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Abstract

Java is almost universally recognizedas a good object-orientedlanguagefor writing
portableprograms.However, it still lagsbehindFortranandC in performance,particularly
for computationallyintensivenumericalprograms.In thispaperwepresenta truemultidimen-
sionalArray package,andrelatedcompilersupport,that canbring Fortran-likeperformance
to Java numericalcodes. We discussthe main designprinciplesfor our Array package,and
illustratethebenefitsfrom its usethroughseveralexamples.

1 Intr oduction
Industryandacademiaalike have recognizedthe potentialof Java1 asan excellentenvironment
for developing large-scaleapplications[10]. We can list several featuresof Java in supportof
thisstatement:(i) its unprecedentedlevel of cross-platformportability; (ii) its cleanobject-oriented
model;(iii) its built-in supportfor complicatedoperationssuchasnetworkingandgraphics;and(iv)
its rapidly expandingprogrammerbase.Nevertheless,Java mustprovide performancecomparable
to whatis achievedwith moreconventionallanguages(e.g., FortranandC) in orderto becomethe
trueenvironmentof choice.

Despitethesubstantialgainsin performanceexhibitedby thenewer implementationsof Java,
thereare still someunresolved issues. In particular, the NumericsWorking Group of the Java
GrandeForum(JGNWG)hasidentifiedfivecritical JavaLanguageandJavaVirtual Machineissues
relatedto theperformanceof numericalcomputingin Java [10]:

1. Complex arithmetic: Complex numbersareessentialin many areasof scienceandengineer-
ing. They mustbeproperlysupportedin Java.

2. Lightweightobjects: It is importantto efficiently supportclassesthat implementalternative
arithmetic systems(e.g., complex, interval, and decimal arithmetic) without paying the
penaltyusuallyassociatedwith Javaobjects.

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

4. Useof floating-pointhardware: Applicationperformanceandaccuracy canbenefitfrom the
exploitationof uniquefeaturesof amachine.Examplesincludethe80-bitformatin theIA-32
architectureandthefma (fusedmultiply-add)instructionin thePOWERarchitecture.

1Javais a trademarkof SunMicrosystems,Inc.
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5. Multidimensionalarrays:Thesearethemostcommondatastructuresin technicalcomputing.
(One-andtwo-dimensionalarraysareusedto representvectorsandmatricesin linearalgebra.
Physicalstructuresaretypically discretizedandrepresentby arraysof dimensionthreeand
higher.) Operationson multidimensionalarraysof numerical types must be performed
efficiently in Java.

This paper is devoted to the last topic, multidimensionalarrays. (However, the issueof
lightweight objectsis also touchedon.) Our goal is to develop a Java package(a collectionof
classes)that provides the functionality and performancecommonlyassociatedwith Fortran 90
arrays[1]. We start in Section2 by describingthe standardway to representmultidimensional
arraysin Java,andtheproblemsassociatedwith it. In Section3 wediscussthedesignprinciplesof
ourArray packagebothfrom ausability(interface)aswell asaperformanceperspective. Section4
reportssomeexperienceandperformanceresultswith theArraypackagein linearalgebra,PDE,and
dataminingcodes.Finally, wepresentourconclusionsanddirectionsfor futurework in Section5.

2 Java Arrays
The Java Languageand the Java Virtual Machinedirectly supportonly one-dimensionalarrays.
Two-dimensionalarrayaresimulatedwith aone-dimensionalarraywhoseelementsthemselvesare
one-dimensionalarrays.Higherdimensionalarraysareconstructedusinga one-dimensionalarray
wholeelementsarearraysof thenext lower dimension.This approachallowsgreatflexibility , and
supportscomplicateddatastructuresasshown in Fig. 1(a). In thatfigure, � and � arearraysof
referencesto rowsof elements,declaredasdouble �	�
������
�� . ������� and ������� aretwo referencesto
thesamerow, asare �����	� and ������� .
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FIG. 1. Examplesof differentarray types:(a) array of arrays,(b) rectangulartwo-dimensionalarray.

