul l ve ctor), (iii) ther e

ar e no inter-fusible-cluster cycles, and (iv) a lo op structur e

ve ctor exists for e ach fusible cluster that pr eserves al l intr a-

fusible-cluster dep endenc es.

Up on scalarization, all the statemen ts in a fusible cluster

are implemen ted with a single lo op nest. The statemen ts

in eac h lo op nest and the lo op nests themselv es are ordered

b y a top ological sort using in tra- and in ter-fusible cluster

dep endence edges, resp ectiv ely . The �rst condition ab o v e

ensures that all the statemen ts in a single cluster ha v e the

same ( i.e. , conformable) lo op b ounds. The second condition

ensures that a lo op carried 
o w dep endence will not inhibit

parallelism. The �nal t w o conditions ensure that in ter- and

in tra-fusible-cluster dep endences are preserv ed, resp ectiv ely .

An algorithm to decide the �nal condition is describ ed in

detail in Section 4.2. The trivial fusion p artition of an ASDG

is one in whic h there is exactly one statemen t in eac h fusible

cluster.

Giv en a particular fusion partition w e can decide for

what arra ys con traction has b een enabled.

De�nition 6 Given a fusion p artition,

P = ( P

1

; P

2

; : : : ; P

l

) , of an ASDG, G = ( V ; E ) , an arr ay, x ,

is con tractible if the fol lowing c onditions hold: (i) the sour c e

and tar get of al l dep endenc es due to x app e ar in the same

fusible cluster (i.e., 8 ( v

1

; v

2

) 2 E , if ( x; u; t ) 2 l ( v

1

; v

2

) , then

v

1

2 P

i

and v

2

2 P

i

for some i , 1 � i � l ), and (ii) the un-

c onstr aine d distanc e ve ctors of al l data dep endenc es due to

x ar e nul l ve ctors (i.e., 8 ( v

1

; v

2

) 2 E , if ( x; u; t ) 2 l ( v

1

; v

2

) ,

then u is a nul l ve ctor).

These conditions ensure that all references to x will app ear

in a single lo op nest up on scalarization, and there will b e

no lo op carried dep endences due to x . The latter condition

ma y b e relaxed when the dep endence is along a dimension

of the arra y that is not distributed [4 ], but here w e assume

that all dimensions are distributed.

1

This terminology is b orro w ed from Gao et al. [12], who considered

a similar problem. See Section 6.



3 Problem

There are t w o reasons to p erform statemen t fusion: to en-

able the elimination of arra ys b y con traction and to impro v e

utilization of the data cac he b y exploiting in ter-statemen t

reuse. F or the �rst goal, w e seek a fusion partition, P , for

an ASDG, G , that enables the maxim um elimination of ar-

ra y elemen t references b y con traction. The n um b er of arra y

elemen t references eliminated b y the con traction of arra y x

(called r efer enc e weight , w ( x; G )) is a function of the n um-

b er of times it is referenced at the arra y lev el and the region

sizes o v er whic h these references o ccur. W e call the sum of

the reference w eigh ts of all con tracted arra ys the c ontr ac-

tion b ene�t of a fusion partition. F or the second goal, w e

seek a fusion partition that maximizes the n um b er of arra ys

without in ter-fusible-cluster dep endences. The in tuition is

that while in tra-cluster dep endences are p oten tial sources

of cac he reuse, w e m ust b e careful not to p ollute the cac he

with the increased references that come with excessiv e fu-

sion. When all references to an arra y app ear in a single

lo op nest, all other lo op nests are spared the cac he burden

of references to the arra y . Both problems are pro v ably NP-

complete, so w e presen t appro ximate solutions in the next

section.

4 Solution

This section presen ts algorithms for p erforming statemen t

fusion to enable con traction and exploit lo calit y . Because

eliminating en tire arra ys conserv es memory and can result

in enormous p erformance impro v emen ts, w e p erform fusion

for con traction �rst. W e also describ e the details of scalar-

ization.

4.1 Statement F usion

Our algorithm to fuse statemen ts to enable arra y con traction

app ears in Figure 3. It tak es as input an ASDG, G , and it

returns a fusion partition P = ( P

1

; P

2

; : : : ; P

l

) con taining l

clusters. Initially , P is the trivial fusion partition (line 1).

The algorithm considers eac h v ariable,

2

x

i

, that app ears

in the input arra y statemen t dep endence graph in order of

decreasing w eigh t, w ( x

i

; G ). As a result, arra ys that ha v e

p oten tially the largest single impact on the total con traction

b ene�t are considered �rst. In line 5, set c is assigned all

the fusible clusters that con tain references to v ariable x

i

.

