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Abstract

The notion of isolating the \common case" is a w ell kno wn computer science principle.

This pap er describ es ZPL, a language that treats data parallelism as a common case of

MIMD parallelism. This separation of concerns has man y b ene�ts . It allo ws us to de�ne

a clean and concise language for describing data parallel computations, and this in turn

leads to e�cien t parallel execution. Our particular language also pro vides mec hanisms

for handling b oundary conditions. W e in tro duce the concepts, constructs and seman tics

of our new language, and giv e a simple example that con trasts ZPL with other data

parallel languages.

1 In tro duction

A v ariet y of languages ha v e b een prop osed that generally pro vide data parallel or arra y

seman tics, including C* [ 15 ], F ortran 90 [1 ], NESL [4 ], and HPF [8 ]. One c haracteristic of

these languages is that data paralleli sm is the only mo del pro vided. This fact in tro duces

a certain pressure to supp ort a wide range of general purp ose facilities. Though this has

resulted in ric h and in teresting languages, it has not alw a ys serv ed the goals of simplicit y ,

cleanliness or e�ciency . ZPL is a di�eren t kind of language.

ZPL is an arra y sublanguage of the Orca family of parallel programming languages

[11 , 12 ]. The Orca languages pro vide a general MIMD programming mo del [2 , 6 , 17 ],

allo wi ng programmers to write e�cien t, p ortable and scalable parallel programs. F or man y

tasks, suc h as initializing an arra y A to all 0's, a full MIMD programming mo del is o v erly

general. F or other tasks, suc h as summing the elemen ts of the arra y A, the b est parallel

solution is generally w ell understo o d, but somewhat mac hine sensitiv e. So, to simplify

the programmer's job without limiting expressiv eness, the Orca languages pro vide a set
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of facilities to p erform data parallel op erations, suc h as A := 0; and standard parallel

abstractions, suc h as sum reduction (+ n A). These con v enience facilities, together with some

con trol-
o w op erations, mak e up ZPL. Th us, ZPL is the \non-MIMD" comp onen t of the

Orca languages. (F urther discussion of the relationship b et w een full Orca and ZPL is giv en

in Section 4.)

ZPL can b e though t of as a stand-alone parallel programming language. Though the

Orca languages are explicitly parallel, the ZPL subset is implicitly parallel. The fact that

ZPL is a sublanguage of a larger, more general language has b een a critical adv an tage in

its design b ecause it has reliev ed the pressure to solv e ev erything using the data parallel

paradigm. That is, if the inclusion of some complex capabilit y seemed to do violence to

ZPL's clean seman tics, there w as alw a ys the option of lea ving it out since that capabilit y

could b e realized b y the MIMD part of the language, alb eit less con v enien tly .

Without the need to b e fully general it has b een p ossible to design a language that

is simple and expressiv e, with seemingly few complicating c haracteristi cs. The simplicit y

will b e eviden t in the description presen ted b elo w. The expressiv eness is justi�ed b y the

fact that ZPL is su�cien t to program the SIMPLE b enc hmark [11 ] and other standard

data parallel applications, including the Ising mo del, the Flo yd-Stein b erg dithering mo del,

Cypher et al. 's recursiv e connected comp onen t lab eling algorithm [5 ], a median threshold

�ltering, and the game of Life. Examples of computations not sensibly programmed in ZPL

w ould b e the FFT (due to the butter
y-based data motion), LU Decomp osition (due to the

manipulation of the piv ot), as w ell as more t ypically MIMD computations suc h as m ultip ole

metho ds for N-b o dy sim ulati on. P erhaps the most imp ortan t asp ect of ZPL, ho w ev er, is

that it pro vides a clean and uncomplicated con text in whic h to study compilation tec hniques

for data parallel and arra y languages. In this pap er, w e presen t the language, outline the

seman tics and explain the guiding principles b ehind this language.

The structure of the remainder of the pap er is as follo ws. Section 2 uses the Jacobi

example to highligh t some di�erences b et w een ZPL and other data parallel languages. Sec-

tion 3 then presen ts ZPL's design goals and describ es the ma jor language features. W e then

discuss the relation of ZPL to the more general Orca languages. Finally , w e brie
y compare

ZPL to other data parallel languages b efore concluding.

2 A Brief Comparison

Before presen ting the features of ZPL it is useful to consider ho w di�eren t languages express

data parallel computation. The goal is to p oin t out the distinctiv e features of the languages

in general terms rather than to giv e a tedious comparison of individual constructs.

As an illustra tiv e example, consider the 4-p oin t Jacobi computation on an arra y A[1..N,

1..N] in whic h eac h v alue in the arra y is to b e replaced b y the a v erage of its four nearest

neigh b ors. The b oundary v alues are tak en to b e 0 except at the southern edge, where their

v alue is 50.

