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Abstract

MostarraylanguagesincludingFortran90, Matlab,andAPL, pro-
vide supportfor referencingarraysby extendingthetraditionalar
ray subscriptingconstrucfoundin scaladanguagesWe presenain
alternatve to subscriptinghatexploits the conceptof regions—an
index setrepresentatiothatcanbe namedmanipulatedvith high-
level operatorsandsyntacticallyseparatedrom arrayreferences.
This paperdevelopsthe concepif region-basegrogrammingand
describests benefitsin the context of anidealizedarraylanguage
calledRL. We shav thatregionssimplify programmingreducethe
likelihood of errors,and enablecodereuse. Furthermorewe de-
scribehow regionsaccentuat¢helocality of arrayexpressionsand
how this locality is importantwhentamgeting parallel computers.
We alsoshav how theconceptof region-basegrogramminghave
beenusedin ZPL, a fully-implementedpracticalparallelprogram-
ming languagean useby scientistsandengineers.In addition,we
contrastregion-basedprogrammingwith the array referencecon-
structsof otherarraylanguages.

1 Introduction

Sincethe earliestprogramminglanguagesarray referencehave
had subscriptsassociatedvith them. This notation, which was
inheritedfrom linear algebra,is naturaland corvenientfor scalar
languagesincethey operateon singlevaluesatatime. In contrast,
arraylanguagesupportthe atomicmanipulationof multiple array
elementssothey typically extendtraditionalsubscriptingo amore
complex form. APL [8], thefirst arraylanguagesupportshe use
of integer vectorsin eachsubscriptposition, computingthe outer
productof theindicesin eachdimensiornto determingheelements
referencedFortran90[1] usesasimplifiedvariationonthis syntax
to supportcommonreferenceatternausingtriple or slicenotation
to describearegular subsef elementsBoth languagesllow the
subscripto beelidedwhenreferringto all elementof anarray
Thougharray languagesubscriptingis a natural extensionof
scalarsubscripting array language®xhibit animportantproperty
thatconstrainsubscriptsOperandsn anarrayexpressiormustbe
conformable meaningthatthe subarrayseferencednusthave the
sameshapeandsize! Conformabilityensureshattherearecorre-

1Thoughthisis acommondefinitionof conformability it is notuniversal.Virtually
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spondingelementsn eachoperandf anarrayexpressiorsothatits
evaluationis well-defined.Conformabilityresultsin astrongcorre-
spondencéetweerthe subscriptingexpression®f arrayoperands.
Specifically they will oftenbeidenticalandalmostalwaysbesimi-
lar. This property whichwereferto asindex locality, follows natu-
rally from thefactthatprogrammersendto organizeandreference
datain logical, constrainedand meaningfulways. Index locality
motivatesanalternatve meansof arrayreferenceaisingregions

This paperdescribesregion-base@pproacHor expressingar
ray computationsA regionis asource-lgel index setthatprefixes
a statemento specifydefault indicesfor its arrayreferencesAr-
ray operatorsmay be appliedto array expressiongo modify the
default indices,resultingin differentaccesgatterns.In this way,
region-basedbrogrammingsyntacticallysepaatesarray indexing
fromarray refeences.

In this paper we presentregion-basedorogrammingand its
benefitausingasimple,idealizedarraylanguagesalledRL. RL pro-
videsavehiclefor discussingegion-basegrogrammingn general
terms. As an exampleof region usein RL, Figure 1(a) shavs a
2-dimensionategion (in braclets)that coversan array statement.
The statemenspecifiesthat elementsof an n x n sub-arrayof B
andC(wheren=h —1 + 1) aresummedandassignedo thecorre-
spondingelementf array A. Semanticallyequivalentstatements
aregivenfor APL in Figure1(b) andfor Fortran90 andMatlabin
Figure1(c). Fromthis trivial example,regions may appearo be
a minor syntacticvariationon the otherforms of indexing. How-
ever, we explain how region-basegrogrammingprovidesapower
ful abstractiorthathasadwantagegselatedto notation,codereuse,
andperformanceanalysis.

This paperalso describeshow the ZPL parallel programming
languagés basedntheregionconceptZPL is a practicalparallel
programminglanguagewhich is publicly available on the world-
wide wel? [15]. We describedecisionsamadein the designof ZPL
that not only supportefficient parallelimplementationsput also
provide a performancemodel that allows programmerdo easily
reasoraboutparalleloverheads—amnncommorfeaturein parallel
programminganguages.

This papermalestwo primary contritutions. The first is an
evaluationof region-basedorogrammingas an approacho array
languagendexing. The seconds a discussiorof how an efficient
parallelprogramminganguagecanbe designedaroundthe region
construct. We detail the propertiesof region-basedrogramming
and enumeratets benefits. We give formal definitionsof region
andarrayoperatorsaanddescribehow their useenableghe source-
level identificationof index locality, therebyimproving program-
mers’ understandin@f their codes’performanceon parallelcom-

all variations however, atleastrequirethatthe numberof elementdethe same.
2http://www.cs.washington.edu/research/zpl/
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Figure 1: Different representationsf the samearray language
computationin (a) RL andZPL, (b) APL, and(c) Fortran90 and
Matlah

puters. Furthermorewe comparethe region-basedepresentation
to the conventionalsubscriptedorm. Although the region-based
ZPL languagehasbeendescribedefore[10], this is thefirst dis-
cussionof regionsasanabstraciprogrammindanguageconcept.
This paperis organizedasfollows. Section2 describeghe ad-
vantagef region-basedorogramming. In Section3, we give a
formal definition for regionsanddescribeRL's supportfor region
declarationsaandoperators.In Section4, we introduceRL's array
operatorsanddescribehow they areusedto expressgeneralarray
computationsln Section5, we describehow regionshighlightin-
dex locality and provide benefitsfor parallelcomputing. We also
discusgherelationshipbetweerRL andZPL, andwe comparehe
expressie power of the region-basedapproachwith subscripting.
In thefinal sectionswve describeelatedwork andgive conclusions.