The fusion of all the statemen ts in the fusible clusters in

c migh t in tro duce in ter-fusible-cluster cycles, so c b ecomes

the union of itself and the fusible clusters that are on in ter-

fusible-cluster cycles using the Gr o w function (line 6). This

guaran tees that there will b e no dep endence cycles, for they

prev en t fusion. If v ariable x

i

is con tractible and a fusion

partition is pro duced b y com bining all the fusible clusters in

c (b y De�nitions 6 and 5), fusion is p erformed. The union

of all fusible clusters in c is tak en and assigned in to the P

k

with the smallest v alue k in c . The coun ter l is decremen ted

to indicate that there are few er clusters.

The Fusion-F or-Contra ction algorithm uses three

auxiliary routines. F unction Gr o w ( c; G ) returns all fusible

clusters not in c that are reac hable b y a dep endence path

from a cluster in c and that ha v e a dep endence path to a

cluster in c . These are the fusible clusters that will b e on

2

F or simplicit y , w e describ e the algorithm as op erating on arra y

v ariables. In realit y , it op erates on arra y v ariable de�nitions, so that

di�eren t references to the same arra y in disjoin t liv e ranges can b e

optimized separately .

Input G = ( V ; E ) : an arra y statemen t dep endence graph

Output P = ( P

1

; P

2

; : : : ; P

l

) : a fusion partition of G

Fusion-F or-Contra ction ( G )

1 P  trivial partition of G

2 l  j V j

3 x  arra y v ars in G sorted b y decreasing w eigh t w

4 for i  1 to j x j f consider v ar x

i

for con traction g

5 c  f P

j

j P

j

con tains a reference to v ariable x

i

g

6 c  c [ Gr o w ( c; G )

7 if Contra ctible? ( x

i

; c; G ) and

Fusion-P ar tition? ( c; G )

8 k  smallest j for P

j

2 c

9 P

k

 [

z 2 c

z

10 l  l � ( j c j � 1)

11 return P

Figure 3: Algorithm to �nd a fusion partition that enables

con traction in an ASDG.

an in ter-fusible-cluster dep endence cycle if the clusters in c

are fused. This function's running time is O ( e ), where e is

the n um b er of edges in G . The Fusion-P ar tition? ( c; G )

and Contra ctible? ( x; c; G ) predicates test the conditions

in De�nitions 5 and 6, resp ectiv ely . They b oth run in O ( e )

time. The former function can ignore in ter-cluster cycles

b ecause line 6 guaran tees they will not exist. It also calls

Find-Loop-Str ucture (describ ed in the next section) to

decide whether condition (iv) of De�nition 5 is met. If there

are r arra ys in G , the total running time for Fusion-F or-

Contra ction is O ( r e ).

The algorithm to p erform fusion for lo calit y enhance-

men t is iden tical to that in Figure 3, except that the Con-

tra ctible? predicate in line 7 is eliminated. W e try to

fuse all statemen ts that reference the arra y that will ha v e

the greatest single lo calit y b ene�t, whic h is analogous to the

con traction b ene�t. Next, w e will describ e the pro cess b y

whic h an ASDG is scalarized giv en a fusion partition.

4.2 Scala rization

Scalarization generates a lo op nest for eac h fusible cluster

in a fusion partition, where the lo op nests and the state-

men ts in the lo op nests are ordered b y a top ological sort

using in ter- and in tra-fusible-cluster dep endences, resp ec-

tiv ely . The only w ork remaining is deciding the structure

of eac h lo op nest, i.e. , the direction in whic h and dimension

o v er whic h eac h lo op iterates. This information is enco ded

in a lo op structure v ector (De�nition 4) for eac h fusible clus-

ter. In tra-cluster dep endences constrain the structure of the

lo op nest that will implemen t its statemen ts ( i.e. , the lo op

nest m ust preserv e these dep endences). When the dep en-

dences do not fully constrain the structure of the lo op nest,

w e will fa v or the lo op structure that b est exploits spatial

lo calit y .

The algorithm to �nd a lo op structure v ector giv en a set

of unconstrained distance v ectors from in tra-fusible-cluster

arra y-lev el dep endences app ears in Figure 4. Find-Loop-

Str ucture consists of a doubly nested lo op. The outer

lo op (line 3) iterates o v er the lo ops of the target lo op nest,

and the inner lo op iterates o v er the dimensions of the arra ys.

The lo op b o dy matc hes lo ops to arra y dimensions (lines 7

through 11). W e consider target lo ops from outer to inner

b ecause when a dimension is assigned to a lo op, the de-

p endences that are carried in that lo op do not constrain the

structure of the inner lo ops (th us set C is pruned in line 10).