In ZPL the initial v alues and main b o dy of the Jacobi computation can b e de�ned as

sho wn b elo w, where [R] is a user declared index set called a region; and north , east , west
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and south are programmer-de�ned v ector constan ts called dir e ctions . F or no w w e assume

that the v alues of the ab o v e directions are [-1,0], [0,1] , [0,-1], and [1,0], resp ectiv ely

1

.

region R = [1..N, 1..N];

[north of R] A := 0; /* Set boundary conditions */

[east of R] A := 0;

[west of R] A := 0;

[south of R] A := 50;

[R] A := 100;

The k ernel of the computation w ould b e sp eci�ed as follo ws:

[R] A := (A@north + A@east + A@west + A@south)/4;

The b o dy of the ab o v e statemen t computes, for a giv en arra y elemen t, the a v erage of its

four neigh b ors. Eac h neigh b or is sp eci�ed b y the @ op erator as an o�set from a giv en

elemen t. F or example, A@north refers to the elemen t whose index is [-1,0] relativ e to the

giv en elemen t. The scop e of this statemen t is de�ned b y the region, [R]. That is, the b o dy

of the statemen t is applied (in parallel) to eac h elemen t whose index is in [R].

If it is p ossible to distinguish the seman tic approac hes to data parallel computations

b y the terms \single p oin t-based" and \arra y-based," then ZPL is clearly an arra y-based

approac h. The arra y is the basic unit of reference and the \at" op eration replaces the

more general arra y indexing op erator with a disciplined metho d of accessing neigh b oring

arra y v alues. Region descriptors are used to designate the scop e o v er whic h data parallel

op erations will b e applied. These regions can b e sp eci�ed where they are used and th us b e

di�eren t for ev ery statemen t, but the assumption (b orne out so far b y our limited exp erience)

is that scien ti�c co des will generally sw eep o v er a mo dest set of regions. This implies that

there is not enormous div ersit y and that these regions ha v e logical meaning w orth y of names,

i.e., naming pro vides useful mnemonic informati on. Accordingly , ZPL an ticipates a mo de

of use that emphasizes setting up basic regions ahead of time as a means of a v oiding tedious

and error prone sp eci�cation of a program's in v arian t information.

Jacobi in C*. C* emplo ys a p oin t-based approac h. The Jacobi initiali zatio n and k ernel

statemen t are giv en b elo w.

shape [N][N] cell;

with (cell) {

/* Set boundary conditions */

where ((!pcoord(0)) || (!pcoord(1)) || (pcoord(1) == (N-1))) {

1

While the directions north , east , west and south can b e de�ned b y the programmer, they ha v e the

default v alues that are those used in this example.
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active = 0;

oldA = newA = 0.0;

} else where (pcoord(0) == (N-1)) {

active = 0;

oldA = newA = 50.0;

} else {

active = 1;

newA = 100.0;

}

/* The Jacobi kernel */

where (active) {

oldA = newA;

newA = ([.-1][.]oldA + [.+1][.]oldA + [.][.+1]oldA + [.][.-1]oldA)/4. 0;

}

}

The ab o v e k ernel is sp eci�ed using indices relativ e to eac h data elemen t. F or example,

[.-1][.]oldA is equiv alen t to A@[-1,0] in ZPL. Because the ab o v e co de applies to ev ery

p oin t in the data space, there is the need to de�ne \activ e" and \inactiv e" p oin ts. The

b oundary v alues nev er c hange and are therefore mark ed as \inactiv e." Notice that the

nested logic obfuscates the sp eci�cation of the b oundary conditions, y et it is desirable for

e�ciency reasons. By con trast, the ZPL region descriptors allo w di�eren t co de to b e applied

to di�eren t p ortions of the data space. F or this reason, b oundary condition de�nitions are

cleaner and more concise in the ZPL program. In addition, the p oin t-based view of C* forces

the programmer to explicitly de�ne \new" and \old" copies of the data; this is not necessary

in ZPL. Finally , the access of neigh b or v alues is similar to that in the ZPL program except

that ZPL allo ws neigh b or v alues to b e represen ted as named v ectors.

Jacobi in HPF. There are sev eral w a ys to implemen t Jacobi in HPF. W e presen t t w o

v arian ts b elo w.

! Variant 1: use FORALL

REAL a(0:n+1,0:n+1)

!HPF$ DISTRIBUTE a(BLOCK,BLOCK )

! Initialize boundary conditions

FORALL (i=0, j=1:n) a(i,j) = 0.0

FORALL (i=n+1, j=1:n) a(i,j) = 50.0

FORALL (i=1:n, j=0) a(i,j) = 0.0

FORALL (i=1:n, j=n+1) a(i,j) = 0.0

FORALL (i=1:n, j=1:n) a(i,j) = 100.0
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! The Jacobi kernel

FORALL (i=1:n, j=1:n) a(i,j) = (a(i-1,j)+a(i+1,j)+ a(i,j-1 )+a(i,j +1))/4

! Variant 2: use array assignment

REAL a(0:n+1,0:n+1)

!HPF$ DISTRIBUTE a(BLOCK,BLOCK )

...

