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Abstract

Java is almost universally recognizedas a good object-orientedlanguagefor writing
portableprograms. However, it still lagsbehindFortranand C in performanceparticularly
for computationallyintensive numericalprograms|n this papemwe presenatrue multidimen-
sional Array packageandrelatedcompilersupport,that can bring Fortran-like performance
to Java numericalcodes. We discussthe main designprinciplesfor our Array packageand
illustratethe benefitfrom its usethroughseveralexamples.

1 Intr oduction

Industry and academiaalike have recognizedhe potentialof Javal asan excellentervironment
for developing large-scaleapplications[10]. We canlist several featuresof Java in supportof
this statement(i) its unprecedentelével of cross-platfornportability; (i) its cleanobject-oriented
model;(iii) its built-in supporfor complicatedperationsuchasnetworkingandgraphicsand(iv)
its rapidly expandingprogrammebase.NeverthelessJasza mustprovide performanceomparable
to whatis achiezedwith morecorventionallanguagege.g., FortranandC) in orderto becomethe
trueervironmentof choice.

Despitethe substantiabainsin performancexhibited by the neverimplementation®f Java,
thereare still someunresohed issues. In particular the NumericsWorking Group of the Java
GrandeForum (JGNWG)hasidentifiedfive critical JavaLanguagendJava Virtual Machineissues
relatedto the performancef numericalcomputingin Java[10]:

1. Complex arithmetic: Complex numbersareessentialn mary areasof scienceandengineer
ing. They mustbeproperlysupportedn Java.

2. Lightweightobjects: It is importantto efficiently supportclasseghatimplementalternative
arithmetic systems(e.g., comple, interval, and decimal arithmetic) without paying the
penaltyusuallyassociateavith Java objects.

3. Operator overloading: Notational convenienceis important for people operatingwith
complex numbersandotheralternative arithmeticsystems.

4. Useof floating-pointhardware: Applicationperformanceindaccurag canbenefitfrom the
exploitationof uniquefeatureof amachine Examplesncludethe80-bitformatin thelA-32
architectureandthef ma (fusedmultiply-add)instructionin the PONER architecture.

Lavais atrademarlof SunMicrosystemsjnc.



5. Multidimensiamalarrays: Thesearethemostcommonrdatastructuresn technicacomputing.
(One-andtwo-dimensionaarraysareusedo representectorsandmatricedn linearalgebra.
Physicalstructuresaretypically discretizedandrepresenby arraysof dimensionthreeand
higher) Operationson multidimensionalarraysof numericaltypes must be performed
efficiently in Java.

This paperis devoted to the last topic, multidimensionalarrays. (However, the issue of
lightweight objectsis alsotouchedon.) Our goalis to develop a Jara package(a collection of
classes)hat provides the functionality and performancecommonly associatedvith Fortran 90
arrays[1]. We startin Section2 by describingthe standardway to represenimultidimensional
arraysin Java, andthe problemsassociateavith it. In Section3 we discusghedesignprinciplesof
our Array packagéothfrom ausability (interface)aswell asa performanceerspectie. Sectiord
reportssomeexperienceandperformanceesultswith the Array packagen linearalgebraPDE,and
datamining codes.Finally, we presenbur conclusionsanddirectionsfor futurework in Section5.

2 JavaArrays

The Java Languageand the Java Virtual Machinedirectly supportonly one-dimensionaérrays.
Two-dimensionaarrayaresimulatedwith aone-dimensionarraywhoseelementshemselesare
one-dimensionahrrays.Higherdimensionahrraysareconstructedisinga one-dimensionarray
whole elementsarearraysof thenext lower dimension.This approachallows greatflexibility , and
supportscomplicateddatastructuresasshown in Fig. 1(a). In thatfigure, X andY arearraysof
referenceso rows of elementsdeclaredasdouble[ ][] X, Y. X[0] and X [1] aretwo referenceso
thesamerow, asare X [4] andY[3].
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Fic. 1. Examplef differentarray types:(a) array of arrays,(b) rectangulartwo-dimensionaarray.

Theflexibility providedby Java arraysof arrays(hereafteicalledJava arrays)translatesnto a
nightmarefor optimizingcompilers.Most of thetime, technicalapplicationprogrammersvantto
representectanguladatastructuresasshovn by Z andT in Fig. 1(b). However, whenfacedwith
Java arrays,a compilerhasto be preparedor the possibility that they represensomethingmore
like Fig. 1(a)thanFig. 1(b). (Therehasbeensomecompilerwork in automaticallyrecognizinghat
Java arraysare beingusedto representectangularstructureq7].) Java arrayspresentwo main
difficultiesto optimizingcompilers:(i) shapevolatility and(ii) aliasingdisambiguation.

