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Abstract

Most arraylanguages,suchasFortran90,Matlab,andAPL, provide supportfor referencingarraysby extending
thetraditionalarraysubscriptingconstructfoundin scalarlanguages.Wepresentanalternativeapproachthatexploits
the conceptof regions—a representationof index setsthat canbe named,manipulatedwith high-level operators,
andsyntacticallyseparatedfrom arrayreferences.This paperdevelopsthe conceptof region-basedprogramming
anddescribesits benefitsin the context of an idealizedarray languagecalledRL. We show that regionssimplify
programming,reducethe likelihoodof errors,andenablea new degreeof codereuse. Furthermore,we describe
how regionsaccentuatethelocality of arrayexpressions,enablingprogrammersto reasonclearlyabouttheir codes'
executionwhentargetingparallelcomputers.WediscusstherelationshipbetweenRL andZPL—afully implemented
region-basedparallellanguagein useby scientistsandengineers.In addition,wecontrastregion-basedprogramming
with thearrayreferenceconstructsof otherarraylanguages.

1 Intr oduction

Sincetheearliestprogramminglanguages,arrayreferenceshave hadsubscriptsassociatedwith them. This notation,

which wasinheritedfrom linearalgebra,is naturalandconvenientfor scalarlanguagessincethey operateon single

valuesat a time. In contrast,arraylanguagessupportthe atomicmanipulationof multiple arrayelements,so they

typically extendtraditionalsubscriptingto amorecomplex form. APL [6], thefirst arraylanguage,supportstheuseof

integervectorsin eachsubscriptposition,computingtheouterproductof theindicesin eachdimensionto determine

theelementsreferenced.Fortran90[1] extendsthissyntaxto supportcommonreferencepatternsusingtripleor “slice”

notationto describearegularsubsetof elements.Both languagesallow thesubscriptto beelidedwhenreferringto all

elementsof anarray.

Thougharraylanguagesubscriptingis a naturalextensionof scalarsubscripting,arraylanguagesexhibit an im-

portantpropertythatconstrainssubscripts.Operandsin anarrayexpressionmustbeconformable, meaningthat the

subarraysreferencedmusthave the sameshapeandsize.1 Conformabilityensuresthat therearecorrespondingele-

mentsin eachoperandof anarrayexpressionsothatits evaluationis well-defined.Conformabilityresultsin a strong

correspondencebetweenthesubscriptingexpressionsof arrayoperands.Specifically, they will oftenbeidenticaland

almostalwaysbesimilar. This property, which we refer to asindex locality, follows naturallyfrom thefact thatpro-

grammerstendto organizeandreferencedatain logical, constrained,andmeaningfulways. Index locality motivates

analternativemeansof arrayreferenceusingregions.

1Thoughthis is a commondefinitionof conformability, it is not universal.Virtually all variations,however, at leastrequirethat thenumberof
elementsbethesame.
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[lo..hi,lo..hi] A = B + C
(a)

A[S; S] � B[S; S] + C[S; S � � +LO+ � HI-LO-1]
(b)

A(lo:hi, lo:hi) = B(lo:hi, lo:hi) + C(lo:hi, lo:hi)
(c)

Figure1: Differentrepresentationsof thesamearraylanguagecomputationin (a)RL, (b) APL, and(c) Fortran90and
Matlab.

This paperdescribesa region-basedapproachfor expressingarraycomputations.A region is a source-level in-

dex setthat prefixesa statementto specifydefault indicesfor its arrayreferences.Array operatorsthat modify the

default indicescanbe appliedto arrayexpressions,resultingin differentaccesspatterns.In this way, region-based

programmingsyntacticallyseparatesarray indexing fromarray references.

ZPL is a region-basedparallelprogramminglanguagein useby scientistsandengineers[10]. In this paper, we

presentregion-basedprogrammingandits benefitsusinga simple,idealizedarraylanguagecalledRL. RL demon-

stratesthesyntaxandexpressivenessof regionswithout theidiosyncrasiescausedby practicalconcernsin real-world

languageslike ZPL. As an exampleof region usein RL, Figure 1(a) shows a 2-dimensionalregion (in brackets)

that coversan arraystatement.The statementspecifiesthat elementsof the ���	� sub-arraysof B andC (where��
 hi � lo �� � aresummedandassignedto thecorrespondingelementsof arrayA. Semanticallyequivalentstate-

mentsaregivenfor APL in Figure1(b)andfor Fortran90andMatlabin Figure1(c).

The primary contribution of this paperis the conceptof region-basedprogramming,an approachto array lan-

guageindexing. We detail thepropertiesof region-basedprogrammingandenumerateits benefits.We give formal

definitionsof region andarrayoperatorsanddescribehow their useenablesthe source-level identificationof index

locality, therebyimproving programmers'understandingof their codes'performance.Furthermore,we comparethe

region-basedrepresentationto theconventionalsubscriptedform. Althoughtheregion-basedZPL languagehasbeen

describedbefore[7], this is thefirst discussionof regionsasanabstractprogramminglanguageconcept.

From the trivial exampleof Figure1, regionsmay appearto be a minor syntacticvariationon the other forms

of indexing. However, region-basedprogrammingprovidesa powerful abstractionthat hasadvantagesrelatedto

notation,codereuse,and performanceanalysis,as describedin the next section. In Section3, we give a formal

definitionfor regionsanddescribeRL'ssupportfor regiondeclarationsandoperators.In Section4, weintroduceRL's

arrayoperatorsanddescribehow they areusedto expressgeneralarraycomputations.In Section5, we describehow

regionshighlight index locality andthe resultingbenefitsfor parallelcomputing. We alsodiscussthe relationship

betweenRL andZPL. In Section6, wecomparetheexpressivepowerof theregion-basedapproachwith subscripting.