2 Benefits of Region-based Programming

This sectionprovidesan overview of the benefitsof region-based
programming.

Notational Benefits

Ragions eliminate redundancy Factoringthe commonportions
of a statemens array referencesnto a single region eliminates
the redundang of subscriptspecification,as illustrated by Fig-
ure 1. Thoughsubscriptedanguagesypically allow a subscript
to be elided when referencingall the elementsof an array inte-
rior andboundaryelementof anarrayareoftentreatedseparately
necessitatinghe useof subscriptsAs aresult,a region-basedep-
resentations moreconcise gasierto read,andlesserrorprone.As
an informal measureof conciseness;onsiderthe examplegiven
in Table1. Strippedof all indexing constructsthe ZPL and For-
tran 90 versionsof the SPECCFP92swm256benchmarlkaresimi-
larin size.However, comparinghecompleteprogramsFortran90
is considerablylarger, devoting morethanhalf of its characterso
indexing, ascomparedo ZPL's 27%.

Regions accentuatehe commonalitiesand differencesamong
array refeences.Becausehe commonportionsof referencesare
factoredinto a region, all thatis left at the arrayreferencess an
indicationof how they differ. This appliesthe commonlanguage
designprinciple thatsimilar thingsshouldlook similar, anddiffer-
entthingsshouldlook different[11]. For example,the following
RL statementontainsfour referencego array A, eachshiftedin
one of the cardinaldirections. It is clearexactly how array A is
beingreferencedn eachoperand.

[1..m1..n] Tenp = A@-1,0) + A@1,0) +
A@O,-1) + A@O, 1)}

The subscriptecequivalentof this coderequirescloserscrutiry to
discoverthesamerelationshipin its operandslet aloneto verify its
legality.

Tenp(l:ml:n) = A(O:m1,1:n) + A(2: m+1, 1:n)+
A(1l:m2:n+l) + A(1l:mO0:n-1)

Regionscanbe named.By namingregions,programmergan
give meaningo index sets.lt is difficult to associateneaningwith
unnamedndices,just asit is difficult to associataneaningwith a
memoryaddressithout usinga variablename. For example,the
nameTopFace is farmoreillustrativethan[ 0, 1: n, 1: n] . Pro-

viding the ability to nameindex rangegasin APL) or evenentire

slicesdoesnotyield the samebenefit,becausa programmemust
potentially namea greatnumberof similar things. For example,
the five distinct slicesin the codefragmentabose would require
five differentnames.

Reaionsencodehigh-levelinformationthat canbe manipulated
by opermtors. While subscript-basetanguagesallow arithmetic
operatorsto be appliedto individual dimensionsof a subscript,
RL providesoperatorghatapply to the index setasa whole. Re-
gionscanbe definedin termsof otherregions,which is conceptu-
ally simplerthanrepeatedlyonstructingelatedout differentindex
sets. For example,RL’s of operatorassistdn the cleardefinition
and interpretationof boundaryregions: given a region Cube =
[1..n,1..n,1..n] andadirectionvectort op = (-1, 0, 0),
the region TopFace above can be definedusing the expression
top of Cube. Usingregionoperatorsachangeo oneregionis
reflectedn all regionsthataredefinedin termsof it, thuslocalizing
modificationsto the code.

Code Reuse Benefits

By separatinghe specificatiorof arrayindicesfrom the specifica-
tion of computationregionsresultin codethatis moregeneraknd
morereusablehansubscriptedtode.For example regionsmale it
trivial to write statement®r procedureshatcanoperateon arrays
of arbitrarysize,while subscriptedanguagesequirethe program-
merto passaroundandexplicitly manipulatearrayboundinforma-
tion in orderto achieve the samegenerality Specifically regions
canbeappliedto blocksof statementsncludingentireprocedures,
sotheindicesfor entireblocksof codecanbe easilychanged.In
particular scalamproceduresanbetrivially promotedo operateon
arraysof ary sizeandshapeby simply specifyinga region at the
call site andpassingin actualparameter®f the appropriaterank.
Moreover, changinga region-basedrogramto operateon higher
dimensionakrrayscanbe a simple matterof changingthe region
declarations The array computationghemselesmay not needto
change,or they may needto changein minor and obvious ways,
dependingon the characteristic®f the algorithm. In contrast,an
arraylanguagesuchas Fortran 90 would requiremodificationsto
every arrayreference.

Performance Analysis Benefits

Perhapghe biggestadwantageof region-basegrogrammings its
potentialfor aiding performanceanalysis. The useof specialop-
eratorsto highlight correlationsbetweereacharrayoperands ref-
erencepatternemphasizemdex locality. This hasgreatbenefitin
the parallelrealmwheredatalocality playsa crucialrole in deter
mining performanceBy supportingsuchoperatorsandby clearly
definingits dataallocationpolicy, a parallelregion-basedanguage
suchas ZPL canenableprogrammergo reasonaboutthe paral-
lel executionof their codesusing straightforvard syntacticcues.
As a result, programmersand compilerscan locate optimization
opportunitiesby looking at the array operatorsusedwithin a pro-
gram, therebyavoiding comple analysisof subscriptingexpres-
sions.Thesebenefitsarediscussedhn furtherdetailin Section5.



language | total charactels | non-indeing characteis | indexing overhead
Fortran90 3154 1513 52%
ZPL 1957 1421 27%

Table1: Charactercountsfor the SPECCFP92swm256benchmarkwritten in ZPL and Fortran90. Total characters indicatesthe total
numberof non-whitespaceharacterén the codesoncethey arestrippedof variabledeclarationsindl/O. Non-indeing characters indicates
the numberof charactersemainingoncesubscripting(in Fortran90) and region/directionspecification(in ZPL) areremoved. Indexing
overheadindicatesthe percentagef charactershataredevotedto arrayindexing.