Shapevolatility arisesdrom the possibility of dynamicallychanginghestructureof anarrayof
arrays. For example,in Fig. 1(a), anassignmenfX [4] = new double[3] would at the sametime
breakthe aliasingbetweenX [4] andY [3] and changethe lengthof row X [4] from 5 to 3. Note
thatthis changdan shapecanhapperin ary threadthathasaccesso X, andwill bereflectedo all
threadasingX . We canillustratetheimpactof shaperolatility in oneimportantJaza optimization:
theeliminationof run-timeboundschecks.Considetthematrix-multiply codein Fig. 2. According
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to the Java specificationall referenceso c[¢][7] have to betestedto makesurethat: and; arevalid
indicesfor their respectie arrays. (The discussioralsoextendsto arrayse andb.) The compiler
caneliminatethesetestsfrom theloop bodyif it canshow thatc hasatleastm rows andatleastp
columns.(This s typically doneat run-timeandoneof two loop versionswith or without tests,is
choserfor execution.)

void matmul@ouble[ ][ ] a, double[ ][ ] &, double[ ][ ] ¢, int m, intn, intp ) {
for (i = 0;7 < m;i++)
for (j =0;5 < p;j++)
for (k = 0;k < n; k++)
c[d][5] += al][#] * b[K][5];

FiG. 2. Matrix-multiply codewith Javaarrays.

The numberof rows of ¢ is c.length, andcanbe obtainedinexpensvely at run-time. Finding
the numberof columnsof ¢ is a differentmatter Thereis no guaranteehatall the rows have the
samedength,andno guarante¢hatanotherthreadis notdynamicallyreplacingsomeof the rows of
¢ with rows of differentlength. (Notethatwe arenot concernedvith thevaluesof the elementof
¢, justits shape.)To enableboundscheckingoptimizationin this casejt is necessaryo privatizec:
alocal copyis createdby copyingthe arrayof referenceso rows. This local copy canbe created
with codeasfollows.

double[ ][] ¢ = newdouble[c.length][ ];

Ccols = 00,
(1) for (r = 0;r < c.length; r++) {
c[r] = ¢[r];

Cco|s = min(CCo|s, C['f’] Iength),

}

Thenumberof columnsof ¢, cqols, Canbecomputedduring privatizationasthelengthof its shortest
row.

Thematrix-multiply codeof Fig. 2 is anexampleof acodethatmodernFortrancompilersvould
attemptto optimizewith high-ordedoop transformationge.g., loop interchangetiling, unroll-and-
jam)[18]. Thesdransformationsypically changeheorderin whichcomputationsireperformedn
aloopnestandcaremustbetakento guarante¢éhatthenew orderremaindegal. To applythesdoop
transformatiorio the Java codeof Fig. 2 thecompilermustguarante¢hat(i) theloop nestis free of
exceptiond(i.e., it will executefrom beginningto end)and(ii) all element®f ¢ areindependentno
intra-arrayaliasing)andseparatdrom the elementf a andb (no inter-arrayaliasing). Aliasing
disambiguatioris a key analysisto enablehigh-ordertransformations.ln Fortran,to shaov that
a(t,7) is not aliasedto b(k, !) it sufficesto show thatae andb referto differentarraysor thatthe
expression(s # k) Vv (j # 1) is true. Thesamedoesnotapplyto Java: in Fig. 1(a) X [0][1] is the
sameelementas X [1][1] andY [3][0] is the sameelementas X [4][0].

Justas the shapeof Java arrayscan be determinedwith an array traversalcodelike (1), a
disambiguatiortestcanalsobe performedat run-time. This disambiguationhowever, is a more
expensve operation,as we have to shav that no two rows of the sameor differentarraysare
aliased.Whereadhe privatizationandshapedeterminatioris of compleity O(n), wheren is the
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arrayextent, disambiguatioris of compleity O(n?). (This canbereducedo O(nlogn) if we are
ableto orderthereferencesThis cannotbe doneat the Java sourcecodeor bytecoddevel, but can
typically bedoneinsidethe Java Virtual Machine.)

3 TheArray Package

We developedthe Java Array packageto overcomethe difficulties associatedvith representing
multidimensionakectangulastructureghroughJava arrays. We refer to the rectangulamultidi-
mensionakrraysfrom the Array packageasarrays. In designingthe Array packagewe adopted
thefollowing designprinciples:

1. The packagemustprovide Fortran 90-like arrayfunctionality. This includesthe ability to
manipulateaegularandirregulararraysections.

2. The packageasdefinedby its referencamplementationmustwork on existing JVMs and
yetbegeneraknoughto beusefulfor alongtime.

3. TheArray packagemustbe ableto supportnon-primitive numericaltypes,suchascomplex
anddecimalnumbers.

4. Goodperformancén arrayoperationss achiezedthroughcompilertechnology(in particular
semanticinlining [20] discussedelon). The referenceémplementationis kept cleanand
general.

5. Theinternallayoutof datain the Array packagéds not exposedandit cannotbeinferredby
ary test. This allows moreoptimizationat theimplementatiorevel.

6. Array operationsfollow a transactionaimodel. Eachoperationeither terminateswith an
exception,in which caseno visible datais modified,or it completesuccessfully

7. Array operationsare definedas to facilitate optimization (e.g., through high-orderloop
transformationsandparallelization.

8. Accessto array elementsand array sectionscan be implementedefficiently using existing
Javatechnology (At leastfor primitive datatypes.)