In thefinal sectionwedescriberelatedwork.

2 Benefitsof Region-basedProgramming

Thissectionprovidesanoverview of thebenefitsof region-basedprogramming.

Notational Benefits

Regionseliminateredundancy. Factoringthecommonportionsof a (potentiallycompound)statement's arrayrefer-

encesinto a singleregion eliminatesthe redundancy of subscriptspecification,as illustratedby Figure1. Though

subscriptedlanguagestypically allow a subscriptto beelidedwhenreferencingall theelementsof anarray, interior

2



language total characters non-indexingcharacters indexingoverhead
Fortran90 3154 1513 52%
ZPL 1957 1421 27%

Table1: Charactercountsfor theSPECCFP92swm256benchmarkwritten in ZPL andFortran90. Total characters
indicatesthe total numberof non-whitespacecharactersin thecodesoncethey arestrippedof variabledeclarations
andI/O. Non-indexingcharacters indicatesthenumberof charactersremainingoncesubscripting(in Fortran90)and
region/directionspecification(in ZPL) areremoved.Indexingoverheadindicatesthepercentageof charactersthatare
devotedto arrayindexing.

andboundaryelementsof an arrayareoften treatedseparately, necessitatingthe useof subscripts.As a result,a

region-basedrepresentationis moreconcise,lesstedious,easierto read,andlesserrorprone.As aninformalmeasure

of conciseness,considerthe examplegiven in Table2. Strippedof all indexing constructs,the ZPL andFortran90

versionsof the SPECCFP92swm256benchmarkaresimilar in size. However, comparingthe completeprograms,

Fortran90 is considerablylarger, devotingmorethanhalf of its charactersto indexing, ascomparedto ZPL's27%.

Regionsaccentuatethecommonalitiesanddifferencesamongarray references.Becausethecommonportionsof

referencesarefactoredinto a region, all that is left at the arrayreferencesis an indicationof how they differ. This

appliesthecommonlanguagedesignprinciplethatsimilar thingsshouldlook similar, anddifferentthingsshouldlook

different[8]. For example,thefollowing RL statementcontainsfour referencesto arrayA, eachshiftedin oneof the

cardinaldirections.It is clearexactlyhow arrayA is beingreferencedin eachoperand.

[1..m,1..n] Temp = A@(-1,0) + A@(1,0) + A@(0,-1) + A@(0,1)

Thesubscriptedequivalentof this coderequirescloserscrutiny to discover thesamerelationshipin its operands,let

aloneto verify its legality.

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

Regionscanbenamed.By namingregions,programmerscangivemeaningto index sets.It is difficult to associate

meaningwith unnamedindices,just as it is difficult to associatemeaningwith a memoryaddresswithout usinga

variablename.For example,the nameTopFace is far moreillustrative than [0,0:n-1,0:n-1]. Providing the ability to

nameindex ranges(as in APL) or even entireslicesdoesnot yield the samebenefit,becausea programmermust

potentiallynamea greatnumberof similar things. For example,the five distinct slicesin the codefragmentabove

would requirefivedifferentnames.

Regionsencodehigh-level informationthat can be manipulatedby operators. While subscript-basedlanguages

allow arithmeticoperatorsto be appliedto individual dimensionsof a subscript,RL providesoperatorsthat apply

to the index setasa whole. Regionscanbe definedin termsof otherregions,which is conceptuallysimpler than

repeatedlyconstructingrelatedbut differentindex sets.For example,RL's of operatorassistsin thecleardefinition

andinterpretationof TopFace astop of Cube. Furthermore,a changeto oneregion is reflectedin all regionsthatare

definedin termsof it, thuslocalizingmodificationsto thecode.

CodeReusability Benefits

By separatingthe specificationof array indicesfrom the specificationof computation,regions result in codethat

is moregeneralandmorereusablethansubscriptedcode. For example,regionsmake it trivial to write statements

or proceduresthat canoperateon arraysof arbitrarysize, while subscriptedlanguagesrequirethe programmerto

passaroundandexplicitly manipulatearrayboundinformationin orderto achieve the samegenerality. Moreover,
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changinga region-basedprogramto operateon higherdimensionalarrayscanbe a simplematterof changingthe

regiondeclarations.Thearraycomputationsthemselvesmaynotneedto change,or they mayneedto changein minor

andobviousways,dependingon the characteristicsof the algorithm. In contrast,traditionalarraylanguageswould

requiremodificationsto everyarrayreference.

PerformanceAnalysisBenefits

Perhapsthebiggestadvantageof region-basedprogrammingis its potentialfor aidingin performanceanalysis.Theuse

of specialoperatorsto highlightcorrelationsbetweeneacharrayoperand'sreferencepatternemphasizesindex locality.

This hasgreatbenefitin the parallelrealmwheredatalocality playsa crucial role in determiningperformance.By

supportingsuchoperatorsandby clearlydefiningits dataallocationpolicy, a parallelregion-basedlanguagesuchas

ZPL canenableprogrammersto reasonaboutthe parallelexecutionof their codesusingstraightforward syntactic

cues.As a result,programmersandcompilerscanlocateoptimizationopportunitiesby lookingat thearrayoperators

usedwithin a program,therebyavoiding complex analysisof subscriptingexpressions.Thesebenefitsarediscussed

in furtherdetailin Section5.

3 Regions

In RL, aregionis arectangularindex setof arbitraryrankandstride,usefulfor definingarraysandarraycomputations.