! Set boundary conditions

a(0, 1:n) = 0.0

a(n+1, 1:n) = 50.0

a(1:n, 0) = 0.0

a(1:n, n+1) = 0.0

a(1:n, 1:n) = 100.0

! The Jacobi kernel

a(1:n, 1:n) = (a(0:n-1,1:n) + a(2:n+1,1:n) + a(1:n,0:n-1) + a(1:n,2:n+1)) /4

The HPF programs are closer in spirit to ZPL than the C* program. The �rst v arian t

uses explicit iterator s and th us tak es the p oin t-based approac h, while the latter uses an

arra y-based approac h. In b oth cases, the indices m ust b e sp eci�ed in b oth the b oundary

condition initiali zatio n and the k ernel computation. This is an error prone situatio n for t w o

reasons. First, the hea vy use of explicit indices pro vides man y opp ortunities to mak e a mis-

tak e, while ZPL's use of named directions is self-do cumen ting. Second, the HPF approac h

duplicates the sp eci�cation of indices in the b oundary condition co de and in the k ernel

co de, whic h further increases the p oten tial for error. The ZPL approac h reduces rep etition

b y de�ning direction v ectors once and using these for b oth the b oundary conditions and

the k ernel sp eci�cation.

Jacobi in F ortran 90.

REAL a(n,n)

...

a = (EOSHIFT(a,-1,DIM= 1,BOUNDA RY= 0.0) + &

EOSHIFT(a, 1,DIM=1,BOUNDA RY=50.0 ) + &

EOSHIFT(a,-1,DIM= 2,BOUNDA RY= 0.0) + &

EOSHIFT(a, 1,DIM=2,BOUNDA RY= 0.0)) / 4

The F ortran 90 example

2

is closest in st yle to the ZPL program. Rather than deal

with explicit indices, the EOSHIFT function is a higher lev el op eration that shifts the

2

Since HPF is a sup erset of F ortran 90, this F ortran 90 example can also b e considered an HPF program.
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arra y reference in a particular direction. Besides b eing more v erb ose than the ZPL \at"

op erator, EOSHIFT separates the dimension from the magnitude and direction of the shift,

while ZPL's direction v ectors con v ey all of this informati on in a single en tit y . Th us, for

example, when using the EOSHIFT function it's easy to imagine confusing a \-1" with a

\1" or \DIM=1" with \DIM=2." Suc h errors are still p ossible in ZPL but the use of named

v ectors reduces their lik eliho o d since \east" and \w est" are more syn tactically distinct than

\1" and \-1." As a p erformance issue, notice that b ecause eac h call to EOSHIFT can sp ecify

a di�eren t b oundary v alue as a parameter, eac h in v o cation of EOSHIFT m ust include a test

to determine whether the data p oin ts reside on a pro cess b oundary .

Jacobi in NESL. NESL [4 ] is an applicativ e language that is based on v ector op erations

suc h as scan and reduce. NESL supp orts nested parallelism and distinguishes itself from

most other data parallel languages b y its functional nature. Belo w is NESL co de that

applies to b oth regular and irregular meshes. Eac h Jacobi iteratio n is a matrix-v ector

pro duct, where a sparse matrix is represen ted as a nested sequence. Most of the co de is

used to set up the initial conditions.

function sparse_MxV(ma t,vect) =

{sum({val * vect[i] : (i,val) in row}): row in mat} $

% Each Jabobi iteration is just a matrix vector product. %

% This will repeat it n times. %

function Jacobi_Iterat e(Mat,ve ct,n) =

if (n == 0) then vect

else Jacobi_Iterate( Mat,spar se_MxV( Mat,vec t),n-1) $

% The following two functions are mesh-specific. %

% Each is called once to initialize the mesh and vector %

function make_2d_n_by_ n_mesh(n ) =

let

% A sequence of indices of the internal cells. %

internal_ids = flatten({{i + n*j: j in [1:n-1]}: i in [1:n-1]});

% Creates a matrix row for each internal cell.

Each row points left, right, up and down with weight .25 %

internal = {(i,[((i+1), .25), ((i-1), .25),

((i+n), .25), ((i-n), .25)]):

i in internal_ids};

% Creates a default matrix row (used for boundaries).

Each points to itself with weight 1 %
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default = {[(i,1.0)]: i in [0:n^2]}

% Insert internal cells into defaults %

in default <- internal $

% Assumes mesh is layed out in row major order %

function make_initial_ vector(n ) =

dist(0.0,n^2) <- { i, 50.0: i in [n^2-n:n^2]} $

% invoke it %

function test(n, steps) =

let matrix = make_2d_n_by_n_me sh(n);

vector = make_initial_vect or(n);

in Jacobi_Itera te(matr ix,vecto r,steps ) $

The main con tributor to the NESL co de's length is the manipulation of 1D v ectors to

implemen t 2D abstractions. F or example, it is cum b ersome to mo dify the in terior of the

2D problem state separately from the b orders. In fact, for con v enience, the ab o v e co de

initiali zes the in terior p oin ts to the v alue 0.0 instead of 100.0.

As a test of ZPL's expressiv eness, w e ha v e written the SIMPLE computational 
uid

dynamics b enc hmark in our new language. W e ha v e no comparison against other data

parallel implemen tations, but w e can compare our ZPL v ersion against those written in

other paradigms. A parallel implemen tation written in a MIMD message passing st yle w as

ab out 5000 lines of C co de [10 ]. A sequen tial implemen tatio n from Cornell w as ab out 2400

lines of F ortran co de. Mean while, our ZPL v ersion w as less than 500 lines. While comparing

lines of co de is admittedly a p o or metric of clarit y , the large disparit y , along with our o wn

exp erience with the C v ersion, p oin t out the sup eriorit y of the ZPL form ulati on with resp ect

to readabilit y .