An array from the Array packagés characterizedy threeimmutableproperties:(i) its rank
(numberof dimensionsor axes), (i) its elementaldatatype (all elementsf an array areof the
sametype),and(iii) its shape(the extentsalongits axes). Immutablerank andtype areimportant
propertiesfor effective code optimization using existing techniquesdevelopedfor Fortran and
C. Immutableshapeis an importantpropertyfor the optimizationof run-time boundschecking
accordingo recenttechniqueslevelopedfor Java[14, 16].

Therankandtypeof anarray aredefinedby its class.Thearray classesn the Array package
areof theform <type>Array <rank>. Supportedypesincludeall Java primitive types(boolean,
byte, char, short, int, long, float, anddouble), aswell asalternatve arithmeticsystems(e.g.,
Complex and Decimal) themselesimplementedthroughclasses. Supportedranksinclude 0D
(scalar)and1D (one-dimensionakhrough?7D (sesen-dimensional)Notethatrank7 is thecurrent
standardimit for Fortran.

Theshapeof anarray is specifiedatits creation.As anexample,

doubleArray2D A = newdoubleArray2D(m, n)
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void matmul@oubleArray2D a, doubleArray2D b, doubleArray2D c, int m, int n, int p) {
for (i = 0;7 < m;i++)
for (j = 0;5 < p; j++)
for (k = 0;k < n; k++)
c.sef(s, 7, c.gets, 7) + a.get(s, k) * b.get(k, 7));

FiG. 3. Matrix-multiply codewith the Array padkage

createainm x n two-dimensionaérrayof doubles. Theshapegparameterém andn) for anarray
mustbe nonngative integerexpressiongi.e., they mustevaluateto a valuegreaterthanor equalto
zeroandlessthanor equalto 2147483647)If anarray of the specifiedshapecannotbe created
becausef memorylimitations,thenanOut Of Menor yErr or mustbethrown. Array s canalso
becreatedassectionf anotherarray . An exampleis:

doubleArray3D A = newdoubleArray3D(m, n, p);
doubleArray2D B = A.sectior(new Rangg0, m — 1), newRangg0,n — 1), k);
doubleArraylD C = B.sectionlnew Rangeg0, m — 1, 2), 7);

Thefirst statementreatesanm x n x p three-dimensionarray A. Thesecondstatemenextracts
anm x n two-dimensionakectionB correspondindo the k-th planeof A. Thethird statement
extractsall even-indexed elementof the j-th columnof B, which correspondso the j-th column
of the k-th planof A.

Elementsof an array are identified by their indicesalong eachaxis. Let a k-dimensional
array A of elementaltype T have extent n; alongits j-th axis, ;7 = 0,1,...,k — 1. Then,
a valid index i; along the j-th axis must be greaterthan or equalto O and less than n;.
An attemptto referencean elementA(zg, 41, ... ,%—1) With ary invalid index ¢; causesan
Arrayl ndexQut Of BoundsExcept i on to bethrown.

Fig. 3 shonvs a matrix-multiply written using the Array packageroutines. Three two-
dimensionahrrays of doublesg, b andc, aredeclared The computation®ccurson theline:

c.set, j, c.gel(t, 7) + a.gels, k) = b.get(k, 5));

The get methodsretrieve an elementof the array, taking asamgumentssubscriptexpressiondor
eachdimension.Althoughnot showvn here,eachsubscriptanay be anintegerexpressionarange
or a sequencef elements. A rangeis semanticallyequivalentto a Fortran 90 triplet, whereas
a sequencés an arbitrarylist of integers. Both are representedby objects,a rangethroughthe
Range classand a sequencehroughthe Index class. If all the indicesareinteger expression,
thenget returnsonly the value of an element.If ary of the indicesis a rangeor a sequenceget
returnsthe correspondingarray of values. (Note that get returnsa new array, not a sectionof
the original array.) The set methodtakes,in additionto the subscriptfunctions, an additional
parametespecifyingthe valuefor the correspondingrray elements.In additionto thesebasic
accessomethods the Array packagealso providesroutinesto performaggregateoperationson
arrays,includingelement-by-elementlational logical, andarithmeticoperators . The restof this
sectiondescribesheissuesnvolvedin designingandimplementinga standardArray package.

3.1 Referenceand conforming implementations

Whendiscussinghe standardarray packagea distinctionmustbe dravn betweenthe refeence
implementatiorof the packageanda conformingimplementation.The purposeof the reference
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implementationto is exactly representhe functional semanticof the Array packagein a Jasa

implementation.Theimplementation®f thoseattributesof the Array packagehatarenot visible

from outsidethe packagdge.g., thelayout of storage)are not significant,whereaghoseattributes
thatarevisible (e.g., referencingelementsy their coordinate$n a Cartesiarspacepresignificant.

Thegoalof thereferencémplementatioris to provide aclearrepresentatioof the Array semantics,
andto provide anexecutablestandardo testcomplianceof conformingimplementations.