3 Regions

In RL, aregion is a rectangularindex setof arbitrary rank and
stride,usefulfor definingarraysandarraycomputationsThis sec-
tion givesa formal definition of regions,explainshow they arede-
claredin RL, anddescribefRRL's operatordor manipulatingthem.

3.1 Formal Region Definition

Eachdimensionof a region is definedby a 4-tuple sequenceale-
scriptor, r = (I, h,s,a), wherel andh representhe low andhigh
boundsof the sequences is the sequence’stride,anda encodes
the alignmentof the sequence A sequencealescriptorr, is inter-
pretedasdefininga setof integers,S(r), asfollows:

Sr) = {¥I<x<handx=a (mods)} @

For example,thedescriptor(1, 6,2, 0) describeghe setof evenin-
tegersbetweeroneandsix, inclusie: {2,4,6}.

A d-dimensionategionr is definedasa d-ary sequencef se-
guencedescriptors; ...rq, Wherer; representshe indicesof the
region’s it dimension:

r =

<r17r27 e 7rd>

Theindex set,| (r), definedoy theregionis simplythecross-product
of theintegersspecifiedoy eachof its dimensions:

I(r) = S(r1)xS(rz)x...xYrq)

For example, the index set of the 2-dimensional region
((1,6,2,0),(1,6,2,1)) is describedasfollows:

1(((1,6,2,0),(1,6.2,1))) S(1,6,2,0) x S(1,6,2,1)
{2,4,6} x {1,3,5}
{(21),(2.3),(2,5),(4,1),

(47 3)' (47 5)' (67 1)' (67 3)' (67 5)}

3.2 Basic Region Declarations

Sincedenseegionsconstitutehecommoncasen array-base¢an-
guagesRL adoptsthe following asits mostbasicregion specifica-
tion:

R = [|1..h1, |2..h2, ey Id--hd]

This style of declarationis usedto defineregionswith trivial
stride and alignment. A degeneate dimensior—one with just a
singleindex—canbedeclaredy simply specifyingtheindex (e.g.,
[3,1..n]). Notethatalthougha languagecould simply allow
programmergo expressregionsin a sequencealescriptorformat,
RL's syntaxis clearerimproving readability In RL, the specifica-
tion above definegheformal region:

r =

Sincethestrideis alwayssetto 1, thecompleteintegerrangel; ... h;

will beusedfor dimensionri. RL sregionoperatorg¢describedn the
next section)areusedto modify the strideandalignmentvaluesof
aregion. Although a strideof value1l malkesthealignmenttermin

a basicregion inconsequentialsettingit to the ranges low bound
resultsin a consistentand meaningfulinterpretatiorwhenregion
operatorsareusedto modify its strideandbounds.

3.3 Region Operators

A setof prepositionalopemtors—of, in, at, and by—are defined
for the sequencalescriptors. Each of theseoperatorscombines
an integer value, 9, and a sequencelescriptorto producea new

sequenceThe operatorsaredefinedto transformthe sequenceas
follows:

(I1+d1—-1sa) ifdé<0
o of (I,hsa) = (I,h;s,a) if =0 2)
(h+1,h+9d,sa) if6>0
(I,1+(-06—1),s,a) ifd<0
din (,hsa = (I,h,s a) ifd=0 (3)
(h—(d—1),h;sa) ifd>0
(ILhysa) at & = (I1+9,h+9d,5,a+09) (4)
(lahas‘,a) by d = (I1h$|6|'s~,a) (5)

In short, the of andi n operatorsmodify the sequencebounds
relative to the existing bounds,leaving the stride and alignment
unchangedof describesa rangeadjacentto the original range,
wheread n describesa rangeinterior to the original range). The
at operatortranslateghe sequencéoundsandalignmentof the
sequence.The by operatoris usedto scalethe stride of the se-
guenceleaving the boundsandalignmentunchanged.

Although thereare certainly otherregion operatorghat could
beusefulto aprogrammerthosdistedherewereselectecsabasis
setsincethey supportcommonarrayreferenceparadigmsandare
closedover our region notation.For example,RL doesnot support
theset-theoretizinionanddifferenceoperatorglueto theincreased
overheadf storinganditeratingover non-rectangulaindex sets.