W e conclude this discussion of data parallel languages b y brie
y considering compilati on

issues. Optimizing compilers t ypically stum ble b ecause they m ust b e conserv ativ e in the

face of uncertain t y . This uncertain t y can ha v e man y sources, suc h as p oin ter references or

functions in external mo dules with unkno wn side e�ects. Our language mak es it di�cult

for the compiler to stum ble b ecause so m uc h informati on is kno wn at compile time. In ZPL

there are no arbitrary arra y indices, no p oin ters, and no goto's. Moreo v er, ZPL's high lev el

abstractions pro vide seman tic informati on that the compiler can exploit. F or example, the

use of regions pro vides a w a y to recognize subp ortions of arra ys and to p erform �ner grained

data dep end ency analysis on arra ys than is t ypically feasible. Th us, w e are con�den t that

ZPL can b e v ery e�cien tly compiled.
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3 Langua ge De�nition

By limiting the scop e of ZPL to purely data parallel asp ects w e are follo wing the creed of

giving sp ecial treatmen t to the \common case." Giv en this premise, our design goals are as

follo ws.

� A l low users to pr o gr am at a high level , namely , b y using arra ys.

� Pr ovide an extr emely e�cient language. The use of high lev el abstractions can supply

informati on to optimizing compilers that lo w er lev el languages cannot. F or example,

comm unication is only induced b y op erators suc h as scan and \at." It is not p ossible

to generate irregular comm unication.

� Pr ovide a cle an language with only a few c entr al c onc epts. This, to o, is in tended to help

b oth the ZPL compiler writer and the applications programmer b y reducing feature

in teraction. There are no explicitly parallel constructs.

� Pr ovide supp ort for b oundary c onditions since they are the most tedious asp ect of data

parallel computing.

� Pr ovide fr e e dom to the MIMD asp e cts of Or c a. Although ZPL can b e view ed as a

stand-alone language, ZPL m ust also �t in the framew ork of the Orca languages where

programmers will write their o wn MIMD phases. This in tegrat ion is p ossible b ecause

ZPL mak es few assumptions regarding parallelism.

The ZPL design can b e divided in to a sequen tial comp onen t and a data parallel comp o-

nen t. In essence, an y sequen tial language can form the basis for ZPL { w e c ho ose one that

is similar to Mo dula-2. The remainder of this section fo cuses on the data parallel asp ects

of ZPL.

Arra y Op erations. ZPL has t w o classes of v ariables { arra ys and scalars { that can

serv e as basic units of computation. All of the standard scalar op erators that are t ypicall y

found in sequen tial pro cedural languages exist in ZPL and can b e applied to either class

of v ariables. In the case of arra y op erands, the op erator is applied to eac h elemen t of the

arra y to pro duce an arra y result. F or this reason, arra y op erators can only b e applied to

conformable arra ys { arra ys with the same size, shap e and base t yp e. F or example, the

binary addition op erator ( + ), when applied to arra ys, sums the corresp onding elemen ts of

t w o arra ys.

When scalars and arra ys are com bined in an expression, scalars are promoted to con-

formable arra ys. Similarly , functions can b e promoted, whic h allo ws scalar co de to b e

re-used without making source co de c hanges. F or example, a sqrt() library routine can b e

promoted b y passing it an arra y argumen t, as sho wn b elo w. The result of this function call

is an arra y of the same size and shap e as A con taining the square ro ots of eac h elemen t of

A .
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/* A and B are arrays. */

B := sqrt(A); /* Promote the scalar sqrt() function. */

Regions. Conformabil it y of arra ys is sp eci�ed at the statemen t lev el through the use of

regions. A Region is an index set that is prep ende d to statemen ts and quali�es all arra ys

in the statemen t that ha v e the same rank as the prep ende d region. Regions can ha v e an

arbitrary n um b er of dimensions and are de�ned in a manner simila r to the w a y arra ys are

declared in most languages:

region R = [x1..x2, y1..y2];

The ab o v e declaration de�nes a t w o dimensional region whose p oin ts are the cross pro duct

of (x1..x2) and (y1..y2). The v alues of all regions are �xed at load time. They t ypically will

dep end on some run time parameter that describ es the problem size. Once de�ned, regions

can b e applied to statemen ts as sho wn b elo w, where w e assume that A , B and C are 2D

arra ys.

[R] A := B + C;

The e�ect of the ab o v e statemen t is to compute A[i][j] = B[i][j] + C[i][j] for x 1 �

i � x 2 and y 1 � j � y 2 : In other w ords, the region [R] de�nes an index set for all 2D arra ys

to whic h the region is applied. This example applies a region to a single statemen t, but in

general, regions pro vide scop e in a blo c k structured manner. They can b e applied to blo c ks

of statemen ts, and regions can b e nested within other regions. The follo wi ng co de fragmen t

illustrat es this p oin t.