The referenceimplementationof the Array packageis written entirely in standardJava.
As a consequenceif may be run on ary JVM that supportsthe correspondingIDK level as
usedin its development(JDK 1.1.6). The straightforwardreferencemplementatiorusesan n-
dimensionalJava array to represenan n-dimensionalrectangulararray. This is necessaryo
properly implementthe Array packagesemanticswvhich allows eachdimensionof an Array to
have anextentof upto 23! — 1. A 2-dimensionaérrayin thereferencémplementatioris shavnin
Fig. 4(a).

A conformingimplementatiorof the Array packagdakesadwantageof thefactthatthe layout
of datais not visible and that the available memoryon a machineexecutingthe methodsfrom
the Array packages ervironment-dependent his allows for a higherperformanceversionof the
Array package(at leastfor arraysof Java primitives), that mapsan n-dimensionalarray into a
1-dimensionalavaarray This providesarepresentatioasshavnin Fig. 4(b), with the constraint
thatthe maximumnumberof elementsn thearrayis 23! — 1. Shouldthe numberof elementsof
the Array exceed23! — 1, anQut Of Menor yEr r or exceptionis thrown.

A—| descriptors | data A[0] I A[0][0] | | A[0][n — 1] ‘
A ——  anol | | amm-u |

R I N BT

A[m_14.{ Alm — 1][0] | |A[m—1][n—1]‘

r-——>""—>"~>"~"~"~" -~~~ - - - - - - - -~ 7
A—{ descriptors| data : A(0,0) A(0,1) A(0,n—1) :
| A(1,0) A(1,1) A(l,n—1) |
| |
! Am—1,0) | A(m-1,1) Am—1n-1)| !
| |
L o _ ____ _______ _

(b) Conformingimplementatiorfor the object.

FiG. 4. Multidimensionakrray objects.




A more sophisticatedmplementationcan be accomplishedn cooperationwith a static or
dynamic Java compiler and the techniqueof semanticinlining. This allows the number of
elementof the Array to be constraineanly by theavailablememory while preservingcontiguous
storagg20].

3.2 Other featuresof the Array package

Integerandrealtypesconstitutethebulk of numericalprogramminglatatypes but othernumerical
typesare also important. Complex numbersare penasie in technicalcomputing,andin the
commercialworld, variousdecimaltypesareimportant. With semantidnlining (discussedbelow)
thesenon-primitve humeric types can be handledas efficiently as integer and floating point
arithmetictypes. The set andget accessomethodsare definedto take andreturnreferenceso
objectsof thenon-primitive type.

Onevaluablefeatureof Fortran90 arraysis the ability to usesubsectionsf anarrayin most
placesanarraycanbeused.Any changego the subsectionsrereflectedn the largerarray This
supportis providedin Fortranwith almostno overhead We follow a similar approactin the Array
packageo provide the samesort of support. As Fig. 4 shawvs, an array objectconsistsof a set
of descriptorfields and a pointerto datastorage. The array descriptorscontainarray section
information,in particularthe offset of thefirst elementandstride valuealongeachaxis. Because
thebasearray andall its subsectionpointto the samestoragechangedo onearereflectedn all.
Theonly differencebetweerthebasearray andarray sectionsarethevaluesn thearraydescriptor
fields.

3.3 Achieving performancein the Array package

Having an unspecifiedphysical data layout gives referenceand conforming implementations
flexibility in usinga layoutthatprovidesa cleanimplementationgoodperformanceor both. For
referencamplementationsthe lack of a specifiedlayout allows whatever layout is provided by
the JVM thatexecutesthe referencémplementatiorto be used. In othersituations simplicity of
implementationis generallylessimportantthan performanceandthe lack of a specifiedlayout
allows greaterflexibility in the datarepresentatiomsedby the JVM. Thus,if anarray is passed
to a variety of native callsthatexpecta C-like row-majorlayout,the compilercankeepthedatain
row-majororder Likewise,if thearrays arepassedy native interfaceso programsexpectinga
Fortran-likelayout,thearrayscanbekeptin column-majororder More importantly new forms of
datalayout, like recursve partitioning [9] for densestructuresor layoutsthat supportirregular
and sparsestructureg2, 3], can be transparentlyincorporatedinto a sophisticatedVM while
maintainingstrict compatibility with earlier or lesssophisticatedVM’s. In fact, the layoutcan
be chosenon anindividual array basis,leadingto bettersupportfor parallelizationand memory
hierarchyoptimizationssuchasdescribedn [11, 12].

Obviously, invokingamethodfor every accessindoperatioronanarrayelementill generally
leadto poor performanceTherefore we rely on compilertechnologyfor performance The most
importantcompilertechnologyis semantidnlining. Semantidnlining is acompilertechnologythat
treatscallsto known methodson known datatypesaslanguageprimitives. Becausehe methodis
recognizedknowledgeaboutits semanticxanbe embeddedn the compiler The compilercan
thenreplacea methodcall by anintermediatdanguageepresentationf its semantics. Thusthe
semanticsbut not the actuallogic andcodeof the method areinlined. The practicaladvantageof
thisis thatalmostall of the overheadf accessingndoperatingon objectfields canbe eliminated.