This sectiongivesa formal definitionof regions,explainshow they aredeclaredin RL, anddescribesRL's operators

for manipulatingthem.

3.1 Formal RegionDefinition

Eachdimensionof a region is definedby a 4-tuplesequencedescriptor, ����� � � ��� � � � � , where � and � representthe

low andhigh boundsof the sequence,� is the sequence's stride,and � encodesthe alignmentof the sequence.A

sequencedescriptor, � , is interpretedasdefiningasetof integers,��� � � , asfollows:��� � �����  "! �$#� %#&� and %'&�(� )+* ,-� � . (1)

For example,thedescriptor� / � 0 � 1 � 2 � describesthesetof evenintegersbetweenoneandsix, inclusive: � 1 � 34� 0 . .
A 5 -dimensionalregion 6 is definedasa 5 -ary sequenceof sequencedescriptors� 7�8 8 8 � 9 , where� : representsthe

indicesof theregion's ; th dimension: 6<��= � 7 � � > � 8 8 8 � � 9 ?
Theindex set,@4� 6 � , definedby theregionis simplythecross-productof theintegersspecifiedbyeachof its dimensions:@A� 6 �B����� � 7 �"C%��� � > �"C	8 8 8 CD��� � 9 �
For example,theindex setof the2-dimensionalregion = � / � 0 � 1 � 2 � � � / � 0 � 1 � / � ? wouldbedescribedasfollows:@4� = � / � 0 � 1 � 2 � � � / � 0 � 1 � / � ? �E����� / � 0 � 1 � 2 �$CD��� / � 0 � 1 � / ���� 1 � 34� 0 .FC%� / � G � H .��� � 1 � / � � � 1 � G � � � 1 � H � � � 34� / � � � 34� G � � � 34� H � � � 0 � / � � � 0 � G � � � 0 � H � .
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3.2 BasicRegionDeclarations

Sincedenseregionsconstitutethecommoncasein array-basedlanguages,RL adoptsthefollowing asits mostbasic

regionspecification:

R = [ I J .. K J , I L .. K L , . . . , I M .. K M ]
Thisstyleof declarationis usedto defineregionswith trivial strideandalignment.A degeneratedimension—onewith

justasingleindex—canbedeclaredby simplyspecifyingtheindex (e.g., [3,1..n]). NotethatalthoughRL couldsimply

allow programmersto expressregionsin a sequencedescriptorformat,themoreabstractsyntaxis clearer, improving

readability. In RL, thespecificationabovedefinestheformal region:NPORQ S T U V WAU V X V T U Y V S T Z V W4Z V X V T Z Y V [ [ [ V S T \ V W4\ V X V T \ Y ]
Sincethe stride is alwaysset to 1, the completeinteger range T ^ [ [ [ W4^ will be usedfor dimension_ . RL's region

operators(describedin thenext section)areusedto modify thestrideandalignmentvaluesof a region. Althougha

strideof value1 makesthealignmenttermin abasicregioninconsequential,settingit to therange's low boundresults

in a consistentandmeaningfulinterpretationwhenregionoperatorsareusedto modify its strideandbounds.

3.3 RegionOperators

A setof prepositionaloperators—of, in, at, andby—aredefinedfor thesequencedescriptors.Eachof theseoperators

combinesan integer value, ` , anda sequencedescriptorto producea new sequence.The operatorsaredefinedto

transformthesequencesasfollows:

` of S T V W�V a V b YBO cd e S T f ` V TAg�X V a V b Y if `ih�jS T V W�V a V b Y if ` O jS Wif�X V Wif ` V a V b Y if `ik�j (2)

` in S T V W�V a V b YBO cd e S T V T f�S g ` g&X Y V a V b Y if `ih&jS T V W�V a V b Y if ` O jS Wlg&S ` g&X Y V W�V a V b Y if `ik&j (3)S T V W�V a V b Y at ` ORS T4f ` V Wif ` V a V bmf ` Y (4)S T V W�V a V b Y by ` ORS T V W�V n ` n o a V b Y (5)

In short, the of and in operatorsmodify the sequenceboundsrelative to the existing bounds,leaving the strideand

alignmentunchanged(of describesa rangeadjacentto theoriginal range,whereasin describesa rangeinterior to the

previous range).The at operatortranslatesthesequenceboundsandalignmentof thesequence.The by operatoris

usedto scalethestrideof thesequence,leaving theboundsandalignmentunchanged.

Althoughtherearecertainlyotherregion operatorsthatwould beusefulto a programmer, thoselistedherewere

selectedasa basissetsincethey supportcommonarrayreferenceparadigmsandareclosedoverour regionnotation.

For example,RL doesnot supporttheset-theoreticunion, intersection,anddifferenceoperatorsdueto the increased

overheadof storinganditeratingovernon-rectangularindex sets.