Input C : a set of m unconstrained distance v ectors, eac h of size n

Output p : a lo op structure v ector of size n (lo op i iterates o v er

arra y dimension j p

i

j in the direction of the sign of p

i

)

Find-Loop-Str ucture ( C )

1 for j  1 to n f initialize unassigned mask g

2 b

j

 true f b

j

= true ) arra y dimension j has

not y et b een assigned to a lo op g

3 for i  1 to n f iterate o v er lo ops g

4 for j  1 to n f iterate o v er arra y dimensions g

5 if b

j

6 d  

�

+1 if 8 u 2 C; u

j

� 0

� 1 if 8 u 2 C; u

j

� 0 and 9 u 2 C; u

j

< 0

0 otherwise

7 if d 6= 0 f can lo op i iterate o v er dimension j ? g

8 b

j

 false

9 p

i

 j d

10 C  C � f u 2 C j u

j

6= 0 g

11 break out of j lo op

12 return NoSolution f no dimension found for lo op i g

13 return p

Figure 4: Algorithm to �nd a legal lo op structure v ector

giv en a set of unconstrained distance v ectors from in tra-

fusible-cluster data dep endences.

W e consider dimensions from 1 to n so that inner lo ops will

b e matc hed with higher arra y dimensions to exploit spatial

lo calit y (assuming ro w-ma jor allo cation), if allo w ed b y the

constrain ts. If there are e dep endences, the running time

of lines 6 and 10 is O ( e ), so Find-Loop-Str ucture runs

in O ( n

2

e ) time. Because the rank of the arra ys, n , is t ypi-

cally v ery small and e�ectiv ely constan t [23 ], the algorithm

is essen tially linear, O ( e ), in the n um b er of dep endences.

5 Evaluation

This section ev aluates our algorithm for statemen t fu-

sion and arra y con traction|as implemen ted in the ZPL

compiler|b y comparison to commercial F90/HPF compil-

ers and hand co ded C co de. F urthermore, w e examine the

transformations' e�ect on memory use and their relativ e im-

pact on run time p erformance. Finally , w e ev aluate ho w their

in teraction with comm unication optimizations e�ect p erfor-

mance.

The b enc hmark programs w e use to ev aluate our trans-

formations represen t t ypical parallel arra y language pro-

grams. The SP application and EP k ernel b elong to the

NAS parallel b enc hmark suite [2, 3 ]. SP solv es sets of un-

coupled scalar p en tadiagonal systems of equations; it is rep-

resen tativ e of p ortions of CFD co des. EP generates pairs of

Gaussian random deviates, and it is considered \em barrass-

ingly parallel." EP c haracterizes the p eak realizable FLOPS

of a parallel mac hine. T omcatv is a SPEC CFP95 b enc h-

mark that p erforms v ectorized mesh generation. The Simple

co de solv es h ydro dynamics and heat conduction equations

b y �nite di�erence metho ds [10 ]. The Fibro application uses

mathematical mo dels of biological patterns to sim ulate the

dynamic structure of �broblasts [11 ].

W e use the Cra y T3E, IBM SP-2 and In tel P aragon in our

ev aluation. The T3E is a distributed shared memory ma-

c hine, while the other t w o are message passing distributed

memory mac hines. The T3E w e use has 94 no des, eac h con-

taining a 450 MHz DEC Alpha 21164, 8 and 96 KB L1 and

L2 data cac hes, resp ectiv ely , and 256 MB memory . The SP-2

w e use has 144 no des, eac h con taining a 120 MHz PO WER2

Sup er Chip (P2SC), 128 KB data cac he and 256 MB mem-

B(1:n,1:m) = A(1:n,1:m)+A(1:n,1:m) (1)

C(1:n,1:m) = A(1:n,1:m)*A(1:n,1:m)

B(1:n,1:m) = A(0:n-1,1:m)+A(0:n-1,1:m) (2)

C(1:n,1:m) = A(1:n,1:m)*A(1:n,1:m)

B(1:n,1:m) = A(0:n-1,1:m)+C(0:n-1,1:m) (3)

C(1:n,1:m) = A(1:n,1:m)*A(1:n,1:m)

A(1:n,1:m) = A(1:n,1:m)+A(1:n,1:m) (4)

A(1:n,1:m) = A(0:n-1,1:m)+A(0:n-1,1:m) (5)

B(1:n,1:m) = A(1:n,1:m)+A(1:n,1:m) (6)

C(1:n,1:m) = B(1:n,1:m)

B(1:n,1:m) = A(1:n,1:m)+A(1:n,1:m)+C(0:n-1,1:m) (7)

C(1:n,1:m) = B(1:n,1:m)

T1(1:n,1:m) = B(1:n,1:m)

T2(1:n,1:m) = B(1:n,1:m) (8)

A(1:n,1:m) = A(2:n+1,1:m) + T1(2:n+1,1:m) + T2(2:n+1,1:m)

Figure 5: Co de fragmen ts to exercise F ortran 90 and HPF

compilers.

ory . The P aragon w e use has 18 no des, eac h con taining a

75MHz In tel i860 pro cessor, 8 KB data cac he and 32 MB of

memory .