As anexample consideratwo-dimensionaarray A of doubles. Themethodcall A.get(2x, 7)
canbe replaced(in the intermediaterepresentatioof the program)by instructionsthat test the
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legality of the accessandthendirectly index into the specifiedelement.lgnoring for the moment
theoverheaf theboundscheck(which canbeoptimizedaway asshavnin [14, 16]), theindexing
operatiomonthisarray canbe performedascheaplyasa Fortranindexing operation.

As anotherexample,considertwo-dimensionabrrays A and B of complex numbers.From
the programmerspoint of view, eachelementof A is a complex number whose elements
have values assignedto them from Complex objects passedto the set method, and whose
valuesare accessedia a Complex objectreturnedby the get method. Considerthe operation
A.sefB.get(s, 7).plus(A.get(s, 5)), ¢, 7) (which correspondso A(z,j) = B(:,5) + A(%,7)). A
naive translationof this expressionwould createtemporaryobjectsfor eachof the get operations
and for the result of the plus operation. With semanticinlining, it can be recognizedthat the
consumenf A.getis a standardperationthatonly needghe valuesof the complex numbey thus
theobjectcreationcanbedispensedvith. Likewise,no Complexobjectis neededo hold element
(1, j) of B, sincetheplus operationonly needshe complex values.Similarly, eventhoughthe set
interfacerequiresa Complexobject,thecompilerknowsthatonly thevaluesarereallyneededand
directlywritesthevalueresultof thecomple additionto thespecifiedelementwithoutcreatingan
intermediatgemporaryobject. Thus,in evaluatingthe expressiona smartcompilercaneliminate
four methodcallsandthreeobjectcreations.

Aggregatearray operationgollow atransactionamodelwhich facilitateshigh-ordertransfor
mationsand usability by applicationprogrammers.At the beginning of eachstandardaggreate
array operation,a checkis madeto determineif ary violations (e.g., boundsand null-pointer)
may happerduringthe actualcomputation If so,anexceptionis thrown andthe methodimmedi-
atelyterminateswithout affectingary visible data. Otherwise the computatiorproceedsknowing
thatit will executeto the end. (Thingsget slightly more complicatedwheninteger divisionsare
presentbut the transactionamodelis still supported.) This transactionamodelhastwo major
benefits. First, applicationprogramscan be written knowing that an operationeither completes
successfullyor no datavaluesarechanged.This allows for easiererrorrecovery in the caseof an
exception. Fromthe compilerperspectie, this meanghatthe only exceptionsthatcanbe thrown
in the methodimplementingthe operationarethoseexceptionsthrown in the prologueof the op-
eration. Java mandatedmplicit exceptions,suchasboundsviolationsandnull pointerexceptions
atarray elementaccessegjonotoccur JVM errors,suchasOut OF Menor yEr ror , alsooccur
only attheprologue.

We illustrate the conceptof transactionamodel for array operationsthroughan example.
Fig. 5 shavs animplementatiorfor the plusAssignmethodof the doubleArray2D class,which
implementgsheoperatiore = a + b for two conformingarraysa andb. First,theshapgm x n) of
a is obtainedandcomparedo the shapeof b. If ¢ andb do not have the sameshapethe operation
terminatesmmediatelywith an exception. If the operationcanproceedanarray c is prepared
to hold the resultof a + 5. In general,a andb could be aliased referringto overlappingsections
of acommonbasearray. If thatis the case,asdeterminecby the intersectsmethod,thena new
array mustbe createdfor c. Otherwise,c canbe madeequalto a. Thefirst loop nestcomputes
¢ = a + b andthe secondoop nest,if necessarycopiestheresultfrom ¢ backinto ¢. Becausef
thetransactionamodelandthearray semanticsthe two loop nestscanbe extensiely optimized
andparallelizedwithout changinghe semantic®f the plusAssignmethod.

In usercodethat directly manipulatesarray elementsthe array boundscheckingandnull-
pointercheckingoptimizationstechniqueslescribedn [14] canbe usedto createsaferegionsand
eliminaterun-timetests. The Array packageaidstheseoptimizationtechniqueby constrainingall
aliasingto occurbetweerreferenceso arrays, and not betweendifferentrows of arrays. Also,
therectangulaandimmutableshapeof array s makesthe privatizationstepdiscussedn Section2
unnecessaryEliminating the possibility of run-time exceptionsin loop nestsopensthe door to
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doubleArray2D plusAssigr(doubleArray2D b) throws NonconformingArayExceptio {

doubleArray2D a = this;
doubleArray2D ¢ = null;

int m = a.sizg0);
intn = a.sizg1);
if (m # b.sizg0)) throw new NonconformingArayExceptiof);
if (n # b.sizg1)) throw new NonconformingArayExceptn();

if (a.intersectgb)) ¢ = newdoubleArray2D(m, n);
elsec = q;

for (inti = 0;i < m;i++)
for (intj = 0;5 < n;j++)
c.seft,7,a.9els, j) + b.getz, 5));
f (c # a) {
for (inti = 0;1 < m;i++)
for (intj = 0;5 < n;j++)
a.sef, 7, c.gets, 7));