RL appliestheprepositionaloperatorsto regionsby factoringthe ` offsetsfor eachdimensioninto a vectorcalled

a direction. Thefollowing codespecifiesexampledirectionsanda region in RL:
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(e) region R at se (f) region R by se2(d) region south in R
se, and se2

(b) directions east, south,(a) region R (c) region east of R

R RR

Figure2: Illustrationsof theregionanddirectiondeclarationsfrom Section3.3. Notethattheprepositionaloperators
give intuitivemeaningto theregionsthey define.

south = (1,0)
east = (0,1)
se = (1,1)
se2 = (2,2)

R = [1..m,1..n]

UsingRL's prepositionalregionoperators,new regionscanbespecifiedusingregionR anddirections:

EasternBoundary = east of R
SouthernInterior = south in R
ShiftedSE = R at se
OddElements = R by se2

Theprepositionaloperatorsareevaluatedfor regionsby distributing eachcomponentof the directionto its cor-

respondingsequencedescriptorandapplyingtheprepositionaloperator. For example,the at operatorwould bedis-

tributedasfollows:p
at q r s t r u vBwRx q y s t zAs t { s t | s v t q y u t z4u t { u t | u v } at q r s t r u vwRx q y s t zAs t { s t | s v at r s t q y u t z4u t { u t | u v at r u }wRx q y s"~	r s t zAs$~�r s t { s t | s"~	r s v t q y u�~�r u t z4u�~�r u t { u t | u"~�r u v }

Having definedtheprepositionalregion operators,we cannow evaluatetheRL regionsdefinedabove (seeFigure2

for illustratedinterpretations):� q east of R v�w�q � t � v of x q � t �	t � t � v t q � t �"t � t � v }w�x � of q � t �	t � t � v t � of q � t �"t � t � v }w�x q � t �Dt � t � v t q ��~&� t �l~�� t � t � v }� q south in R v�w�q � t � v in x q � t �	t � t � v t q � t �"t � t � v }w�x � in q � t �Dt � t � v t � in q � t �"t � t � v }w�x q �	t �	t � t � v t q � t �"t � t � v }

� q R at se v�wRx q � t �	t � t � v t q � t �"t � t � v } at q � t � vwRx q � t �	t � t � v at � t q � t �"t � t � v at � }wRx q � t ��~&� t � t � v t q � t ��~&� t � t � v }� q R by se2 v�wRx q � t �	t � t � v t q � t �"t � t � v } by q � t � vwRx q � t �	t � t � v by � t q � t �"t � t � v by � }wRx q � t �	t � t � v t q � t �"t � t � v }
3.4 Flood Dimensions

RL also supportsthe conceptof flood dimensionsto representlower-dimensionalarraysas if they were higher-

dimensional. Flood dimensionsare representedby the sequencedescriptor( �m� , � ,0,0). While this specialized

descriptordoesn't makemathematicalsenseby equation(1) above,it representsadimensionwith asinglesetof defin-

ing valuesthatareeffectively replicatedacrossits entireindex range.Flooddimensionsareexpressedin RL region
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specificationsusingan asterisk.For example,the following two regionswould be usedto represent1-dimensional

vectorsperpendicularto oneanotherin a2-dimensionalspace:

Row = [* ,1..n]
Col = [1..n,* ]

4 Computing with Regions

Thissectionexplainshow regionsareusedto representarraycomputationsin RL. Wedescribehow regionsspecifythe

extentof arraycomputationsandthendefineRL'soperatorsthatmodify theseindicesfor individualarrayexpressions.

4.1 Extent Specificationwith Regions

In RL, regionsprefixastatementto specifytheelementsreferencedby eacharrayoperandof matchingrank.Regions

aredynamicallyscoped,allowing for the creationof region independentfunctionsandlibraries. The following RL

codefragmentillustratesseveralpropertiesof regionuse.Assumethat Interior=[1..m,1..n], south=(1,0),andarraysA,

B, andU are2-, 2-, and1-dimensional,respectively.

[Interior] begin
A = 0;
[south in ”] A = 1;
[1,] A = 2;
[1..q] U = 0;
A = A + B;

end;

This fragmentappliesthe 2-dimensionalregion Interior to a compoundstatement.The region covers only the

first andfifth assignmentssincethe othershave a moretightly-binding region of the appropriaterank. The second

assignmentusesthe ” symbolasa meansof referring to the covering region whoserank matchessouth's, namely

Interior. Thenext statementomitsa dimensionspecificationto inherit a singledimensionfrom thecoveringregionof

thesamerank, in this case1..n). Note that ” andblankdimensionsaremorethansyntacticconveniences,sincethey

supporttheconstructionof region-independentfunctionswherethecoveringregion is not lexically available.

RL alsoprovidespredefinedarrays,namedI1, I2, etc., thatgive theprogrammeraccessto theindex valuesof the

coveringregion. Thesearevirtual arraysthatneednot berepresentedexplicitly (i.e., they do not consumememory).

Thevalueof arrayI � ataparticularindex is definedto bethevalueof theindex in the � th dimension.For example,the

RL statement[1..n] U = I1 assignsthevalues1 to � to thecorrespondingelementsof arrayU. Array I � maybeusedany

placewhereanarrayof rank ��� is expected.As anotherexample,thefollowing statementassignselementsof array

A their row-majororderindex.

[1..n,1..n] A = (n * (I1-1)) + I2

4.2 Array Operators

In theexamplesof theprevioussection,identically indexedelementsof all arraysarereferencedin eachstatement.

RL usesexplicit array operatorsto representarray referencesthat are variationsfrom the indicesof the covering

region. ThissectiondefinestheRL arrayoperators,whichmapindicesof thecoveringregion to indicesof theirarray

operands.Theresultof any operatorcanbeusedastheoperandto any other, andexceptwherenoted,arrayoperators

haveanl-value(i.e., they mayappearon theleft-handsideof anassignment).
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The shift operator(infix @) translatesthe portion of its operandarraythat is referenced.Its left operandis the

arrayto shift, andtheright operandis a directionvectorof thesamerankthatspecifiesthemagnitudeanddirection

of theshift in eachdimension.For example,the following RL statementassignsthenearestneighboraverageof the

elementsof arrayB asspecifiedby thecoveringregion into arrayA. Assumethatthefollowing directionsaredefined:

north = (-1,0),south = (1,0),east = (0,1),andwest = (0,-1).