RL appliesthe prepositionaloperatorgto regions by factoring
the & offsetsfor eachdimensioninto a vector called a direction
Thefollowing codedefinessxampledirectionsandaregionin RL:

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

R=1[1..m1..n]

UsingRL sprepositionategionoperatorspew regionscanbespec-
ified usingregion Randdirections:

East ernBoundary = east of R
Sout hernlnterior = south in R
Shi ft edSE = R at se
QddEl enent s = R by se2

The prepositionaloperatorsare evaluatedfor regions by dis-
tributing eachcomponenbf the directionto its correspondinge-
guencedescriptorandapplyingthe operator For example,the at
operatowould be distributedasfollows:

rat (81,%) (I1,hy,s1,a1), (12,2, 5,@2)) at(31,62)
(I1,hy,81,a1) atdy, (2, hp, 5, 82) atdy)
(I14+01,hy +081,51,81 4+ 1),

l2+082,hp 482, 5,80 4+ 82))

(
(
=
(

Having definedtheprepositionategionoperatorswe cannow eval-
uatethe RL regionsdefinedabove (seeFigure 2 for illustratedin-
terpretations):

I(east of R) (0,1) of ((1,m,1,1),(1,n,1,1))
(0of (1,m1,1),10f (1,n,1,1))

— {(Lm11),(n+1n+111)

I(south in R) (1,0)in ((1,m,1,1),(1,n,1,1))
(1in (1,m,1,1),0in (1,n,1,1))

= ((mm,1,1),(1,n,1,1))

I(R at se) ((1,m1,1),(1,n,1,1)) at(1,1)
((1,m1,1)at1,(1,n1,1) atl)

= ((2m+1,1,2),(2,n+11,2)

I(R by se2) ((1,m,1,1),(1,n,1,1)) by (2,2)
<(17 m, 1', 1) by 27 (1 n, 17 1) by 2>

= ((Lm21),(1n.21))

3.4 Flood Dimensions

RL alsosupportgheconcepbf flooddimensionso representower-
dimensionalarraysasif they were higherdimensional.Flood di-
mensionsare representedyy the sequencealescriptor(—e,,0,0).
While this specializeddescriptordoesnt make strict mathematical
sensdy equation(1) above, it is usedo represenadimensiorwith
a single setof definingvaluesthatis replicatedacrossan infinite
index range.Flooddimensionsareexpressedn RL region specifi-
cationsusingan asterisk. For example,the following two regions

would be usedto representil.-dimensionaliectorsperpendiculato
oneanothelin a 2-dimensionakpace:

Row
Col

[* ,1..n]
[1..n,* ]

Flooddimensionsreincludedin RL becaus¢hey provide ameans
of expressingnteractionshetweenarraysof (conceptuallydiffer-
entrankwithoutrelyingon explicit indexing. Their utility becomes
evenmorepronouncedh parallelregion-basedanguagetike ZPL,
due to the performanceimplications of aligning arraysin a dis-
tributedcontext.

4 Computing with Regions

Thissectiondescribe$iow regionsareusedto represenarraycom-
putationsin RL. We describehow regionsspecifythe extentof ar
ray computationsandthendefineRL's operatorghatmodify these
indicesfor individual arrayexpressions.

4.1 Extent Specification with Regions

In RL, every array operandmust be enclosedwithin a region
scopeof matchingrank, known asits covering region. Thesere-
gion scopesprefix RL statementand specify the basesetof in-
dices namedby their array references. Region scopesare dy-
namicallyscopedallowing for the creationof region-independent
functionsand libraries. The following RL codefragmentillus-
tratesseveral propertiesof region scoping. Assumethat| nt e-
rior=[1..m1..n],south=(1,0),andarraysA, B, andU are
2-,2-,and1-dimensionalrespectiely.

[Interior] begi n
A= 0;
[south in "] A=1;
[1,] A= 2;
[1..q] Uu=11;
A=A+ B
end;

This fragmentappliesthe 2-dimensionalegion scopel nt e-
ri or to acompoundstatementproviding a default setof indices
for the2-dimensionahrrayreferencesontainedvithin. For exam-
ple, the first assignmenwill zeroout the m x n subarrayof array
A asspecifiedby | nt eri or . Similarly, thefifth assignmenuwill
incrementhesame nt er i or element®f A by theircorrespond-
ing elementsin B. The secondand third assignmentsre locally
coveredby region scopef rank 2, therebyeclipsingl nt er i or
asthe region for their 2-dimensionahkrrayreferences.The fourth
assignmenreroesa 1-dimensionakrray andthereforerequiresa
1-dimensionategion cover.

The region scopesprefixing the secondand third assign-
mentsdemonstrate region’s ability to inherit information from
an enclosingregion. The secondassignmeng region scopeis
2-dimensionaldueto its referenceo the sout h vectorof length
2) andusesthe" symbolasa meansof referringto the enclosing
regionof matchingrank,namelyl nt er i or . Theresultisthatele-
mentsof Ain thesouthernmostow of | nt er i or will beassigned
thevaluel. Thenext region scopeomitsa dimensiorspecification,
indicatingthatthedimensiorshouldbeinheritedfrom thecovering
region of matchingrank, namelyl. . n from | nteri or. Thus,
elementsof Ain row 1 of | nt eri or areassignedhe value 2.
Providing" andblankdimensionsn RL aremorethana syntactic
corvenience,sincethey supportthe constructionof semantically
meaningfuloperationswithin reqion-independentunctions(e.g.,
operateon the southborderor ki row of the call site’s covering

region).



(a) region R

(b) directions east, south,
se, and se2

(c) region east of R

(d) region south in R (e) region R at se (f) region R by se2

Figure2: lllustrationsof theregion anddirectiondeclarationgrom Section3.3. Note thatthe prepositionabperatorgjive intuitive meaning

to theregionsthey define.