Theflexibility providedby Java arraysof arrays(hereaftercalledJava arrays)translatesinto a
nightmarefor optimizingcompilers.Most of thetime, technicalapplicationprogrammerswantto
representrectangulardatastructures,asshown by

!
and

"
in Fig. 1(b). However, whenfacedwith

Java arrays,a compilerhasto be preparedfor the possibility that they representsomethingmore
like Fig. 1(a)thanFig.1(b). (Therehasbeensomecompilerwork in automaticallyrecognizingthat
Java arraysarebeingusedto representrectangularstructures[7].) Java arrayspresenttwo main
difficultiesto optimizingcompilers:(i) shapevolatility and(ii) aliasingdisambiguation.

Shapevolatility arisesfrom thepossibility of dynamicallychangingthestructureof anarrayof
arrays.For example,in Fig. 1(a), anassignment�����#�%$ new double ���&� would at the sametime
breakthe aliasingbetween�����#� and �'����� andchangethe lengthof row �����	� from 5 to 3. Note
thatthischangein shapecanhappenin any threadthathasaccessto � , andwill bereflectedto all
threadsusing� . Wecanillustratetheimpactof shapevolatility in oneimportantJavaoptimization:
theeliminationof run-timeboundschecks.Considerthematrix-multiplycodein Fig. 2. According
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to theJavaspecification,all referencesto (#)�*,+-) ./+ have to betestedto makesurethat * and. arevalid
indicesfor their respective arrays.(Thediscussionalsoextendsto arrays0 and 1 .) The compiler
caneliminatethesetestsfrom theloopbodyif it canshow that ( hasat least 2 rowsandat least3
columns.(This is typically doneat run-timeandoneof two loop versions,with or without tests,is
chosenfor execution.)

void matmul(double )�+
)�+40 , double )�+
)�+41 , double )�+
)�+4( , int 2 , int 5 , int 3 ) 6
for 7,*98;:�<=*?>�2@<�* ++A

for 7�.B8;:�<C.D>@3E<C. ++A
for 7GFD8;:�<�FD>�5?<�F ++A(#)H*,+
) ./+ += 04)H*,+
)�F/+�IJ1#)KF/+
) ./+
<L

FIG. 2. Matrix-multiplycodewith Javaarrays.

Thenumberof rows of ( is (#M length, andcanbeobtainedinexpensively at run-time. Finding
thenumberof columnsof ( is a differentmatter. Thereis no guaranteethatall therows have the
samelength,andnoguaranteethatanotherthreadis notdynamicallyreplacingsomeof therowsof( with rows of differentlength.(Notethatwe arenot concernedwith thevaluesof theelementsof( , just its shape.)To enableboundscheckingoptimizationin thiscase,it is necessaryto privatize ( :
a local copyis createdby copyingthearrayof referencesto rows. This local copycanbecreated
with codeasfollows.

double )�+
)�+4(�NO8 newdouble )K(#M length+
)�+ ;( cols 8;P ;
for 7,QR8;:�<�QB>�(#M length<�Q ++A?6( N )�Q�+S8;(#)HQT+ ;( cols 8;UWVYXE7G( colsZ (#)�Q�+
M lengthA ;L

(1)

Thenumberof columnsof ( , ( cols, canbecomputedduringprivatizationasthelengthof its shortest
row.

Thematrix-multiplycodeof Fig.2 isanexampleof acodethatmodernFortrancompilerswould
attemptto optimizewith high-orderlooptransformations(e.g., loop interchange,tiling, unroll-and-
jam)[18]. Thesetransformationstypicallychangetheorderin whichcomputationsareperformedin
aloopnestandcaremustbetakentoguaranteethatthenew orderremainslegal. To applytheseloop
transformationto theJavacodeof Fig.2 thecompilermustguaranteethat(i) theloopnestis freeof
exceptions(i.e., it will executefrom beginningto end)and(ii) all elementsof ( areindependent(no
intra-arrayaliasing)andseparatefrom theelementsof 0 and 1 (no inter-arrayaliasing). Aliasing
disambiguationis a key analysisto enablehigh-ordertransformations.In Fortran, to show that047,* Z .�A is not aliasedto 1#7GF Z\[ A it sufficesto show that 0 and 1 refer to differentarraysor that the
expression7,*^]8_F�Aa`b7�.@]8 [ A is true. Thesamedoesnot apply to Java: in Fig. 1(a) cd)K:�+
)�e�+ is the
sameelementas c�)�e�+-)�e�+ and f�)�g�+-)�:�+ is thesameelementas c�)�h	+
)�:�+ .