[R1] A := B + C; /* use Region R1 for this statement */

[R2] begin

A := B + 5*C; /* use Region R2 for this statement */

[R1] B := A; /* use Region R1 for this statement */

foo(A); /* use Region R2 for this function call */

end

The ab o v e uses of regions assume that all arra y op erands ha v e b een declared to include

at least the p oin ts in their resp ectiv e regions. Arra ys can b e declared using regions as sho wn

b elo w:

var A: real [R];

B: real [R];

C: real [R];
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[R]NE2   = [-2,2]

SE2    = [2,  2]

east2  = [0,  2]

[SE2 of R]

[east2 of R]

[NE2 of R]

Figure 1: Illustratio n of \Of " Regions.

By applying regions to en tire statemen ts, ZPL programs are syn tactical ly clean since

they are not m uddled b y complicated indices. Signi�can tly , region scop es are the only w a y

to reference arra ys. In particular, explicit arra y indexing is not allo w ed, since this w ould

allo w or ev en encourage programmers to use ZPL for applications that are not strictly data

parallel.

3

Directions. A direction is a v ector that can b e used to access neigh b oring arra y v alues

with the A t op erator ( @ ) and to de�ne new regions from existing regions. Lik e regions,

directions ha v e an asso ciated rank, and their v alues are initial ized once at load time and

do not c hange during the execution of a program. Examples of direction declarations are

sho wn b elo w.

direction north = [-1,0];

east = [0, 1];

west = [0,-1];

south = [1, 0];

se = [1, 1];

The A t op erator ( @ ) is used to access neigh b oring arra y elemen ts. F or example, A@east

refers to the arra y that has the same shap e as A { as de�ned b y the region scop e that applies

to this expression { but is displaced from A b y the v ector east , whic h in this case is [0,1].

All regions can b e de�ned using explicit upp er and lo w er b ounds for eac h dimension,

as sho wn ab o v e for region R . F or example, the region consisting of the t w o columns to the

righ t of R could b e de�ned in the follo w ing manner:

region R = [1..N, 1..N];

East2 = [1..N, N+1..N+2];

Ho w ev er, ZPL pro vides a less tedious solution that uses the Of op erator and the east2

vector , sho wn b elo w. (See also Figure 1.)

3

It is, ho w ev er, p ossible to initialize arra ys through I/O statemen ts.

10



direction east2 = [0,2];

SE2 = [2,2];

region East2 = [east2 of R];

The Of op erator tak es t w o op erands { a v ector v and a region R { and describ es a new

region that is adjacen t to R. The size of this new region is de�ned b y the direction and

magnitude of v and its lo cation relativ e to R is de�ned b y the direction of v. F or example,

[east2 of R] refers to the region that is o�set from R b y the v ector [0,2], whose heigh t

is the same as R's heigh t (as sp eci�ed b y the sp ecial v alue 0), and whose width is 2. As

another example, [SE2 of R] refers to the 2 � 2 square that is adjacen t to the southeast

corner of region R.

Mathematical ly , if v ector v = ( v

1

; v

2

; ::: v

n

) and

region R = ( l

1

; u

1

) � ( l

2

; u
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) � ::: � ( l

n

; u

n

),

[v of R] de�nes an arra y of size v
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n
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0

i

= j v

i

j if v

i

6= 0 ;

or

v

0

i

= u

i

� l

i

+ 1 if v

i

= 0 :

This arra y is lo cated suc h that it is adjacen t to R at ( r

1

; r

2

; :::r

n

),

where r

i

= l

i

if v

i

< 0

or

r

i

= u

i

if v

i

> 0 :

In other w ords, if v

i

< 0, the upp er b ound of the \Of " arra y is the lo w er b ound of the

i

th

dimension. If v

i

> 0, the lo w er b ound of the \Of " arra y is the upp er b ound of the i

th

dimension.

Reductions and Scans. Reductions and scans are common op erations that are kno wn to

ha v e e�cien t parallel implemen tati ons [3, 9]. ZPL supplies reductions and scans as op erators

b ecause this allo ws them to b e optimized b y the compiler. F or example, if reductions are

not pro vided b y the hardw are, the messages needed to implemen t consecutiv e reductions

can b e com bined to reduce comm unication latency .

Reductions are op erations applied to the elemen ts of an arra y to pro duce a scalar result.

F or example, the sum reduction of an arra y is the sum of the arra y's elemen ts. The follo wi ng

reductions are de�ned as op erators in ZPL:

+ n { Sum reduction

* n { Pro duct reduction

max n { Maxim um reduction

min n { Minim um reduction

11



and n { And reduction

or n { Or reduction

Eac h of the ab o v e reduction op erators has an analogous scan op erator. The syn tax for

scans uses nn instead of n . Scan op erators tak e an arra y argumen t and return an arra y

con taining the parallel pre�x of the giv en arra y: Eac h elemen t of the returned arra y is

the reduction of all elemen ts whose indices are less than its o wn. F or m ultidimensional

arra ys eac h elemen t is assigned an index in ro w-ma jo r order. That is, the last (righ tm ost)

dimension's indices v ary fastest.

P artia l reductions and scans are also allo w ed. F or example, ro w reductions can b e

p erformed across eac h ro w of a 2D arra y , returning a v ector result. P artial reductions

and scans are expressed b y using an optional parameter that sp eci�es the dimensions across

whic h the reduction or scan should tak e place. Dimensions are sp eci�ed b y placing n um b ers

in brac k ets, with [1] indicating the �rst dimension and [d] indicating the d

th

dimension.