The fourth assignmentises| 1, oneof RL's predefinedndex
arrays,to assigneachelementof U its uniqueindex value. These
arrays(l 1,1 2, etc) give the programmemaccesgo theindicesof
thecoveringregion. In particular thevalueof arrayl j ataparticu-
lar index is definedto bethevalueof theindex in theit dimension.
Array | { may be usedwherever anarray of rank > i is expected.
As anotherexample,thefollowing statemenassignseachelement
of arrayA its positionwithin | nt er i or in row-majororder

[Interior] A=(n* (11-1)) + 12

4.2 Array Operators

In the examplesof the previous section,every statementesulted
in an element-wiseoperationover its operandarrays,due to the
statement-ieel granularityof the region scopes.RL usesexplicit
array operatorsto expressmore comple array referencesvhose
indicesvary from thoseof the coveringregion. This sectiondefines
the RL arrayoperatorswhich are usedto transformthe covering
region’s indiceswhenaccessingheir arrayoperandsTheresultof
ary operatorcanbe usedasthe operandto ary other andexcept
wherenoted,arrayoperatordave anl-value.

The shift operator(infix @ translateshe portionof its operand
arraythatis referencedlts left operands thearrayto shift, andthe
right operandis a directionvector of the samerank that specifies
the magnitudeand direction of the translation. For example,the
following RL statemenassignghe nearesheighboraverageof the
elementf arrayB, asspecifiedby the coveringregion, into array
A. Assumethatthe following directionsaredefined:n = (—1,0),
s =(1,0),e =(0,1), andw= (0, —1).

[1..m1..n] A= (Bon+B&+B@+B@v / 4

Thescaleoperatol(infix $) adjustshestridein eachdimension
of a singlearrayreferencerelative to the covering region. Its left
operands anarrayto scale,andtheright operands a directionof
the samerank. The new stridein eachdimensionis the productof
the correspondinglirectionelementandthe stridein the covering
region. Thelow elementreferenceds the sameasthelow element
in the covering region. For example,the following RL statement
assignghe odd elementsf array B, whoseindicesare betweenl
and?2n, to the consecutie elementsf array A, whoseindicesare
betweenl andn, inclusive.

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

Thepromotionoperator(prefix >) transformsad’-dimensional
arrayinto a d-dimensionalarrayby replicatingalongds of its di-
mensiongwhered’ = d — dy). A d-dimensionategion—calledan
opelator region—is encodedn the operator Theflood dimensions

in thisregion (theremustbed; of them)specifywhich dimensions
of the resultingarrayareto containreplicateddata. For example,
thefollowing RL statementeplicateselementsl throughm of 1-

dimensionakrrayU acrosshe columnsof 2-dimensionaarrayA.

[1..m1..n] A=>[,*] U

As this exampleshaws, operatorregionsmay containblankdimen-
sionsto inherit from the covering region. Operatorregionssene
asthe covering region for the operandarray which may itself be
a complex array expression. Becausethe operandarray expres-
sion for promotion haslesserrank than the operatorregion, the
region formedby eliminatingits flood dimensionoversthearray
operandexpression.For examplein the following statementgle-
mentsl throughmof UandV areaddedogethetbeforeperforming
the promotion.

[1.mi] A=>[,*] (LV)

The promotionoperatorcanalso be usedto promotea subar
ray. Thisis expressedy specifyingdegeneratedimensionsn the
operatoratherthanflood dimensions For example,the following
RL statementopiesthei" columnof 2-dimensionahrrayB into
columnsl throughn of 2-dimensionahrrayA.

[1..m1..n] A=>[,i] B

It is importantto note that the implementationof promotion
doesnot actuallyneedto createa new arrayof increasedankand
increasedstoragerequirements Promotionsimply providesa dif-
ferentway to referencedatawithout changingmemory require-
ments. Promotionexpressionsdo not have |-valuesbecausehey
represenmoreelementdhanareactuallyrepresenteth memory

Thedemotionoperator(prefix <) collapsesly dimensionf a
d’-dimensionalarrayto producea d-dimensionalarray (d = d’ —
dq). A d’-dimensionaloperatoregion is encodedn the operator
Thedegenerataimension®f theregion (theremustbedy of them)
specifywhich dimensionof the operandarrayareto be collapsed.
For example,the following RL statemengssignscolumni of the
2-dimensionaarrayA into the 1-dimensionabrrayU.

[1..n] U= <[,i] A

As this example shaws, the demotionoperators operatorre-
gion may useblank dimensions.Thoughthe covering region and
the operatorregion have differentrank, the operatorregion’s blank
dimensionswill inherit from the correspondingdimensionin the
coveringregion (determinedy ignoringdegeneratalimensionsn
theoperatorregion).

Theremapoperator(infix #) allows for arbitraryreferencedy
permitting the programmetto specify a map from indicesof the



coveringregionto indicesof the operators operancarray Theop-
eratars left operands anarrayto remap,while theright is avec-
tor of integerindiceswhosecorrespondinglementform anindex
into the operandarray The valueof eachelementof the resulting
arrayis the dataappearingat this index in the operandarray The
ranksof the agumentarray integerarrays,andresultingarrayare
all thesame.For example thefollowing RL statemenassigngach
element(i, j) of Athevalueof element( (i, j),J (i, j)) of B.

[1..m1..n] A = B#(l,J)

As a more specificexample, the following statementssignsthe
transposef arrayB to A. Notethe useof predefinecarraysl 1 and
12.

[1..n,1..n] A = B#(12,11)

Thoughall of RL's operatorsanbe expressedisingtheremap
operatoy the specializedoperatorsare valuablebecausehey pro-
vide amoreconciseandreadableepresentationf commonopera-
tions. Moreover, the specializedperatorsene asamoreaccurate
indicator of index locality and parallel cost, asdiscussedn Sec-
tion 5.