5.1 Compa rison to Commercial Compilers

In order to assess the state of the art, w e determine ho w

aggressiv ely curren t commercial arra y language compilers

p erform statemen t fusion and arra y con traction. W e exam-

ine compilers for F90 and HPF (a parallel sup erset of F90)

b ecause F90 is the arra y language to whic h the greatest de-

v elopmen t e�ort has b een dev oted.

The dev elop ers of commercial compilers do not adv ertise

the sp eci�c optimizations that their pro ducts p erform, so

w e infer their abilit y to p erform statemen t fusion and arra y

con traction b y studying compiler output for a set of care-

fully selected co de fragmen ts, sho wn in Figure 5. In all cases,

arra ys B , T 1 and T 2 are not liv e b ey ond the giv en co de frag-

men ts. The fragmen ts in (1), (2) and (3) test a compiler's

abilit y to p erform statemen t fusion to exploit temp oral lo-

calit y . The fragmen ts di�er in the data dep endences they

con tain. The fragmen ts in (4) and (5) test a compiler's abil-

it y to eliminate compiler temp oraries, and (6) and (7) test

the same for user temp oraries, in this case arra y B . F rag-

men t (8) con tains t w o user arra ys that can b e con tracted

if con traction of the compiler arra y for the third statemen t

is sacri�ced. The fragmen t tests whether a compiler prop-

erly w eighs this tradeo�. Figure 6 summarizes whether eac h

compiler prop erly fused (and in some cases con tracted) eac h

co de fragmen t.

First, observ e that the PGI and IBM compilers app ear

not to p erform an y statemen t fusion ( i.e. , eac h arra y state-

men t compiles to a single lo op nest). The implemen tors

hop ed to lev erage the optimizations p erformed b y the bac k

end F ortran 77 compiler, whic h do es in fact p erform fusion.

Unfortunately , the bac k end compiler do es not p erform con-

traction b ecause it w as not designed to compile scalarized

arra y language programs. Most of the compilers success-

fully eliminate compiler temp oraries. This is not surpris-

ing giv en that it requires only a simple lo cal analysis, but

additional exp erimen ts (Section 5.4) sho w that this trans-



c ompiler user tr ade-

fusion temps temps o�

c ompiler (1) (2) (3) (4) (5) (6) (7) (8)

PGI HPF 2.1

p p

IBM XLHPF 1.2

p p

APR XHPF 2.0

p p p

Cra y F90 2.0.1.0

p p p p p

ZPL 1.13

p p p p p p p p

Figure 6: Observ ed b eha vior of �v e arra y language compil-

ers. A

p

indicates that the compiler pro duced the prop er

fused/con tracted co de (as describ ed in the running text).

formation alone is not su�cien t. Though the APR com-

piler app ears to p erforms fusion for lo calit y and compiler

arra y con traction, it is unable to fuse lo ops that carry an ti-

dep endences.

Finally , notice that the Cra y F90 compiler app ears to

p erform b oth statemen t fusion and arra y con traction, but

there are circumstances under whic h it fails. The com-

piler is unable to fuse statemen ts where the resulting lo op

nest w ould con tain lo op carried an ti-dep endences. As a re-

sult, fusion do es not o ccur in either (3) or (7), in the latter

case inhibiting con traction. W e also infer that the compiler

considers con traction of compiler and user temp orary ar-

ra ys separately , since it con tracts the compiler temp orary in

(8) at the exp ense of con tracting the t w o user temp oraries.

The Cra y compiler probably nev er inserts compiler temp o-

raries when a single statemen t do es not require it, ev en if

this transformation w ould enable the con traction of m ultiple

other arra ys. The tec hnique w e describ e alw a ys inserts com-

piler arra ys, and it treats compiler and user arra ys together

as candidates for con traction. If a single statemen t do es

not truly require a compiler arra y , our algorithm is guar-

an teed to con tract it unless a more fa v orable con traction is

p erformed that prev en ts it.

5.2 Compa rison to Hand-co ded

A successful arra y language compiler will pro duce scalar

co de comparable to that of a skilled scalar language pro-

grammer. W e no w compare co de pro duced b y the ZPL

compiler with equiv alen t programs written in a scalar lan-

guage. Figure 7 summarizes for eac h of the six b enc hmarks

the n um b er of static arra ys app earing in the compiled co de

with and without arra y con traction. Note that within eac h

co de, nearly all arra ys are appro ximately the same size. W e

see that all compiler-generated arra ys ha v e b een eliminated.