The co de fragmen t b elo w, where v is a v ector and s is a scalar, sho ws examples of partial

reductions.

[R] v := +\[1] A; -- reduce A along columns and assign to vector v

[R] s := +\[1][2] A; -- full reduction of A

[R] s := +\ A; -- full reduction of A

The Where Statemen t. The Where statemen t is the arra y analog of an If statemen t.

Its form is giv en b elo w, where cond is a conditional expression in v olving arra y v alues, and

s1 and s2 are statemen ts.

where (cond)

then s1;

else s2;

The statemen t s1 is executed for those index v alues that ev aluate to true in the Where's

conditional expression. Statemen t s2 is executed for all other index v alues. Seman tically ,

s1 and s2 are allo w ed to execute concurren tly . A Where statemen t can only b e quali�ed b y

a single region scop e. That is, the statemen ts in the b o dy of the Where cannot b e mo di�ed

b y additional region scop es. Giv en these constrain ts, Where statemen ts are allo w ed to nest.

Re
ect and W rap. ZPL pro vides sp eci�c supp ort to t w o common t yp es of b oundary

conditions: the case where a set of v alues is re
ected across some b oundary of an arra y ,

and the case where a set of v alues is wrapp ed around from the other side of an arra y as in

a torus. These op erations are supp orted b y the Re
ect and W rap op erators, resp ectiv ely .

Re
ect and W rap are syn tactic sugar for initializing t w o common t yp es of b oundary

conditions. They are particularl y useful for b oundary conditions that are wider than a

single ro w or column. The Re
ect op erator assigns v alues b y mirrori ng them across some

12



Reflect about 
east boundary of R

[R]  A

Wrap around
east boundary of R

[R]  A [east of R] A[east of R] A

Figure 2: The Re
ect and W rap Op erators.

p oin t of reference, while the W rap op erator is used to set b oundary conditions that wrap

around as if the arra y w ere a torus.

The Re
ect op erator tak es a region, [v of R], and a v ariable (or list of v ariables), X,

and sets the v alue of X in the region [v of R] to the v alues of X that are re
ected across

the b oundary b et w een [R] and [v of R]. The region is a no-op if it do es not con tain an Of

op erator. The Re
ect op erator can b e applied to m ultiple v ariables at once. F or example,

the follo wing co de sets, for v ariables A , B , and C , the column to the east of R to ha v e the

v alue of the eastern-most column of R . This is illustrated in Figure 2, whic h corresp onds to

the program text b elo w.

[east of R] reflect A, B, C; -- reflect across the eastern border

[R] reflect A; -- no-op, nothing to reflect across

Imagine that the b oundary b et w een [R] and [v of R] is connected to the opp osite b ound-

ary of [R] as in a torus. The W rap op erator then sets the v alues of X in the region [v of

R] suc h that this torus is em ulated. The W rap op erator is illustrated in Figure 2. The

seman tics of W rap are de�ned mathematically as follo ws.

if v ector v = ( v

1

; v

2

; :::v

n

) and

region R = ( l

1

; u

1

) � ( l

2

; u

2

) � ::: � ( l

n

; u

n

),

[v of R] W rap X; sets the v alues of X in the region [v of R] to the v alue of the

conformable arra y [v

0

of R], where v

0

i

= ( u

i

� l

i

) + v

i

:

Execution Order. Seman tically , eac h region scop e is executed sequen tially . Within eac h

region scop e, statemen ts are logicall y executed sequen tially . Within eac h assignmen t state-

men t, the righ t hand side is �rst ev aluated and then assigned to the left hand side. While
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suc h assignmen ts logically imply the use of temp orary arra y v ariables, compiler analysis

can often remo v e the need for temp oraries. Recursion is allo w ed.

Lists of Regions. As syn tactic sugar, lists of regions are allo w ed. F or example, a region

named border can b e de�ned as sho wn b elo w.

region R = [x1..x2, y1..y2];

border = [north of R][east of R][west of R][south of R];

[border]

b1; /* b1 represents a block of code. */

When this region is then used to qualify a blo c k of statemen ts, b1 , the blo c k of statemen ts

is logical ly executed once for eac h of the regions in the list.

Syn tax and Other Details. The curren t implemen tation of ZPL uses mo di�ed Mo dula-

2 syn tax. All Mo dula-2 constructs are preserv ed except there are no Case statemen ts, no

goto's, and no p oin ters. Recursion is allo w ed. In addition, ZPL uses t w o-lev el scoping,

i.e. pro cedures are not allo w ed to b e de�ned inside the scop e of other pro cedures. This

detail stems from the fact that our implemen tati on is based on the P arafras e-2 [13 ] source

to source translator for the C language. Ho w ev er, as in Mo dula-2, a blo c k of statemen ts

(brac k eted b y begin and end ) is itself considered a statemen t.

4 Discussion

4.1 Supp ort for Boundary Conditions

ZPL giv es supp ort for b oundary conditions in the form of the Re
ect and W rap statemen ts

describ ed ab o v e. In addition to these t w o sp ecial forms, ZPL pro vides general supp ort for

b oundary conditions through the use of regions.