Justas the shapeof Java arrayscan be determinedwith an array traversalcodelike (1), a
disambiguationtestcanalsobe performedat run-time. This disambiguation,however, is a more
expensive operation,as we have to show that no two rows of the sameor different arraysare
aliased.Whereastheprivatizationandshapedeterminationis of complexity i�7,5EA , where 5 is the
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arrayextent,disambiguationis of complexity jlk,mEn\o . (This canbereducedto jlk,mRpYqsr%m ) if we are
ableto orderthereferences.This cannotbedoneat theJava sourcecodeor bytecodelevel, but can
typically bedoneinsidetheJava Virtual Machine.)

3 The Array Package
We developedthe Java Array packageto overcomethe difficulties associatedwith representing
multidimensionalrectangularstructuresthroughJava arrays.We refer to therectangularmultidi-
mensionalarraysfrom theArray packageasarrays. In designingthe Array packagewe adopted
thefollowing designprinciples:

1. The packagemustprovide Fortran90-like arrayfunctionality. This includesthe ability to
manipulateregularandirregulararraysections.

2. Thepackage,asdefinedby its referenceimplementation,mustwork on existing JVMs and
yetbegeneralenoughto beusefulfor a long time.

3. TheArray packagemustbeableto supportnon-primitivenumericaltypes,suchascomplex
anddecimalnumbers.

4. Goodperformancein arrayoperationsisachievedthroughcompilertechnology(in particular,
semanticinlining [20] discussedbelow). The referenceimplementationis kept cleanand
general.

5. Theinternallayoutof datain theArray packageis not exposed,andit cannotbeinferredby
any test.Thisallowsmoreoptimizationat theimplementationlevel.

6. Array operationsfollow a transactionalmodel. Eachoperationeither terminateswith an
exception,in which casenovisibledatais modified,or it completessuccessfully.

7. Array operationsare definedas to facilitate optimization (e.g., through high-order loop
transformations)andparallelization.

8. Accessto arrayelementsandarraysectionscanbe implementedefficiently usingexisting
Java technology. (At leastfor primitivedatatypes.)

An array from theArray packageis characterizedby threeimmutableproperties:(i) its rank
(numberof dimensionsor axes), (ii) its elementaldatatype (all elementsof an array areof the
sametype),and(iii) its shape(theextentsalongits axes). Immutablerankandtypeareimportant
propertiesfor effective code optimizationusing existing techniquesdevelopedfor Fortran and
C. Immutableshapeis an importantpropertyfor the optimizationof run-timeboundschecking
accordingto recenttechniquesdevelopedfor Java [14, 16].

Therankandtypeof anarray aredefinedby its class.Thearray classesin theArray package
areof theform t typeu Array t ranku . Supportedtypesincludeall Java primitivetypes(boolean,
byte, char, short, int, long, float, anddouble), aswell asalternative arithmeticsystems(e.g.,
Complex and Decimal) themselves implementedthroughclasses.Supportedranksinclude 0D
(scalar),and1D (one-dimensional)through7D (seven-dimensional).Notethatrank7 is thecurrent
standardlimit for Fortran.

Theshapeof anarray is specifiedat its creation.As anexample,

doubleArray2D vxw newdoubleArray2D k,y@z�mEo
4



void matmul(doubleArray2D { , doubleArray2D | , doubleArray2D } , int ~ , int � , int � ) �
for �,�9�;���=�?��~@��� ++�

for ���B�;���C�D�@�E�C� ++�
for �G�D�;�����D���?��� ++�}#� set�,�\�C����}#� get�,���G������{�� get�,�\�������J|#� get�G���G���=����

FIG. 3. Matrix-multiplycodewith theArray package.