[1..m,1..n] A = (B@north + B@south + B@east + B@west) / 4

Thescaleoperator(infix $) adjuststhestridein eachdimensionof asinglearrayreferencerelative to thecovering

region. Its left operandis anarrayto scale,andtheright operandis adirectionof thesamerank.Thenew stridein each

dimensionis theproductof thecorrespondingdirectionelementandthestridein thecoveringregion.Thelow element

referencedis thesameasthelow elementin thecoveringregion. For example,thefollowing RL statementassignsthe

oddelementsof arrayB between1 and � � to theconsecutiveelementsof arrayA between1 and � , inclusive.

[1..n] A = B$(2)

The promotionoperator(prefix � ) transformsa � � -dimensionalarray into a � -dimensionalarrayby replicating

along � � of its dimensions(where� �����+��� � ). A � -dimensionalregion—calledanoperator region—is encodedin

theoperator. Theflooddimensionsin thisregion(theremustbe � � of them)specifywhichdimensionsof theresulting

arrayareto containreplicateddata. For example,the following RL statementreplicateselements1 through � of

1-dimensionalarrayU acrossthecolumnsof 2-dimensionalarrayA.

[1..m,1..n] A = � [,*] U

As thisexampleshows,operatorregionsmaycontainblankdimensionsto inherit from thecoveringregion. Operator

regionsserve asthecoveringregion for theoperandarray, which mayitself bea complex arrayexpression.Because

theoperandarrayexpressionfor promotionhaslesserrankthantheoperatorregion,theregion formedby eliminating

its flooddimensionscoversthearrayoperandexpression.For examplein thefollowing statement,elements1 through� of U andV areaddedtogetherbeforeperformingthepromotion.

[1..m,i] A = � [,*] (U+V)

The promotionoperatorcan also be usedto promotea subarray. This is expressedby specifyingdegenerate

dimensionsin the operatorratherthan flood dimensions.For example,the following RL statementcopiesthe � th
columnof 2-dimensionalarrayB into columns1 through� of 2-dimensionalarrayA.

[1..m,1..n] A = � [,i] B

It is important to note that the implementationof promotiondoesnot actually needto createa new array of

increasedrank (andincreasedstoragerequirements).Promotionsimply providesa differentway to referencedata

without changingmemoryrequirements.Promotionexpressionsdo not have l-valuesbecausethey representmore

elementsthanareactuallyrepresentedin memory.

Thedemotionoperator(prefix � ) collapses� � dimensionsof an � � -dimensionalarrayto producean � -dimensional

array( ����� �4�	� � ). A � � -dimensionaloperatorregion is encodedin theoperator. Thedegeneratedimensionsof the

region(theremustbe � � of them)specifywhichdimensionsof theoperandarrayareto becollapsed.For example,the

following RL statementassignscolumn � of 2-dimensionalarrayA into 1-dimensionalarrayU.

[1..n] U = � [,i] A

As this exampleshows, thedemotionoperator'soperatorregionmayuseblankdimensions.Thoughthecovering

regionandtheoperatorregionhavedifferentrank,theoperatorregion'sblankdimensionswill inherit from thecorre-

spondingdimensionin thecoveringregion(determinedby ignoringdegeneratedimensionsin theoperatorregion).

Theremapoperator(infix #) allows for arbitraryreferencesby permittingtheprogrammerto specifya mapfrom
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codefragment signature rankrelationship � � value( �F�����&� � )
. . .   no-op¡ � ¢"£D� � �i£�� � ¤ �¥ £�¤ ¥
. . .@¦ . . .   @ ¡ � § ¦"¢$£D� � �i£�� � ¤ �¥ £�¤ ¥4¨D© ¥
[ ª « ] . . .$ ¦ . . .   $ ¡ � § ¦�§ ª « ¢$£D� � �i£�� � ¤ �¥ £¬ ¡ ¤ ¥�®%¯ low ¡ ª ¥ ¢ ¢ © ¥4¨	¯ low ¡ ° ¥ ¢ if ± ¥$²&³¡ ¤ ¥�®%¯ high ¡ ª ¥ ¢ ¢ © ¥A¨D¯ low ¡ ° ¥ ¢ otherwise

. . . ² [ ª ´ ] . . .   µ ¡ � § ª ´ ¢"£D� � �i£�� � ¨ � nflood¡ ª ´4¢ ¤ �¥ £ ¬¶ ¥ if dimension° ¥ is degenerate¤ ¥ · otherwise( � �4£�� flood ¡ ª § � ¢ )

. . . ¸ [ ª ´ · ] . . .   ¹ ¡ � § ª ´ · ¢$£D� � �i£�� � ® � ndegen¡ ª ´ · ¢ ¤ �¥ £ ¬¶ ¥ if dimension° ¥ is degenerate¤ ¥ · otherwise( �$£�� degen¡ ª § � � ¢ )

. . .#(º ) . . .   # ¡ � § º$¢"£%� � �i£�� � ¤ �¥ £&» ¥ ¡ ¤ ¼ § ¤ ½ § ¾ ¾ ¾ § ¤ ¿ ¢
Notation¦	£�À © ¼ § ¾ ¾ ¾ § © ¿ · Á : rank � � directionª «F£ÂÀ ° ¼ § ¾ ¾ ¾ § ° ¿ Á : rank � coveringregionª ´i£ÂÀ ° ¼ § ¾ ¾ ¾ § ° ¿ Á : rank � operatorregionª ´ · £�À ° ¼ § ¾ ¾ ¾ § ° ¿ · Á : rank � � operatorregionºD£ÂÀ »A¼ § ¾ ¾ ¾ § »4¿ Á : � -ary list of rank � integerarrays