The b ene�t of this is that a programmer can b etter compre-

hend the memory use of their co de when the compiler only

infrequen tly in tro duces arra ys. Figure 7 sho ws a substan tial

reduction in the n um b er of static arra ys. All the arra ys are

eliminated in EP , and in all but one of the other b enc hmarks

more than half are eliminated.

The �nal column in Figure 7 giv es the n um b er of arra ys

that app ear in equiv alen t scalar language co des. The scalar

language co des are all publicly a v ailable C or F ortran 77

programs written b y third parties. The compiler-generated

co de has the same or few er arra ys on all the b enc hmarks

except SP , whic h highligh ts a de�ciency in our curren t algo-

rithm. As w e ha v e describ ed con traction, an arra y is con-

tracted to a scalar or left as is. SP con tains a great man y

opp ortunities to con tract arra ys to lo w er dimensional ar-

ra ys. Though the resulting arra ys cannot b e manipulated

in registers, they conserv e memory and mak e b etter use of

arr ay language sc alar

applic ation w/o c ontr. w/ c ontr. % change lang.

EP 22(0/22) 0(0/0) -100.0 1

F rac 8(0/8) 1(0/1) -87.5 1

SP 181(18/163) 56(0/56) -69.1 48

T omcatv 19(4/15) 7(0/7) -63.2 7

Simple 85(20/65) 32(0/32) -62.4 32

Fibro 49(0/49) 27(0/27) -44.9 n/a

Figure 7: Static arra ys con tracted (categorized as com-

piler/user arra ys). Fibro w as dev elop ed in ZPL, so no equiv-

alen t scalar v ersion exists.

the cac he. Despite this shortcoming, SP still b ene�ts from

a substan tial p erformance impro v emen t, as w e see in Sec-

tion 5.4.

5.3 E�ect on Memo ry Usage and Problem Size

While the preceding section uses static arra y coun ts to sug-

gest that con traction conserv es memory , here w e emplo y dy-

namic data to disco v er more precisely ho w memory conser-

v ation from arra y con traction enables larger problems to b e

solv ed in a �xed amoun t of memory . The degree b y whic h

con traction allo ws larger problems to b e solv ed is an im-

p ortan t issue for memory b ound applications. W e assume

the follo wing of a single program on a particular mac hine:

(i) all arra ys are the same size, whic h w e call the pr oblem

size , (ii) all arra y elemen ts are the same size, and (iii) a

constan t amoun t of memory is a v ailable for arra y allo cation

indep enden t of problem size. The degree b y whic h the max-

im um problem size scales due to con traction is the ratio of

the maxim um problem size after and b efore con traction,

s

a

s

b

.

Giv en the ab o v e assumptions and that maxim um problem

size is in v ersely prop ortional to the maxim um n um b er of si-

m ultaneously liv e arra ys, l , the scaling factors b ecomes

l

b

l

a

.

W e subtract 1 and m ultiply b y 100 to con v ert the maxim um

problem size scaling factor to p ercen t c hange,

C ( l

b

; l

a

) = 100 �

l

b

� l

a

l

a

:

The �rst columns of Figure 8 giv e the dynamic l

b

and l

a

v alues and the calculated C v alue for eac h b enc hmark.

T o con�rm the ab o v e analysis, w e exp erimen tally deter-

mine for eac h b enc hmark the largest problem size that �ts

on a single no de of the Cra y T3E and the IBM SP-2. Both

mac hines ha v e op erating system facilities to limit the pro-

cess size, so w e found the largest problem size that do es not

result in a memory allo cation failure. Columns sev en and

ten of Figure 8 giv e the c hange in problem size, b oth along

one dimension of the problem domain and in total data v ol-

ume. The exp erimen tal data sho ws that these applications

resp ect the ab o v e assumptions, for the C v alue accurately

predicts the c hange in problem v olume. The one exception

is F rac on the SP-2, whic h violates assumption (ii). EP ,

in whic h all arra ys are eliminated, clearly b ene�ts the most

from con traction b ecause the con tracted form uses a con-

stan t amoun t of memory , indep enden t of the problem size.

The other applications' c hanges in problem size v ary from

10% to 274% along a single dimension or 25% to 1300% in

total v olume.