}

return a;

FiG. 5. ThemethodblusAssign whichimplements = a + b for two-dimensionaarrays.

muchmoreaggressiereorderingoptimizations.In [16], speedupsf well over 100arereportedor
singlenodeprogramsand[13] shavsthata Java applicationcanbreakthe 1 Gigaflopbarrier

4 Experiments

In this sectionwe illustrate through examplessome of the performancebenefitsfrom using
the Array package. We first demonstratehe large performancegains that can be obtained
throughsemantidnlining of operationsvith complex numbers.We proceedby shaving thatthe
freedomof datalayoutallowedby the Array packagealsoimprovesthe performanceof numerical
codes.Finally, we shav theimprovementsachievedin a production-leel datamining codewhen
operationaith Java arrayswerereplacedoy operationswith array s from the Array package.

We usedtwo differentmachinesn ourinvestigationsSomeexperimentsvereperformedonan
RS/6000modelF50. This machinehasfour 332MHz PonverPC604eprocessorandl GB of main
memory Peakperformancef eachprocessois 664 Mflops. We alsoperformedexperimentson
anRS/6000model590. This machinehasa single67 MHz POWER2 processqr512 MB of main
memory anda peakperformancef 266 Mflops.

4.1 Complexarithmetic operations

Numerical codeswith complex arithmetic are a real challengefor efficient executionin Java.
Representinggachcomplex numberas an object resultsin a voraciousrate of object creation
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and destructionduring computation. Therefore,the performanceof Java applicationsthat use
Java arraysof Complex objectsis ordersof magnitudelessthanequivalentFortranapplications.
This problemcanbe solved by usinga combinationof Complex arraysin the Array packageand
semantidnlining optimizations.

A JaracodethatusegsheComplexarraysin the Array packageontinuego performoperations
on Complex objects. Direct executionof suchcodeby a corventionalJVM is alsovery slow.
However, a compilerwith semantidnlining optimizationcanreplacethe operationson Complex
objectsby operationson complex values Thatis, it represent@&nd operateson (for aslong as
possible)only the valuesof complex numbers. The corversionfrom valuesto actualComplex
objectsneeddo be performedonly whenthe compilerfindsanoperationoutsideits understanding.
Thisis avery infrequenteventduringmostnumericalcomputations.

We analyzeheimpactof usingthe Array packagendsemantidnlining for comple arithmetic
throughthreebenchmarks:MICROSTRIP, CFD, and LU. MICROSTRIP [15] computesthe
electric potentialfield of a microstrip structurein the presencef sinusoidalvoltages. It usesan
iterative Jacobisolver for the PDE defining the field. The microstrip structureis discretizedoy
a 1000 x 1000 grid. CFD is a computationafluid dynamicskernel. It performscorvolutions
on threepairs of two-dimensionafunctions. Eachfunctionis represente@sa 256 x 256 array
of comple entries. LU is a straightforwardmplementatiorof Crout’s algorithmfor performing
the LU decompositiorof a squarematrix A [8] of complex numberswith partial pivoting. The
factorizationis performedn placeand A is of size500 x 500.

Fig. 6 shavs the resultsfor our experimentswith MICROSTRIP, CFD, and LU on an
RS/6000590. For eachbenchmark resultsfor threeimplementationsare reported: (i) a Java
implementatiorusing Java arraysof Complex objects(the Java bar); (i) a Javaimplementation
usingthe Array packageandsemantidnlining (the Array bar); and(iii) a Fortranimplementation
compiledwith thehighestevel ofimplementatior{theFortran bar). For eachbenchmarkheheight
of the barsare normalizedto the Fortran performance.The numberson top of the barsrepresent
actualachiezed Mflops.

It is evidentthatthe performanceof versionswith Java arraysis vastlyinferior to Fortran. In
fact,it wouldbeextremelyhardto justify usingJavain thesesituations However, theversionausing
the Array packageandsemantidnlining achievze betweer60to 90%of Fortranperformanceln the
caseof MICROSTRIP, this represents 75-fold speedupver the Java arraysapproach Overall,
the Array packageandsemantidgnlining makeJava very competitve with Fortranfor computations
with comple« numbers.

4.2 Impact of array layout

The implementorof the Array packagehascompletefreedomfor choosingthe datalayout of an
array In fact, the layout can be chosenon a perarray basis. Our particularimplementatiorfor
theseexperimentsusesa row-major denselayout that mapsmultidimensionalarraysinto a one-
dimensionaklectorof dataelements(This correspondso a C-like layout.) Our Java ervironment
alsostoreseachrow of a Java two-dimensionahrrayasa densevector but thereis no predefined
relation betweenthe position of two rows. Accessingan elementof a doubleArray2D requires
only index arithmetic,while accessin@n elementof adouble| ][ | alsorequirespointerchasing.
The arraylayout andthe accesdechniquesmpactthe ability of the compilerin extracting good
performancdrom thecode.