Functions� flood ¡ ª § � ¢ = � th non-flooddim. of ª� degen¡ ª § � ¢ = � th non-degeneratedim. of ª� nflood¡ ª ¢ = no. of flooddimsin ª� ndegen¡ ª ¢ = no. of degeneratedimsin ª¯
low ¡ ° £ ¡ ¶ § Ã�§ ± § Ä ¢ ¢ = ¶ ¨ ¡ Ä ® ¶ ¢�Å+Æ Çl±¯
high ¡ ° £ ¡ ¶ § Ã�§ ± § Ä ¢ ¢ = Ã ® ¡ Ã ® Ä ¢�ÅiÆ Çi±

Figure3: Array operatorsummary. Thefirst columngivesa codefragmentindicatingtheoperator's use. Thesec-
ond columnsummarizesthe mapfunction's argumentsignaturefor eachoperator. The third columndescribesthe
relationshipbetween� and � � . Thefinal columngivesthevalueof anelementof theresulting� � -ary � � index.

indicesof the covering region to indicesof the operator's operandarray. The operator's left operandis an arrayto

remap,while the right is a vectorof integer indiceswhosecorrespondingelementsform an index into the operand

array. Thevalueof eachelementof the resultingarrayis thedataappearingat this index in theoperandarray. The

ranksof the argumentarray, integer arrays,and resultingarray areall the same. For example,the following RL

statementassignseachelement¡ � § ¤ ¢ of A thevalueof element¡ I ¡ � § ¤ ¢ § J ¡ � § ¤ ¢ ¢ of B.

[1..m,1..n] A = B#(I,J)

As a morespecificexample,thefollowing statementassignsthetransposeof arrayB to A. Notetheuseof predefined

arraysI1 andI2.

[1..n,1..n] A = B#(I2,I1)

Thoughall of RL's operatorscanbeexpressedusingtheremapoperator, thespecializedoperatorsarenotwithout

value.They provideamoreconciseandreadablerepresentationof certaincommonoperationscomparedto thegeneral

#-operator. Moreover, thespecializedoperatorsserve asa moreaccurateindicatorof index locality andparallelcost,

asdiscussedin Section5.

4.3 Operator Summary

Figure3 summarizesthesemanticsof eacharrayoperator. A function,   op ¡ ¾ ¾ ¾ ¢ , is givenfor eachoperatorthatmaps

indices�+£À ¤ ¼ § ¾ ¾ ¾ § ¤ ¿ Á , of therank � coveringregion to indices� ��£À ¤ �¼ § ¾ ¾ ¾ § ¤ �¿ · Á of theoperator's rank � � operand

array.

Dueto spacelimitations,wearenotableto discussRL'ssupportof masksfor selectingsubsetsof a region'sindex

set,nor its computationalarrayoperators (reductionsandscans).Thesewill bedescribedin thefinal paper.
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5
È

Discussion

5.1 Index Locality in RL

At first glance,RL's arrayoperatorsmayappearto be gratuitous.For example,why shoulda languagesupportthe

special-purpose@ and$ operators,whenthey canbeexpressedwith thegeneral-purpose# usingsimplefunctionsof

theindex arraysI É ? Theansweris thatRL's operatorswereselectedto emphasizedifferenttypesof index locality.

In thecontext of this paper, indicesareconsideredto belocal to oneanotherbasedon their relationshipin index

space.We do not defineany quantitative metric for measuringindex locality, but rathergive examplesin qualitative

terms:indicescloseto oneotherin thetraditionalCartesiansense(e.g., Ê Ë Ì Ë Í and Ê Î Ì Ë Í ) mightbeconsideredspatially

local. Indicesthat aredistantbut which sharecommonindicesin a dimension(e.g., Ê Ë Ì Ë Í and Ê Ë Ì Ë Ï Ï Í ) could be

consideredto havedimensionallocality. A third example,inter-ranklocality, is exhibitedby indicesof differentrank

thatsharecommoncoordinates(e.g., Ê Ë Ì Î Í and Ê Ë Ì Ë Ï Ï Ì Î Í ). Finally, two indiceswhosecoordinatesareseparatedby

a multiplicative factormight beconsideredto have locality of scale(e.g., Ê Î Ì Î Í and Ê Ð Ì Ð Í ). Thesedefinitionscanbe

trivially extendedto describethelocality of a pair of index setsratherthanindividual indices.Furthermore,notethat

indicesmayberelatedby a combinationof locality types.

Theprincipleof index locality is crucialin a languagedueto its relationshipto datalocality. Onmodernarchitec-

tures,the locality of a program's datareferencesplaysa crucial role in determiningits performanceandis therefore

worthy of considerationby performance-mindedprogrammers.Sinceindex setsareusedboth to defineandaccess

arrays,index locality directly correlatesto referencelocality (dependentalsoon the dataallocationscheme).This

relationshipbetweenindex locality anddatalocality is especiallyimportantin therealmof parallelcomputing,where

datalocality affectstheamountof communication(explicit or implicit) requiredbetweenprocessors.

To this end,RL emphasizesindex locality throughits region-basedsyntaxandchoiceof arrayoperators.State-

mentswith perfectlocality (i.e., all operationsperformedelement-wiseon identicalindices)simply requiretheregion

definingtheindex setwith no otherspecialarrayoperations.OtherstatementsusetheRL arrayoperatorsto describe

differenttypesof index locality:Ñ Statementswith spatiallocality usetheshift operatorto modify indexing by aconstantoffset.Ñ Dimensionallocality is expressedusingthedimension-preservinginstanceof promotion.Ñ Inter-ranklocality is expressedusingthepromotionanddemotionoperators.Ñ Locality of scaleis achievedusingthescaleoperator.