4.3 Operator Summary

Figure3 summarizeshe semantic®f eacharrayoperator A func-
tion, fop(...), is given for eachoperatorthat mapsindicesj =
(j1.---,Ja), of therankd coveringregiontoindices’ = (j1...., jj)
of theoperators rankd’ operandarray

5 Discussion

5.1 Index Locality in RL

At first glance,RL's array operatoranay appearto be gratuitous.
For example,why shoulda languagesupportthe special-purpose
@ and$ operatorswhenthey canbe expressedvith the general-
purposef operatorusing simple functionsof theindex arraysl ;?
The answeris that RL's operatorsvere selectedo emphasizelif-
ferenttypesof index locality.

Index locality describesrelationshipsbetweenarray indices.
Theserelationshipsare importantin the context of parallelcom-
puting becausehey translatedirectly to interprocessocommuni-
cation. We have identifiedfive typesof index locality. Identical
indices(e.g., (1,1) and(1,1)) exhibit completelocality. Indices
closeto oneotherin thetraditionalCartesiarsensde.g., (1,1) and
(2,1)) exhibit spatial locality. Indicesthat are distantbut which
sharecommonindicesin onedimension(e.g., (1,1) and(1,100))
areconsideredo have dimensionalocality. Inter-ranklocality is
exhibited by indicesof differentrank that sharecommoncoordi-
nates(e.g., (1,2) and(1,100Q,2)). Finally, two indiceswhoseco-
ordinatesareseparatedby a multiplicative factorareconsideredo
have scalelocality (e.g., (2,2) and(6,6)). Thesedefinitionscan
betrivially extendedto describethelocality of a pair of index sets
ratherthanindividual indices. Furthermorenotethatindicesmay
berelatedby a combinationof locality types.

Sinceindex setsareusedbothto defineandaccessarrays,in-
dex locality correspondsloselyto locality of referencddependent
alsoon the dataallocationscheme).This relationshipbetweenn-
dex locality andlocality of referencds especiallyimportantin the
realmof parallelcomputing,wherelocality affectsthe amountof
communication(explicit or implicit) requiredbetweerprocessors.
RL thusemphasizesdex locality throughits region-basedsyntax
andchoiceof array operators. Statementsvith completelocality
(i.e., all operationsperformedelement-wiseon identical indices)
simply usetheregion to definetheindex setwith no otherspecial

array operations. Other statementsisethe RL array operatorso
describdifferenttypesof index locality andto syntacticallydiffer-
entiatethe differenttypesof interprocessocommunication:

e Statementwith spatiallocality usetheshift operatorto mod-
ify indexing by a constanbffset.

e Dimensionallocality is expressedusing the dimension-
preservingnstanceof promotion.

¢ Interranklocality is expressedisingthe promotionandde-
motionoperators.

e Scalelocality is achieved usingthe scaleoperator

e Theabsencefindex locality is indicatedby usingthecatch-
all remapoperatorwhich canbe usedto arbitrarily scramble
index setsandwhich may leadto unstructureccommunica-
tion.

Theresultis thatthe RL operatorsene asclearvisualannotations
of astatemens index locality. Thisis a usefullanguageproperty
becauseagiven a particulardataallocation scheme both the pro-

grammerandthe compilerhave a clearmeansof reasoningabout
theimplementatiorandexpenseof a particularpieceof code.This

simplifiesanalysisandoptimizationfor both parties.

RL enforcesa stricter definition of conformability than slice-
basedanguagesn orderto highlightindex locality. For example,
a(i,1..n),b(1..n,j),andc(1..n) donotexhibit com-
plete locality and mustthereforeusearray operationsto describe
theirrelationshipwhile mostslice-basedanguagesvouldconsider
thesetwo referencesonformable Thisis particularlyimportantin
aparallelimplementatiowhenanabsencef locality impliesinter
processocommunication.In addition, mary algorithmsnaturally
tendto exhibit index locality, dueto thewaysin which datais typ-
ically storedandaccessedThoughconformabilitymerelyrequires
thatarrayoperanddethesameshapeandsize,thereoftenexist ad-
ditional logical relationshipsamongthe operandndicesdueto the
ways that programmerorganizeand referencedata—theindices
may be offsetby a constanfactor scaledby differentamountsor
projectedfrom one dimensionto another Casesin which arrays
are accessedn completelyarbitrary patternsare relatively infre-
quent.To this end,specificoperatoremphasiz¢he commoncase,
simplifying the expressiorof the operation(e.g., A@ 1, 1) rather
thanA#( |1 1+1, |1 2+1) ) andmaking codeeasierto write andto
understand.

5.2 ZPL: A practical parallel region-based language

ZPL is aninstanceof a region-basedorogramminglanguagethat
was designedfor portabledataparallel computation. Like APL,
ZPL wasdesignedo supportarraycomputationsUnlike APL, one
of ZPL's chief designgoalswasto give programmersn intuitive
model for reasoningaboutthe concurreng and parallel costsof
their programs. As a result,ZPL de-emphasizegeneralpurpose
operatorghat obscurecosts. Instead,ZPL explicitly defineshow
arraysare allocatedand provides operatorsthat accuratelyreflect
the costof manipulatingarrayswith respecto the allocation. This
is knowvn asZPL'sWYSIWYG performancenodel[3].