IBM SP-2 maxim um problem size Cra y T3E maxim um problem size

applic ation l

b

l

a

C w/o c ontr. w/ c ontr. % change (vol) w/o c ontr. w/ c ontr. % change (vol)

EP 22 0 1 2

19

1 1 ( 1 ) 2

16

1 1 ( 1 )

F rac 8 1 700.0 1531

2

5730

2

274.3(1300.7) 1409

2

3987

2

183.0(700.7)

T omcatv 19 7 171.4 929

2

1530

2

64.7(171.2) 1293

2

2128

2

64.6(170.9)

Fibro 49 27 81.5 583

2

790

2

35.5(83.6) 572

2

774

2

35.3(83.1)

SP 23 17 35.3 74

3

81

3

9.5(31.1) 91

3

101

3

11.0(37.7)

Simple 40 32 25.0 640

2

715

2

11.7(24.8) 623

2

702

2

12.7(27.0)

Figure 8: E�ect of con traction on maxim um ac hiev able problem size on single IBM SP-2 and Cra y T3E no des.

5.4 Run-time P erfo rmance

This section considers the run time p erformance impact of

arra y con traction and statemen t fusion. Though w e discuss

only the relativ e e�ect of these transformations, other stud-

ies ha v e sho wn that the ZPL compiler pro duces co de that

p erforms within 10% of hand co ded C plus message passing

and generally b etter than HPF [8 , 17 , 18 , 20].

In order to b etter understand the p erformance con tribu-

tions of fusion and con traction, w e measure execution time

using sev eral incremen tally di�eren t optimization strategies.

b aseline : no fusion or con traction transformations are p er-

formed

f1 : fusion is p erformed to enable the con traction of com-

piler arra ys, but con traction is not p erformed

c1 : fusion is p erformed to enable the con traction of com-

piler arra ys, and con traction is p erformed

f2 : c1 plus fusion is p erformed to enable con traction of user

arra ys, but the con traction is not p erformed

f3 : c1 plus fusion is p erformed to impro v e lo calit y (as de-

scrib ed in Section 4)

c2 : c1 plus fusion is p erformed to enable con traction of

user arra ys, and con traction is p erformed

c2+f3 : c2 plus fusion is p erformed to impro v e lo calit y (as

describ ed in Section 4)

c2+f4 : c2+f3 plus all legal fusion (b y a greedy pair-wise

algorithm)

Figures 9, 10 and 11 sho w the p ercen t impro v emen t of

eac h transformation o v er b aseline for eac h b enc hmark for a

v arying n um b er of pro cessors on the Cra y T3E, IBM SP-2

and In tel P aragon. Execution times are the b est of three

trials on the T3E and P aragon and of at least six trials on

the SP-2, a mac hine that su�ers from great p erformance

v ariance from trial to trial. So that w e ma y neutralize the

e�ect of comm unication masking all other p erformance c har-

acteristics on large pro cessor sets, w e scale the problem sizes

with the n um b er of pro cessors ( i.e. , the amoun t of data p er

pro cessor remains constan t as the n um b er of pro cessors in-

creases).

These graphs demonstrate that p erforming con traction

on b oth compiler and user arra ys in arra y languages is es-

sen tial. The predominan t c haracteristic of the graphs is that

c2 dominates the other transformations. The elimination of

a large p ortion of the compiler and user arra ys b y con trac-

tion drastically impro v es temp oral lo calit y , alw a ys resulting

in a signi�can t p erformance b o ost (up to 400% on one appli-

cation). Fibro on the SP-2 do es not b ene�t from con traction

for large n um b er of pro cessors b ecause of in teractions with

comm unications optimizations discussed in the next section.

In the larger applications, con traction of only compiler ar-

ra ys, c1 , pro vides a substan tiv e p erformance enhancemen t

(up to 30%), but it is only a fraction of the p oten tial con-

traction b ene�t. The smaller b enc hmarks, suc h as Fibro,

EP and F rac, require no compiler arra ys, so they do not

b ene�t from f1 and c1 . Clearly , transformation c1 do es not

su�cien tly address the problem of unnecessary temp orary

arra ys in arra y languages.

F or a n um b er of programs, transformations f2 and f3 pro-

duce noticeable slo wdo wn. It app ears that they increase ca-

pacit y and con
ict misses in programs that are particularly

sensitiv e to memory system p erformance, suc h as T omcatv

and Fibro. T ransformation c2+f4 generally results in no

impro v emen t b ey ond c2+f3 , and frequen tly pro duces signif-

ican tly less impro v emen t v ersus baseline (3% v ersus 16% for

Fibro on the T3E). SP is the one exception, b ecause arbi-

trary fusion enhances spatial lo calit y of indep enden t state-

men ts. Our fusion algorithm instead fuses dep enden t state-

men ts to enhance temp oral lo calit y . W e lea v e to future w ork

the extension of our algorithm for spatial lo calit y sensitivit y .

The lesson is that fusion should not b e p erformed arbitrarily

in an arra y language.