Regions describ e geometric areas of the data space. Because the computations on the

v arious regions can b e sp eci�ed indep endently , the initial izati on of b oundary conditions can

b e separated from the rest of the co de. This mo dularizatio n simpli�es b oth the b oundary

condition co de and the \main" b o dy of co de. F rom the Jacobi example w e see that other

languages also allo w for the isolation of b oundary condition co de, but in these languages the

separation is con tingen t up on the programmer's go o d programming st yle. F or example, in

HPF the individual indices of eac h arra y (or the individual indices of eac h forall statemen t)

m ust b e insp ected to determine what p ortions of the data space are b eing manipulated.

An adv an tage of applying regions to en tire blo c ks of statemen ts is that the separation

among di�eren t p ortions of the data space is clearly manifested. F or example, the t ypical

structure of a ZPL program is sho wn b elo w, and it's immediately apparen t whic h parts of

the computation apply to whic h p ortions of the data space.
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[border]

begin

...

end

[R]

begin

...

end

4.2 Relationship to Orca C

As a �rst appro ximation, a program written using the full capabilities of the Orca C language

[12 ] will utilize one of four t yp es of statemen ts:

[R] A := sqrt(A); -- data parallel assignment

err := max\ Delta; -- "standard" parallel abstraction

if err < 10**-6 then. . . -- control construct

else . . .

PivotExchange(); -- phase invocation

The �rst three t yp es, data parallel op erations, \standard" parallel abstractio ns and con-

trol op erations, form the ZPL sublanguage. The fourth statemen t t yp e, phase in v o cation,

pro vides access to the full MIMD capabilities of Orca C. By limita tio n, these can also b e

regarded as SPMD capabiliti es.

Collectiv ely , the four statemen t t yp es are said to de�ne programmi ng at the \problem

lev el" of Orca C. This name emphasizes the fact that these statemen t t yp es express the

high lev el solution of the programmer's problem. F or historical reasons, the problem lev el

is also kno wn as the Z level [17]. The problem lev el text describ es the main logic of the

problem solution. If the solution is su�cien tly simple, ZPL constructs alone ma y su�ce to

express the program. But for complex algori thms or certain p erformance-critical situations,

the full MIMD capabilities of the language ma y b e needed.

A phase is a user-de�ned parallel computation comp osed of concurren tly executing pro-

cesses. (Phases can also b e library de�ned.) An example migh t b e an FFT computation.

Phases ha v e a c haracteristic comm unication structure induced b y the data dep enden cies of

the problem, e.g. the butter
y for the FFT. The language constructs pro vided in Orca C for

de�ning phases are referred to, again for historical reasons, as the Y level of programming.

And the constructs pro vided for de�ning the pro cesses, out of whic h phases are de�ned,

are kno wn as the X level of programming. F urther description of the phase abstractions

programming mo del can b e found in the literature [18].
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Though a full in tro duction of the Y and X programmi ng faciliti es of Orca C, and a

careful in tro duction to the phase abstractions concepts w ould b e b ey ond the scop e of this

pap er, a brief description of the phase de�nition approac h is appropriate. Phases are de�ned

using an abstraction called ensembles . Three kinds of ensem bles are required to de�ne a

phase. Data ensembles are partitioned data structures, c o de ensembles are partitioned sets

of pro cess instances, and p ort ensembles are partitioned graphs, the edges of whic h de�ne

the c hannels for in terpro cessor comm unication. T o create a phase, the user de�nes the

necessary ensem bles so that they ha v e the same partitio ning. (See Figure 3.) This allo ws the

partitions of the three t yp es of ensem bles to b e put in to one-to-one corresp ondence. In eac h

partition there will b e the follo w ing: a pro cess instance, the p ortions of the partitioned data

structures the pro cess is to op erate on, and a v ertex of the partiti oned graph that de�nes

the neigh b ors with whic h the pro cess comm unicates. Collectiv el y , the ensem bles de�ne a

parallel computation whose logical concurrency is giv en b y the n um b er of partiti ons.

Port Ensemble 

a00 a01 a02 a03 a04 a05 a06 a07 a08

a10 a11 a12 a13 a14 a15 a16 a17 a18

a20 a21 a22
a30 a31 a32

a40 a41 a42
a50 a51 a52

a23 a24 a25
a33 a34 a35

a43 a44 a45
a53 a54 a55

a26 a27 a28
a36 a37 a38

a46 a47 a48
a56 a57 a58

Data Ensemble

Hydro( ) Hydro( ) Hydro( )

Hydro( ) Hydro( ) Hydro( )

Hydro( ) Hydro( ) Hydro( )

Code Ensemble 

Figure 3: Illustratio ns of Ensem bles for the Hydro Phase of SIMPLE.

The ZPL language has b een presen ted (and can b e used) as if it w ere a stand-alone lan-

guage, but it is simply a language con v enience: The phase abstractions programming mo del

dictates that Z lev el statemen ts are either con trol statemen ts, suc h as an if statemen t, or
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they are phase in v o catio ns. A literal implemen tati on of this requiremen t w ould force users

to program all of the concurren t activit y of the computation explicitly , a p oten tially tedious

task giv en ho w simple certain asp ects of parallel computation can b e.