Sincethe catch-all remapoperatorcan be usedto arbitrarily scrambleindex sets,it hasno inherentlocality and

symbolizesreferenceswith potentiallyno locality. Theresultis thatall RL operatorsserveasclearvisualannotations

to theprogrammerandcompilerof astatement'sindex locality. It is for thisreasonthatRL enforcesastricterdefinition

of conformabilitythanslice-basedlanguages.In the termsgivenabove, a(i,1..n), b(1..n,j), andc(1..n) do not exhibit

perfectlocality andmustthereforeusearrayoperationsto describetheir relationship.

This is a usefulpropertyfor a programminglanguageto have becausegivena particulardataallocationscheme,

both theprogrammerandthecompilerhave a clearmeansof reasoningaboutthe implementationandexpenseof a

particularpieceof code.This leadsto easeof analysisandoptimizationfor bothparties.

In addition,algorithmsnaturallytendto exhibit index locality, dueto thewaysin which datais typically stored

andaccessed.Thoughconformabilitymerelyrequiresthatarrayoperandsneedto bethesameshapeandsize,there

oftenexist additionallogicalcorrelationsbetweentheoperandindicesdueto thewaysin whichprogrammersorganize

andreferencedata—theindicesmaybeoffsetby aconstantfactor, scaledby differentamounts,or projectedfrom one
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dimensionto another. Casesin which arraysareaccessedin completelyarbitrarypatternsarerelatively infrequent.

To this end, the introductionof specificoperatorsto emphasizethe commoncasesimplifies the expressionof the

operation(e.g., A@(1,1)ratherthanA#(I1+1,I2+1)) andmakescodeeasierto write andto understand(bothfor humans

andcompilers).

5.2 ZPL: A practical parallel region-basedlanguage

ZPL is a real-world instanceof a region-basedprogramminglanguagethat wasdesignedfor portabledataparallel

computation.Oneof its chiefdesigngoalswasto givetheprogrammeranintuitivemodelfor determiningandreason-

ing abouttheconcurrency andparalleloverheadsincurredby their implementationchoices.This is known asZPL's

WYSIWYG performancemodel[3].

In particular, both concurrency andparallelperformancearedeterminedby the partitioningof dataandcompu-

tation betweenprocessors.Sinceregionsareindicatorsof a program's dataandcomputationspaces,the policy of

distributing regionsacrossprocessorsis the fundamentaldeterminantof ZPL programperformance.In orderto em-

phasizedatalocality in the parallelcontext, ZPL mapsregionsto a conceptualprocessorgrid of the samerank in

a grid-aligned fashion,mappingregion indicesto processorindicesin the correspondingdimension(e.g., rows of

a 2-dimensionalregion would bemappedto rows of a virtual 2-dimensionalprocessorgrid). This hasthe resultof

preservingspatialanddimensionalindex locality acrossthevirtual processorgrid's topology.

In addition,ZPL definesthat interacting regions (definedin [3]) will be mappedto the processorsin the same

way. One result is that all simplearray statementswill executecompletelyin parallelwithout any interprocessor

communication.Thus,communicationis only inducedby thearrayoperatorsdefinedin Section4.

For this reason,the arrayoperatorssupportedin ZPL werechosento reflectanddistinguishbetweenthe com-

municationcoststhatthey tendto induce.For example,theRL operators@ and# resultin differentcommunication

patternsfor grid-aligneddistributions—typicallynearestneighborpoint-to-pointandall-to-all communication,respec-

tively. As aresult,uniqueoperatorswerechosento representthemin ZPL. In adistributedcontext, RL'srank-changing

promotionanddemotionoperatorstendto resultin all-to-all communicationssimilar in costandimplementationto #.

For this reason,ZPL chosenot to instantiatetheseasspecializedoperatorsin the language,insteadoverloading# to

expressthem.Thisreducesthenumberof conceptsthatusersmustlearnwithoutobscuringtheirmodelof aprogram's

parallelcost. As a final example,the$ operatorresultsin fairly complex datamotionswhenusedwith grid-aligned

arrays,while expressingthesamecomputationusingregionsof varyingstrideshasa directandhighly efficientparal-

lel implementation.For this reason,ZPL addedsupportfor multiregions—parameterizedcollectionsof regions—and

omittedanexplicit $ operator, asa wayof encouragingthemoreefficientapproach.

Thisdiscussionof designdecisionsmadein ZPLis heavilyabridgedin orderto meetthespacerequirementsof the

extendedabstract. In thefinal paper, wewill discussthedesignof ZPL andits relationshipto RL in greaterdepth.In

addition,we'll describeextensionsto RLthatwereaddedto ZPL in order to supportcommonparadigmsandimprove

a programmer'sexpressiveness(includingmultiregions,wraps,andreflects).