Fig. 7 compareghe performanceon a singleprocessonf an RS/6000F50, of two equialent
implementationsf matrix-multiply (MATMUL): onewith Javaarraysandthe otherwith the Array
packageBothversionsareoptimizedwith tiling, unroll-and-jamandscalareplacementTheplots
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shav the Mflops achievedby thetwo versionsfor differentsizesof the problemmatrices Fig. 7(a)
presentghe performancevhenthe fusedmultiply-add(f ma) instructionin of the PonerPCis not
used(asmandatedy the currentJava standard)Fig. 7(b) presentshe performancevhenthef ma
instructionis used(asproposedy the Jarza GrandeForum).
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FiG. 7. Matrix-multiplywith Javaarraysandthe Array padkage

We obsere that the dense,one-dimensionalrow-major organizationin the Array package
resultsin consistentlybetterperformancavhencomparedo the organizationof Java arrays. This
adwantageis approximatelyl5% without f ma’s and 20% with f ma’s. (The Java array version
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alsoperformsarray privatization,but that hasa performancampactof lessthan1%.) The Array
packageversionwith f ma achievesapproximately’5%of theperformancef the highly optimized
matrix-multiplicationroutinein ESSL(290Mflops for matricesn thatsizerange).

Recentwork on recursie blocking layoutfor arrayshasshovn the benefitof this approachas
comparedo the corventionalrow- and column-majorapproache§9]. With the Array package,
recursve blockingandotheradvancedayoutscanbeimplementedransparentlyo theapplication
programmerThecompilercanalsoaggressiely adjustheorganizatiorof arraysfor bettermemory
behaior andparallelism[11, 12]. As opposedo FortranandC, thereis no risk of modifying the
semanticof a programthroughchangesn the organizationof a multidimensionahrrayfrom the
Array package.

4.3 A datamining application

This last example illustratesour experiencewith developing a production-qualy data mining
applicationin Jara[17]. The applicationis arecommendationodefor suggestingien productso
customersasedon their previous spendingoehaior. The algorithminvolvesoperationdetween
two sparsematrices:anaffinity matrix A andaspendingnatrix.S. Matrix A hassize10350 x 2103
and 397, 559 non-zeroq1.8% of non-zeros).Matrix S hassize4800 x 2103 and231, 194 non-
zeros(2.3%of non-zeros)We experimentedvith two versionof the application,onethatoperates
directly onthe elementof Java arraysandanothetthatusesthe multidimensionahrraysandarray
operationdrom the Array package Mary of the operationsn the Array packageareparallelized,
thustakingadwantageof themultiple processorsf the RS/6000F50wherethesesxperimentsvere
performed. (The datamining codeis still a sequentiakcode, parallelismis exploited inside the
Array packageoperationstotally transparento the the application.)As a performanceaeference,
we comparehe Javacodedo a versionin Fortran.

Resultsfrom our experimentswith the datamining applicationare shavn in Fig. 8. The
heightsof the barsarerelative to the bestsingle-processodava performanceand the numbers
ontop of the barsrepresenachiezed Mflops for eachversion. The Java arraysversion(Java bar)
achieves 21 Mflops. The single-processalava versionwith the Array package(Array x 1 bar)
doessignificantly better achieving 109 Mflops. Note that the Fortran version(Fortran bar) is
only 10% better at 120 Mflops. As we run the Array packageversionon more processorg2, 3,
and4 processorgorrespondingo the Array x 2, Array x 3, and Array x 4 bars,respectiely),
performancef thedatamining applicationincreasesWe achieve aspeedumf 2.7 on4 processors,
with no effort onthe partof the applicationprogrammerThis shavsthatthe parallelisminsidethe
Array packagecanindeedbe beneficialatthe applicationlevel.

5 Conclusion

We have developedthe Array packageto overcomethe difficulties associatedvith representing
multidimensionakectangulastructureghroughJava arrays. The flexibility of Java arraysresults
in additionalcomplicationsor optimizing compilersdueto possibleshapevolatility anddifficult
aliasingdisambiguationThetruemultidimensionahrraysfrom the Array packagéaveimmutable
shapeand are alwaysrectangular Thesepropertiesmake operationswith them amenableto
optimizationusingmaturetechniqueslevelopedfor FortranandC.

The Array packagamplementsarray operationdollowing a transactionamodel: operations
eithercompletesuccessfullyor terminatethroughan exceptionwith no othervisible side effects.
Thisapproactsupportsxtensive optimizationanparallelizatiorof theoperationsvhile preserving
semantics We have demonstratedhroughseveral exampleapplicationsthat Fortran-like perfor
manceon numericalcodeswith bothrealandcomple arithmetic,canbeachievedin Jasawith the
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FiG. 8. Experimentwvith a dataminingcodeusingJavaarrays,the Array pakage,and Fortran.

Array package.

Our Array packageis implementedentirely in Java (no native code) and follows the ori-
entation of the Java Grande Forum [10]. In fact, our Array packageis a stravman pro-
posal for possible standardizatiorthat has been releasedfor comments. It can be found
athttp://math. nist.gov/javanunerics/ #proposal s, or throughour project Web
pageatwww. r esear ch. i bm com ni nj a.