createsan ~��D� two-dimensionalarrayof doubles. Theshapeparameters( ~ and � ) for anarray
mustbenonnegativeintegerexpressions(i.e., they mustevaluateto a valuegreaterthanor equalto
zeroandlessthanor equalto 2147483647).If anarray of thespecifiedshapecannotbecreated
becauseof memorylimitations,thenanOutOfMemoryError mustbethrown. Array s canalso
becreatedassectionsof anotherarray . An exampleis:

doubleArray3D ��� newdoubleArray3D �,~@�����C�4���
doubleArray2D ���;�B� section� newRange�G���=~����T��� newRange�G���=�l���T���������
doubleArray1D � �;�¡� section� newRange�G����~¢���/�\£s���C�����

Thefirst statementcreatesan ~¤���¥�¦� three-dimensionalarray � . Thesecondstatementextracts
an ~§�@� two-dimensionalsection � correspondingto the � -th planeof � . The third statement
extractsall even-indexedelementsof the � -th columnof � , which correspondsto the � -th column
of the � -th planof � .

Elementsof an array are identified by their indicesalong eachaxis. Let a � -dimensional
array � of elementaltype ¨ have extent ��© along its � -th axis, ���ª�«�T�s���T�����\�¬��� . Then,
a valid index � © along the � -th axis must be greater than or equal to 0 and less than � © .
An attempt to referencean element �^�,�G­#�=��®¯���T�����=�G°�±�®²� with any invalid index � © causesan
ArrayIndexOutOfBoundsException to bethrown.

Fig. 3 shows a matrix-multiply written using the Array packageroutines. Three two-
dimensionalarraysof doubles,{4��| and } , aredeclared.Thecomputationsoccurson theline:

}#� set�,���G�³�\}#� get�´�\�G������{4� get�,�\�������J|#� get�G���C���=���
The get methodsretrieve an elementof the array , takingasargumentssubscriptexpressionsfor
eachdimension.Althoughnot shown here,eachsubscriptsmaybeanintegerexpression,a range
or a sequenceof elements. A rangeis semanticallyequivalent to a Fortran 90 triplet, whereas
a sequenceis an arbitrary list of integers. Both arerepresentedby objects,a rangethroughthe
Range classand a sequencethroughthe Index class. If all the indicesare integer expression,
thenget returnsonly the valueof an element.If any of the indicesis a rangeor a sequence,get
returnsthe correspondingarray of values. (Note that get returnsa new array , not a sectionof
the original array .) The set methodtakes,in addition to the subscriptfunctions,an additional
parameterspecifyingthe valuefor the correspondingarray elements.In additionto thesebasic
accessormethods,the Array packagealsoprovidesroutinesto performaggregateoperationson
arrays,includingelement-by-elementrelational,logical, andarithmeticoperators.Therestof this
sectiondescribestheissuesinvolvedin designingandimplementinga standardArray package.

3.1 Referenceand conforming implementations
Whendiscussingthe standardarraypackage,a distinctionmustbe drawn betweenthe reference
implementationof the package,anda conformingimplementation.The purposeof the reference
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implementationto is exactly representthe functional semanticsof the Array packagein a Java
implementation.Theimplementationsof thoseattributesof theArray packagethatarenot visible
from outsidethepackage(e.g., the layoutof storage)arenot significant,whereasthoseattributes
thatarevisible(e.g., referencingelementsby their coordinatesin aCartesianspace)aresignificant.
Thegoalof thereferenceimplementationis toprovideaclearrepresentationof theArraysemantics,
andto provideanexecutablestandardto testcomplianceof conformingimplementations.

The referenceimplementationof the Array packageis written entirely in standardJava.
As a consequence,it may be run on any JVM that supportsthe correspondingJDK level as
usedin its development(JDK 1.1.6). The straightforwardreferenceimplementationusesan µ -
dimensionalJava array to representan µ -dimensionalrectangulararray . This is necessaryto
properly implementthe Array packagesemanticswhich allows eachdimensionof an Array to
haveanextentof upto ¶#·�¸9¹@º . A 2-dimensionalarrayin thereferenceimplementationis shown in
Fig. 4(a).

A conformingimplementationof theArray packagetakesadvantageof thefact thatthelayout
of datais not visible and that the availablememoryon a machineexecutingthe methodsfrom
theArray packageis environment-dependent.This allows for a higherperformanceversionof the
Array package(at leastfor arraysof Java primitives),that mapsan µ -dimensionalarray into a
1-dimensionalJava array. This providesa representationasshown in Fig. 4(b),with theconstraint
that themaximumnumberof elementsin thearrayis ¶ ·�¸ ¹xº . Shouldthenumberof elementsof
theArray exceed¶#·�¸?¹�º , anOutOfMemoryError exceptionis thrown.