Arbitrary arrayindexing is difficult to parallelizeefficiently [5].
For example, the following High Performanced-ortran (HPF) [7]
statement

= A(J)

is acommunication-freenly if theit" and jt" elementof A reside
onthesameprocessaqrthusthe statemeng executiontime canvary
drastically basedon the alignmentof the arrays. In the general
casehis statementequireguntimecheckgo determinevhetherto

ACi)
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V= (v,...,vy) : rankd direction Hiood(r 1) =it non-flooddim. of r
re={(ry,...,rq) : rankd coveringregion daegen(r i) =it non-dgeneratalim. of r
ro=(re,-.-,rqg) : rankd/operatorreglpn nfiood(r) =no. of flood dimsin r
o = (r,....rq): rankd’ operatoregion Ondagen(r) = no. of degeneratalimsin r

: d-arylist of rankd integerarrays

gow(r = (I,h,s,a)) =1+ (a—1) mods
Ohigh(r = (I,h,s,a)) =h—(h—a) mods

Figure3: Array operatoisummary Thefirst columngivesa codefragmentindicatingthe operators use. Theseconccolumnsummarizeshe
mapfunction’s agumentsignaturefor eachoperator Thethird columndescribeghe relationshippetweerd andd’. Thefinal columngives

thevalueof anelemenif theresultingd’-aryj’ index.

performcommunication.Worse, it is difficult for the programmer
to determinewhethercommunicatioris requiredusingonly local
information. Furthermorecompilersfor mary languagesrefree
to ignorealignmentinformation,so programmersnustunderstand
a particularcompilers optimizationstratey in orderto anticipate
their codes’performance.The ZPL solutionis to useregionsand
region operatorswhich provide syntacticcuesto indicatewhenthe
compilerwill generateommunication.

In orderto emphasizelatalocality in the parallelcontet, ZPL
mapsall interactingregions(definedelsavhere[3]) to aconceptual
processogrid of the samerankin agrid-alignedfashionmapping
region indicesto processoindicesin the correspondinglimension
(e.g., rows of a 2-dimensionategion would be mappedo rows of
avirtual 2-dimensionaprocessogrid). Arraysaremappedo pro-
cessorsaccordingto the region mappings. This hasthe result of
preservingcomplete spatialanddimensionaindex locality across
thevirtual processogrid’stopology Whenthereareno parallelop-
eratorscompletdocality exists,andthestatemenimaybeexecuted
entirelyin parallel. The useof the @ operatorexploits spatiallo-
cality, potentiallyrequiringrelatively inexpensve nearesteighbor
communicationn theprocessogrid. Theuseof thepromotion(>)
operatorexploits dimensionalindex locality, potentially requiring
datato bebroadcasalongoneor moredimension®f the processor
grid. The remapoperator(#) allows for completelygeneraldata
movementandthusdoesnot exploit locality.

ZPL includesa numberof featuresand operatorsot included
in this discussion. Theseinclude maslked computationwrap and
reflect operationsfor initializing and maintainingboundarycon-
ditions, scanoperationsyeductionoperationsand multi- regions,
arraysanddirectionsfor efficient parallelsupportof multi-grid ap-
plications. Sryder gives a more completedescriptionof the lan-

guag€g15].

5.3 Relationship to Subscripting

Two array referencedn a subscript-basethnguageare typically
considerecconformablef the samenumberof arrayelementsare
referencedn correspondingnon-dgeneratalimensionof theref-
erences.Region-basedrogrammingenforcesa stricter meaning

of conformability because singleregion selectgheindicesof all
arrayreferencesn astatementThus,it is therole of thearrayop-
eratorsto mapindicesof the coveringregionto indicesof thearray
operandsallowing for the expressiorof moregenerakeferencing.
Despitethe stricterdefinition of conformability region-basedgro-
grammingis no lessexpressie. Additional operatorsare some-
timesrequiredto male referencesonformable,emphasizinghe
type of locality. For concretenessable2 informally summarizes
anumberof waysthatarrayreferenceganconformwithout being
identical(columnl). For each Fortran90 andAPL examplestate-
mentsaregiven (columns2 and3) alongwith their corresponding
RL statemen{column4).

6 Related Work

The mostprevalentalternatve to region-basegrogrammings ar-

ray subscripting,as found in APL [8], Fortran90 [1], and Mat-

lab [6]. As we have argued,array subscriptings a morecumber

somemeansof expressingsimplearrayoperationsaandis no more
powerful than a region-basedapproach. Most importantly these
languagesvere not designedwith parallelismin mind, thusit is

very difficult for programmerso consistentlyachiere goodperfor

manceandreasorabouttheir codes’paralleloverheads.

Matlab is currently the most populararray languagefor sci-
entific computing, principally due to its interactve workbench
approach,which supportsapplication prototyping and develop-
ment,andto its extensve auxiliary library support.Besidesbeing
subscript-basedylatlab differs from ZPL in thatit is designedo
be aserial,interpretedanguagesoit is highly dynamic.Attempts
to compileit are hinderedby dynamicarray allocationand data
types[9], andattemptsto parallelizeit arelimited by the factthat
thelanguageprovidesno supportfor managindocality or commu-
nicationcosts[12] in parallelimplementation.

SAC (SingleAssignmenC) is astrict, purelyfunctionalsubset
of the C programminganguagegxtendedwith richer supportfor
arrays[13]. Like regions,the WITH-loop construcis usedto limit
theindicesinvolved in a computationfor a statemenbr group of
statementsDespitethefactthat SAC providessimplearrayopera-



referencedifference Fortran 90 APL RL

shift U(2: n+1) = W1:n)+W3:n+2) UL+ IN] —WON] +W[2+IN] | [1..n] U= W&-1)+W@ 1)

stride U(1:n) = W1:2*n:2) U[IN] — W[1+2x I N] [1..n] U= Ws(2)
rankchanggpromotion) | A(1:n,i) = U(1:n) AlIN;IT «— U[IN] [1..n,i] A=>[,*] U
rankchange(demotion) Ul:n) = A(L:n,i) U[IN] < A[IN;1] [1..n] U= <[,i] A

dim. alignmentchange A(l:n,i) = B(j,1:n) A[IN;I]— B[J;IN] [1..n,i] A= B#(j,11)
vectorsubscriptg1-dim.) [ U(1:n) = WV(1:n)) U[IN] < W[V[IN]] [1..n] U= WV
vectorsubscriptg2-dim.) | A(1:m1:n) = B(U(1:nm),W1:n)) | AIM;IN] « B[U[IM];W[IN]] [1..m1..n] A=B#>[,*1U >[*,1W