6 Relationship to Subscripting

Two arrayreferencesin a subscript-basedlanguagearetypically consideredconformableif thesamenumberof array

elementsarereferencedin corresponding,non-degeneratedimensionsof thereferences.Region-basedprogramming

enforcesa strictermeaningof conformability, becausea singleregion selectsthe indicesof all array referencesin
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referencedifference Fortran90 RL
shifting U(1:n) = (W(0:n-1)+W(2:n+1))/2 [1..n] U = (W@(-1)+W@(1))/2
striding U(1:n) = W(1:2*n:2) [1..n] U = W$(2)
changingrank(promotion) A(1:n,i) = U(1:n) [1..n,i] A = Ò [,*] U
changingrank(demotion) U(1:n) = A(1:n,i) [1..n] U = Ó [,i] A
changingdim. alignment A(1:n,i) = B(j,1:n) [1..n,i] A = B#(j,I1)
vectorsubscripts(1-dim.) U(1:n) = W(V(1:n)) [1..n] U = W#(V)
vectorsubscripts(2-dim.) A(1:m,1:n) = B(U(1:m),W(1:n)) [1..m,1..n] A = B#( Ò [,*]U, Ò [*,]W)

Table2: EquivalentFortran90andRL statementsthatcontainconformable,yetnot identicalreferences.

a statement.Thus,it is the role of the arrayoperatorsto mapindicesof the coveringregion to indicesof the array

operands,allowing for theexpressionof moregeneralreferencing.Table6 summarizesa numberof waysby which

arrayreferencesmayconformwithout beingidentical(column1). For each,a Fortran90 examplestatementis given

(column2) andits correspondingRL statement(column3).

7 RelatedWork

Themostprevalentalternative to region-basedprogrammingis arraysubscripting,asfoundin Fortran90, APL, and

Matlab [1, 6, 5]. As we have argued,arraysubscriptingis a morecumbersomemeansof expressingsimplearray

operationsandis nomorepowerful thanaregion-basedapproach.

Several parallel languageshave supportedmechanismsfor storing and manipulatingindex sets. Parallaxis-III

and CÔ are two suchexamples,both designedto expressa SIMD style of computation[2, 11]. Both languages

supportdensemultidimensionalindex spacesthatareusedto declareparallelarrays.Parallaxis-III arraystatements

areperformedover the entirearray, andthereforedo not useindex setsto describecomputation.CÔ doesusesits

index sets(shapes) to designateparallelcomputationover entirearrays.However, it enforcesa tight correspondence

betweentheshapesof thecomputationandthearraysbeingoperatedon. Dueto this restriction,its shapesaremore

of a type modifier thana generalindex set for expressingarraycomputation.Both languagesallow for individual

elementsto bemaskedonandoff. Neitherprovidessupportfor stridedindex sets.

FIDIL is anotherparallelarray languagedesignedfor scientificcomputation[9] with supportfor moregeneral

index setscalleddomains. Domainsneedneitherbe rectangularnor dense,andFIDIL supportscomputationover

themusingset-theoreticunion, intersection,anddifferenceoperations.The role of domainsis limited to describing

the structureof arrays(maps) andnot for specifyingcomputationalreferences.Statementsthereforeoperateeither

overtheentiretyof anarray, or by indexing into thearrayasin scalarlanguages.Conformabilityin FIDL is somewhat

moredynamicthanin otherlanguages—operationsareonly performedon indicesthatarepresentin bothoperators.

KeLP[4] is a C++ runtimelibrary that is a descendentof FIDIL. It supportsshift, intersect,andgrow operators

on rectangularindex setscalledregions. KeLPusesregionsto expressiterationspacesusinga “for all indicesin the

region” controlconstruct.It departsfrom theregion-basedprogrammingmodeldescribedin thispaperin thatregions

areusedto enumerateindiceswhich arethenusedto subscriptarraysin the standardway. As a result, it doesnot

supportarrayoperatorsto emphasizeindex locality. Furthermore,sinceregionsarenotaninherentpartof C++,region

manipulationis lesselegant,with no implicit supportfor dynamicallyscopedregionsanddimensioninheritance.
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[2] ThomasBräunl. Parallaxis-III: A languagefor structureddata-parallelprogramming. In Proceedingsof the

IEEE First InternationalConferenceon Algorithmsand Architectures for Parallel Processing, pages43–52.

IEEE,April 1995.

[3] BradfordL. Chamberlain,Sung-EunChoi,E ChristopherLewis, Calvin Lin, LawrenceSnyder, andW. Derrick

Weathersby. ZPL's WYSIWYG performancemodel. In Proceedingsof the Third InternationalWorkshopon

High-LevelParallel ProgrammingModelsandSupportiveEnvironments, pages50–61.IEEE,March1998.

[4] S. J. Fink, S. R. Kohn,andS. B. Baden. Efficient run-timesupportfor irregularblock-structuredapplications.

Journalof Parallel andDistributedComputing, 1998.To appear.

[5] DuaneHanselmanandBruceLittlefield. MasteringMATLAB. Prentice-Hall,1996.

[6] KennethE. Iverson.A ProgrammingLanguage. JohnWiley andSons,1962.

[7] Calvin Lin andLawrenceSnyder. ZPL: An arraysublanguage.In Uptal Banerjee,David Gelernter, Alexandru

Nicolau,andDavid Padua,editors,Workshopon LanguagesandCompilers for Parallel Computing, pages96–

114.Springer-Verlag,1993.

[8] BruceJ.MacLennan.Principlesof ProgrammingLanguages. SaundersCollegePublishing,2ndedition,1987.

[9] Luigi SemenzatoandPaul Hilfinger. Arrays in FIDIL. In RobertGrossman,editor, SymbolicComputation:

Applicationsto ScientificComputing, pages155–169.SIAM, 1989.

[10] Lawrence Snyder. Programming Guide to ZPL. MIT Press(in press—available at publication date at

ftp://ftp.cs.washington.edu/pub/orca/docs/zplguide.ps),1998.

[11] C* ProgrammingGuide, Version6.0.2. ThinkingMachinesCorporation,Cambridge,Massachusetts,June1991.

13