Much work has beendonein developing high-performanceclass libraries for numerical
computingin Java, asdescribedn [4, 5, 19]. The Array packagsdfills one gapin Java support
for technicalapplications.We are now startingto examinethe interactionbetweenlJava libraries
for linear algebra[6] andthe Array package. We are confidentthat, througha combinationof
standardbackagegor numericalprocessingandappropriatecompilersupport,Javza canbecomea
high-performancervironmentfor scientificandengineeringgomputing.

References

[1] J.C. Adams,W. S. Brainerd,J. T. Martin, B. T. Smith, and J. L. Wagener Fortran 90 Handbook:
CompleteANSI/ISORefeence McGraw-Hill, 1992.

[2] A. Bik, CompilerSupportfor SparseMatrix ComputationsPhDthesis L eidenUniversity, may1996.

[3] A. Bik andH. Wijshoff, Compilationtechniquesfor sparsematrix computationsin Proceedingsf the
1993InternationalConferencen Supercomputingl 993.

[4] B. Blount and S. Chatterjee,An evaluation of Java for numerical computing in Proceedingof
ISCOPE’98,vol. 15050f LectureNotesin ComputerScience SpringerVerlag,1998,pp. 35—46.

[5] R.F Boiswert,J.J.DongarraR. Pozo,K. A. RemingtonandG. W. Stevart, Developingnumerical
librariesin Java in ACM 1998Workshopon Java for High-Performanc&letwork Computing,ACM
SIGPLAN, 1998. Availableatht t p: / / www. cs. ucsb. edu/ conf er ences/j ava98.

13



[6] R.F. Boiswert,J.Hicklin, B. Miller, C. Moler, R. Pozo,K. Remington,andP. Webb, JAMA: A Java
matrix padkage URL: ht t p: // mat h. ni st. gov/j avanuneri cs/j ama/,1998.

[7] M. CierniakandW. Li, Just-in-timeoptimizationfor high-performanceava programs Concurreny,
Pract.Exp.(UK), 9 (1997),pp.1063-73.Javafor ComputationabcienceandEngineering Simulation
andModelingll, LasVegas,NV, June21,1997.

[8] G.H. GolubandC.F.vanLoan,Matrix ComputationsJohndHopkinsSeriesn MathematicaBciences,
The JohnsHopkinsUniversity Press;1989.

[9] F G. Gustarson,Recursiorieadsto automaticvariable blocking for densdinear algebia algorithms
IBM Journalof ResearclandDevelopment41(1997),pp. 737-755.

[10] Java GrandeForum, Report: Making Javawork for high-endcomputing Java GrandeForum Panel,
SC98,November1998.URL: ht t p: / / www. j avagr ande. or g/ reports. htm

[11] M. Kandemir A. ChoudharyJ. RamanujamandP. Banerjee A matrix-basedpproadc to the global
locality optimizationproblem in Proceedingsf InternationalConferencen Parallel Architecturesaand
CompilationTechniquegPACT’98), Paris, France October1998.

[12] M. Kandemir A. ChoudharyJ. RamanujamN. ShenoyandP. Banerjee Enhancingspatial locality
via datalayoutoptimizatiors, in Proceedingsf Euro-Rar'98, SouthamptonUK, vol. 14700f Lecture
Notesin ComputerScience SpringeiVerlag,Septembet 998,pp.422-434.

[13] S. P. Midkiff, J. E. Moreira, and M. Snir, Java for numericallyintensivecomputing: From flopsto
Gigaflops Tech.Rep.21351,IBM ResearcIDivision, Decemberl998. To appearin Proceeding®f
Frontiers’99.

[14] ——, Optimizingboundscheking in Javaprograms IBM Systems]ournal 37 (1998),pp. 409-453.

[15] J. E. Moreiraand S. P. Midkiff, Fortran 90 in CSE: A casestudy IEEE ComputationalScience&
Engineering5 (1998),pp. 39—-49.

[16] J.E. Moreira, S. P. Midkif f, andM. Gupta,From flop to Megaflops: Javafor technical computingin
Proceedingsf the 11th InternationaMorkshopon Languagesind Compilersfor Parallel Computing,
LCPC’'98,1998.IBM ResearchiReport21166.

[17] J.E. Moreira,S. P. Midkiff, M. Gupta,andR. D. Lawrence,Parallel dataminingin Java Tech.Rep.
21326,IBM Researclivision, 1998. Submittedfor publication.

[18] V. Sarkar Automaticselectionof high-order transformationsn the IBM XL Fortran compilers IBM
Journalof ResearctandDevelopment41(1997),pp. 233-264.

[19] M. Schwaband J. Schroeder Algebmic Java classesfor numerical optimization in ACM 1998
Workshopon Java for High-PerformancéNetwork Computing,ACM SIGPLAN, 1998. Availableat
http://ww. cs. ucsb. edu/ conf erences/j ava98.

[20] P Wu, S. P. Midkiff, J. E. Moreira, and M. Gupta, Improving Java performancethrough semantic
inlining, Tech.Rep.21313,IBM ResearclDivision,1998. Submittedfor publication.

14