Accordingly , ZPL's data parallel constructs and \standard" parallel abstractions are

small compiler generated phases, or phaselets. That is, logical ly , eac h data parallel state-

men t or \standard" op eration is con v erted b y the compiler in to a phase comp osed of gen-

erated pro cesses that execute the op eration on the p ortion of the arra y stored lo cally in

the pro cessor. The data la y out is not sp eci�ed in the ZPL p ortion of the language, but is

inherited from whatev er data ensem ble is declared as part of the user de�ned phases. If no

data la y out has b een sp eci�ed b y the user, e.g. if ZPL is simply treated as a stand alone

language, then a default blo c k la y out is used for ZPL arra ys.

Logically , there is a barrier sync hronization follo wi ng eac h statemen t in the Z lev el

language. Since in most cases the barrier is unnecessary , i.e. the computation is correct

without actually sync hronizing, the compiler eliminates barriers when p ossible. Also, phase

in v o cation o v erhead can b e eliminated b y com bining the phaselets in to larger, more com-

pletely optimized phases. Indeed, when ZPL is used as a stand alone language, without

true phase in v o catio ns, then only one phase p er pro cessor is generated. This giv es ZPL a

greater e�ciency than migh t b e apparen t if the literal in terpretation of phase abstractions

{ ev ery line is a con trol structure or a phase in v o cation { w ere strictly enforced.

5 Other Related W ork

ZPL inherits the notion of regions from Sp ot [19 ], a language designed to supp ort stencil-

based computations on distributed memory computers. The t w o languages are syn tacticall y

similar, but Sp ot presen ts a p oin t-based view whic h leads to a certain a wkw ardness. F or

example, history values are in tro duced to main tain m ultiple v alues of v ariables across iter-

ations.

Numerous other data parallel languages exist, including C*, F ortran 90, HPF, and

NESL, whic h w ere brie
y discussed in Section 2. Here w e p oin t out a few others. Broadly

sp eaking, these languages are more general than ZPL since ZPL is an attempt to trade o�

expressiv eness for impro v ed clarit y and e�ciency . On the other hand, these other languages

do not pro vide the same supp ort for b oundary conditions that ZPL do es. C* and Data-

parallel C [7] ha v e SIMD execution seman tics and pro vide p oin ters. Dino [16 ] programs can

sp ecify arbitrary p oin t-to-p oin t comm unication through tagged accesses to v ariables. This

more general comm unication adds p o w er but complicates optimizati ons.

6 Conclusion

In this pap er w e ha v e in tro duced ZPL, a data parallel programming language whose goals are

clarit y and e�ciency . Because this sublanguage exists in the con text of the more general

programming mo del, ZPL is freed from ha ving to supp ort complicating op erations that

w ould b e needed for piv ots or irregular comm unication. By allo wi ng region scop es to b e
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applied to en tire statemen ts (and blo c ks of statemen ts), ZPL pro vides supp ort for b oundary

conditions b y syn tactically separating b oundary condition co de from common case co de.

This same mec hanism remo v es explicit indexing from arra y references, whic h impro v es

readabilit y and allo ws the re-use of existing sequen tial co de for data parallel applications.

The implemen tation of a ZPL compiler b egan in April, 1993 and is exp ected to b e

completed in the summer of 1993. W e are mo difying the P arafrase-2 source to source

translator [13 , 14 ] to compile ZPL co de do wn to C for a v ariet y of parallel computers. W e

b eliev e that this system will pro vide an ideal testb ed to exp erimen t with no v el compiler

optimizatio ns for parallel computers.
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A F ragmen ts of the SIMPLE Co de

There is not enough space to sho w the en tire SIMPLE co de, so this app endix con tains

fragmen ts of the SIMPLE program.

direction ne = [-1,1]; /* declare directions */

. . .

region R = [minX..maxX , minY..ma xY]; /* declare regions */

var Rho, P, Q : real [R]; /* declare arrays */

Delta_tau : real [R];

. . .

/* define function s */

function Jacobian();

var Tmp_J1, Tmp_J2 : real[R];

begin

Tmp_J1 := (X.r * (X.z@south - X.z@west)

+ X.r@west * (X.z - X.z@south)

+ X.r@south * (X.z@wes t - X.z)) / 2.0;

Tmp_J2 := (X.r@wes t * (X.z@south - X.z@sw)

+ X.r@sw * (X.z@west - X.z@south )

+ X.r@south * (X.z@sw - X.z@west )) / 2.0;

J := Tmp_J1 + Tmp_J2;

Old_S := New_S;

New_S := ((X.r + X.r@west + X.r@south ) * Tmp_J1 +

(X.r@west + X.r@sw + X.r@south) * Tmp_J2) / 3;

end

function main() /* Main body */

[R]

begin

/* Hydro Phase */

[west of R] P := west_boun d_p;

[north of R]

[NE of R]

[east of R] reflect Rho, P, Q, J;

Jacobian ();

. . .

En_error := Int_en + Kin_en - Work + Heat;

En_error := +\ En_error; /* implicit temporar y variable */

end;
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