As the n um b er of pro cessors, p , v aries, certain trends

b ecome eviden t. The impro v emen t due to con traction in

EP and F rac is e�ectiv ely indep enden t of the n um b er of

pro cessors b ecause these co des scale nearly p erfectly with

p . The impro v emen t due to fusion and con traction gro ws

with p for some programs, suc h as Simple and T omcatv on

the SP-2, when the transformations impro v e p ortions of the

program that mak e up a larger fraction of total execution

time as p gro ws ( i.e. , the transformations impro v e p ortions

of the co de that do not scale w ell with p ).

The p erformance impro v emen t for a transformation de-

creases with p when the transformation impro v es a p ortion

of the co de that mak es up a smaller fraction of total exe-

cution time as p increase. This happ ens when some other

segmen t of the co de is not scaling w ell and consumes a larger

fraction of total execution time as p increases. SP exhibits

this b eha vior b ecause only p otions of the co de that scale

w ell b ene�t from the transformations. When b oth scaling

and non-scaling segmen ts of a co de b ene�t from the trans-

formations, mac hines c haracteristics ( e.g. , the relativ e costs

of cac he misses, comm unication and 
oating p oin t op era-

tions) dictate the trends. This is exempli�ed b y T omcatv,

whic h sho ws lev el, increasing and decreasing trends on the

three mac hines in our exp erimen ts.

5.5 Interaction with Communication Optimization

In this section, w e demonstrate that statemen t fusion in ter-

acts with comm unication optimizations and for this reason

should b e p erformed at the arra y lev el. Some optimizations

cannot b e p erformed practically at the scalar lev el b ecause
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they in teract with other transformations that can only o c-

cur at the arra y lev el. If an optimization that in teracts with

arra y lev el transformations is relegated to a scalar compiler,

either the arra y lev el transformations m ust understand and

reason ab out the optimization b eha vior of the scalar com-

piler or vice v ersa. It is unlik ely that scalar compilers can un-

derstand the optimization strategy of all the compilers that

compile to it, so the arra y compiler m ust consider scalar

optimizations when p erforming arra y transformations, ef-

fectiv ely mo ving the scalar transformations in to the arra y

compiler.

T o ac hiev e e�cien t parallel execution, compilers m ust

often p erform aggressiv e comm unication optimizations [9 ],

suc h as redundancy elimination, message com bining and

pip elining. In some cases, these comm unication optimiza-

tions are at o dds with fusion for con traction. F or example,

pip elining hides latency b y separating the send and receiv e

p ortions of comm unication with computation, but fusion

ma y collect in to a single lo op some of the statemen ts that

could b e used to hide latency , p oten tially disabling o v erlap.

The exp erimen ts presen ted th us far resolv e this con
ict b y

fa v oring fusion, i.e. , fusion is nev er prev en ted b y comm uni-

cation optimizations. W e consider an alternativ e strategy in

whic h comm unication optimizations are fa v ored, i.e. , fusion

cannot b e p erformed if it reduces the b ene�t of comm uni-

cation optimization. Message v ectorization nev er con
icts

with fusion, so it is alw a ys p erformed.

As the amoun t of fusion increases, the p oten tial for con-


ict with comm unication optimization gro ws. The preceding

section demonstrates that c2+f4 is not a v aluable transfor-

mation, so w e use the c2+f3 transformation. On the T3E,

when fa v oring comm unication optimizations o v er fusion for

con traction, Simple, T omcatv, SP and Fibro su�er a slo w-

do wn of 25.4%, 22.7%, 9.6% and 5.1%, resp ectiv ely . On the

SP-2, they slo wdo wn b y 31.8%, 66.5%, 10.5% and -10.6%,

resp ectiv ely . On the P aragon, they slo wdo wn b y 7.5%, 8.5%,

5.0% and 0.9%. The �rst three programs slo wdo wn sig-

ni�can tly b ecause the comm unication optimizations disable

a large n um b er of arra y con traction opp ortunities without

pro ducing comparable comm unication b ene�ts. Only one

fusion for lo calit y opp ortunit y and no con traction opp ortu-

nities are lost b y fa v oring comm unication optimizations in

Fibro. It slo ws do wn little and in one case it sp eeds up,

b ecause of the additional comm unication optimization. EP

and F rac do not slo wdo wn b ecause they are small co des

that do not b ene�t from comm unication optimization, with

or without fusion.

W e ha v e not demonstrated that fa v oring con traction is

optimal, but w e ha v e sho wn that if a c hoice is to b e made,

fusion for con traction should b e fa v ored. This suggests that

it w ould b e v ery di�cult to p erform comm unication opti-

mizations if fusion and con traction o ccur after scalarization.