Table2: EquivalentFortran90, APL, andRL statementthatcontainconformableyetnotidenticalreferencesAll arraysin thistablecontain
morethann elementdn eachdimension.In otherwords,thesearrayreferenceseferto subarrays Arrays A andB are2-dimensionabnd

arraysUy, V, andWare1-dimensional.

tionssuchascat andr ot at e, indexing is still requiredon array
referencesn WITH-loops. Conversely regions are dynamically
scoped,so they may be separatedrom the statement¢o which
they apply As a result,a singleregion may apply to mary non-
adjacenstatementsiesultingin moreconcisecode. SAC requires
repeateduseof WITH-loops and repeatedndex rangespecifica-
tion. Finally, SAC doesnot emphasidocality, encouragingheuse
of featuressuchasr eshape thatareatoddswith scalableparallel
execution.

Severalparallellanguage$ave supportednechanismsor stor
ing and manipulatingindex sets. Parallaxis-1ll and C« are two
suchexamplespothdesignedo expressa SIMD styleof computa-
tion [2, 16]. Bothlanguagesupportdensemultidimensionalndex
spaceghatareusedto declareparallelarrays. Parallaxis-IIl array
statementareperformedover theentirearray andthereforedo not
useindex setsto describecomputation.Cx doesuseits index sets
(shapeyto designatgarallelcomputatiorover entirearrays.How-
ever, it enforcesa tight correspondencketweenthe shapeof the
computationandthe arraysbeingoperatecbn. Dueto this restric-
tion, its shapesaremoreof atype modifierthana generaindex set
for expressingarraycomputation Both languagesllow individual
elementsto be masled on and off. Neither provides supportfor
stridedindex sets.

FIDIL is anothemparallelarraylanguageadesignedor scientific
computation[14] with supportfor more generalindex setscalled
domains Domainsneed neither be rectangulamor dense,and
FIDIL supportscomputationover them using set-theoretiainion,
intersectionanddifferenceoperationsTherole of domaings lim-
itedto describinghestructureof arrays(mapg andnotfor specify-
ing computationafreferences.Statementshereforeoperateeither
over entire array or by indexing into the array asin scalarlan-
guages.Conformabilityin FIDIL is somavhatmoredynamicthan
in otherlanguages—operatiormseonly performedon indicesthat
arepresenin bothoperators.

KelLP[4] isaC++runtimelibrary thatis adescenderdf FIDIL.
It supportsshift, intersectandgrow operatorsnrectangulaindex
setscalledregions KeLP usesregionsto expressiterationspaces
usinga “for all indicesin theregion” control construct.It departs
from theregion-basegrogrammingnodeldescribedn this paper
in thatregionsareusedto enumeratendiceswhich arethenused
to subscriptarraysin the standardway. As a result, it doesnot
supportarray operators¢o emphasizéndex locality. Furthermore,
sinceregionsarenotaninherentpartof C++, region manipulation
is lesselegant, with no implicit supportfor dynamically scoped
regionsanddimensioninheritance.

7 Conclusions

This paperhasdevelopedthe conceptof regionsin the contet of
parallelprogrammindanguagesRegionshave advantageouprop-
ertiesthatassistboth programmerandcompilerwriters.

Regions provide notationaladvantagesremaoving the redun-
dang of applyingidentical or similar subscriptspecificationgo
multiple array operands.Rather a setof indicesis specifiedasa
contet in which conformantarraycomputatioris to be performed.
Thisnotonly leadsto moresuccincfprogramsbut alsorespectshe
software engineeringoreceptthat similar things shouldlook simi-
lar. It alsomakesprogramseasierto read,write, anddehug.

Regionsare an effective abstraction.They canbe named,al-
lowing programmergo give themproblemspecificmeaning.Fur
ther, thearrayoperationghattransformregionsto referenceelated
elementssuchas @and$, definetheseelementamoreabstractly
in whole arrayterms. Thesehigherlevel conceptgpermitthe pro-
grammerto think globally, sayingwhat the index setshouldbe,
ratherthanhow to realizethatstateoperationally

From a programanalysisand performancepoint of view, re-
gionsareidealfor parallelprogramming Regionsarethe basisfor
identifying parallelism for allocatingmemoryandfor planningout
interprocessocommunicationUsingregions,theprogrammeand
compilercancommunicatet a high level regardinghow theseper
formancesensitve featureswill behae. Thesebenefitshave been
demonstrateth ZPL.

We have addressedhe one potentialliability of regions, that
the higherlevel of expressionwith its somevhat stricter form of
conformabilityis somehav overly constrainingelative to slice no-
tation. We have arguedthatregionsareasexpressie asarrayslice
notation.

Our choiceto restrictregions to a regular, rectangularindex
setwasmadein orderto ensurean efficient parallelimplementa-
tion and clear performancemodel. Masks, not describedn this
paper are a mechanisnfor selectingarbitrary subsetsf indices
from theserectangulassets. In future work, we intendto general-
ize regionsto describelessregular index setsfor efficient sparse
computation Thechallengewill beto do sowithoutsacrificingthe
efficiengy andclearperformancenodelof the currentscheme.
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