The comm unication transformations w ould ha v e to under-

stand con traction w ell enough to optimize without disabling

it, since it is unlik ely that the scalar compiler could reason

ab out comm unication primitiv es once they are scalarized.

The Fibro data suggests that there are delicate tradeo�s

that only an in tegrated approac h to fusion and comm unica-

tion optimization can address, whic h w ould further compli-

cate p erforming fusion at the scalar lev el. F urthermore, w e

exp ect to �nd that in tegration will b ecome ev en more imp or-

tan t on mac hines with lo w cost sync hronization in hardw are

( e.g. , SGI Origin, Sun E10000). Th us, these results sup-

p ort our claim that these optimizations for arra y languages

should b e p erformed at the arra y lev el.

6 Related W o rk

The problem of optimizing arra y languages at the arra y lev el

has recen tly receiv ed atten tion b y others. Hw ang et al. de-

scrib e a sc heme for arr ay op er ation synthesis [14 ]. Multi-

ple instances of elemen t-wise F90 arra y op erations suc h as

MER GE, CSHIFT, and TRANSPOSE are com bined in to a

single op eration, reducing data mo v emen t and in termediate

storage. Their w ork do es not address the in ter-statemen t

in termediate arra y problem except to substitute an in ter-

mediate arra y's use b y its de�nition. This statement mer ge

optimization [15 ] enables more op eration syn thesis, but it

is not alw a ys p ossible, and it p oten tially in tro duces redun-

dan t computation and increases o v erall program execution

time. Roth and Kennedy ha v e indep enden tly dev elop ed a

similar arra y based data dep endence represen tation for F90,

and they describ e its use in scalarization [21 ]. They do not

address the fusion for con traction problem.

Lo op fusion in the con text of scalar programming lan-

guages suc h as F ortran 77 is w ell understo o d [26 ]. Though

most w ork only considers pairwise fusion, some researc h ad-

dresses collectiv e lo op fusion, as w e do. Sark ar and Gao [22 ]

transform lo op nests b y lo op rev ersal, in terc hange and fusion

to enable arra y con traction. They target m ultipro cessors

and exploit pip elining b y executing pro ducer and consumer

lo ops on di�eren t pro cessors, so they are free to ignore all

but 
o w dep endences. Because w e instead distribute itera-

tion spaces, preserv ation of all t yp es of dep endences is crit-

ical to our solution. Gao et al. [12 ] describ e another tec h-

nique for lo op fusion based on a max
o w algorithm. The

tec hnique requires its input lo op nests to b e iden tically con-

trolled, and it do es not p erform lo op rev ersal nor in terc hange

to enable additional fusion. F urthermore, it is unclear what

the algorithm do es when a p oten tially con tractible arra y is

consumed b y m ultiple lo op nests. Our collectiv e sc heme

p erforms rev ersal, in terc hange and fusion sim ultaneously to

enable con traction.

Carr and Kennedy recognized the imp ortance of k eeping

arra y v alues in scalars through sc alar r eplac ement [4 ], whic h

is similar to arra y con traction in that some arra y references

b ecome scalar references, but arra y allo cation is not elimi-

nated ( i.e. , memory usage is not reduced). Their fo cus is in

recognizing the opp ortunit y in a scalar lo op nest, while ours

is in enabling the opp ortunit y in an arra y language compiler

via statemen t fusion.

Man y tec hniques for impro ving lo calit y b y lo op transfor-

mations ha v e app eared in the literature [5 , 16 , 19 , 25 ]. Muc h

of this w ork addresses the issue of managing the con
icting

goals of impro ving lo calit y without sacri�cing parallelism.

This is a far less imp ortan t issue in an arra y language com-

piler, for the compiler can assume that only the lo ops that

it generates need to b e parallelized; user lo ops can remain

sequen tial. In this pap er w e ha v e assumed that all dimen-

sions of all arra ys are distributed and are a p oten tial source

of parallelism.

7 Conclusion

This pap er has sho wn ho w statemen t fusion can b e p er-

formed at the arra y lev el to enable arra y con traction and

to enhance lo calit y . W e ha v e in tro duced, for arra y state-

men ts, a normal form and data dep endence mac hinery that

lev erages arra y language prop erties. W e ha v e empirically

demonstrated that our arra y-lev el transformations pro duce

substan tial p erformance impro v emen ts, b oth in execution

time and in memory usage. W e ha v e found that the common



tec hnique of only con tracting compiler arra ys is insu�cien t

for ac hieving high p erformance. Finally , w e ha v e sho wn that

fusion and con traction should b e p erformed at the arra y

lev el, i.e. , b efore scalarization, b ecause they m ust precede

or b e in tegrated with comm unication optimizations for b est

p erformance.
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