» ¼
descriptors data

¼

½E¾ ¿¬À ¸,Á
...

½E¾ ¸,Á

½E¾ Â Á

¼
¼
¼
¼

½�¾ ¿�À ¸´Á ¾ Â Á Ã�ÃTÃ ½�¾ ¿�À ¸,Á ¾ Ä%À ¸,Á
Ã�ÃTÃ Ã�ÃTÃ Ã�ÃTÃ

½�¾ ¸,Á ¾ Â Á Ã�ÃTÃ ½E¾ ¸´Á ¾ ÄJÀ ¸,Á

½�¾ Â Á ¾ Â Á Ã�ÃTÃ ½E¾ Â Á ¾ ÄJÀ ¸,Á

(a)Referenceimplementationform of theobject.

» ¼
descriptors data

¼

½EÅK¿�À ¸=Æ Â\Ç ½EÅK¿�À ¸=Æ,¸ Ç Ã�ÃTÃ ½�Å�¿¬À ¸�Æ ÄJÀ ¸ ÇÃ�ÃTÃ Ã�ÃTÃ Ã�ÃTÃ Ã�ÃTÃ
½�Å ¸�Æ Â\Ç ½�Å ¸�Æ,¸ Ç Ã�ÃTÃ ½�Å ¸=Æ ÄJÀ ¸ Ç
½�ÅÈÂ Æ Â\Ç ½�ÅÈÂ Æ,¸ Ç Ã�ÃTÃ ½�ÅÈÂ Æ ÄJÀ ¸ Ç

(b) Conformingimplementationfor theobject.

FIG. 4. Multidimensionalarray objects.
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A more sophisticatedimplementationcan be accomplishedin cooperationwith a static or
dynamic Java compiler and the techniqueof semanticinlining. This allows the number of
elementsof theArray to beconstrainedonly by theavailablememory, while preservingcontiguous
storage[20].

3.2 Other featuresof the Array package
Integerandrealtypesconstitutethebulk of numericalprogrammingdatatypes,but othernumerical
typesare also important. Complex numbersare pervasive in technicalcomputing,and in the
commercialworld, variousdecimaltypesareimportant.With semanticinlining (discussedbelow)
thesenon-primitive numeric types can be handledas efficiently as integer and floating point
arithmetictypes. The set andget accessormethodsaredefinedto takeandreturnreferencesto
objectsof thenon-primitivetype.

Onevaluablefeatureof Fortran90 arraysis theability to usesubsectionsof anarrayin most
placesanarraycanbeused.Any changesto thesubsectionsarereflectedin the largerarray. This
supportis providedin Fortranwith almostnooverhead.We follow a similarapproachin theArray
packageto provide the samesort of support. As Fig. 4 shows, an array objectconsistsof a set
of descriptorfields and a pointer to datastorage. The array descriptorscontainarray section
information,in particulartheoffsetof thefirst elementandstridevaluealongeachaxis. Because
thebasearray andall its subsectionspoint to thesamestorage,changesto onearereflectedin all.
Theonlydifferencebetweenthebasearray andarray sectionsarethevaluesin thearraydescriptor
fields.

3.3 Achieving performancein the Array package
Having an unspecifiedphysical data layout gives referenceand conforming implementations
flexibility in usinga layout thatprovidesa cleanimplementation,goodperformance,or both. For
referenceimplementations,the lack of a specifiedlayout allows whatever layout is provided by
the JVM thatexecutesthereferenceimplementationto beused.In othersituations,simplicity of
implementationis generallylessimportantthanperformance,and the lack of a specifiedlayout
allows greaterflexibility in thedatarepresentationusedby the JVM. Thus,if anarray is passed
to a varietyof native callsthatexpecta C-like row-majorlayout,thecompilercankeepthedatain
row-majororder. Likewise,if thearrays arepassedby native interfacesto programsexpectinga
Fortran-likelayout,thearrayscanbekeptin column-majororder. More importantly, new formsof
data layout, like recursive partitioning [9] for densestructuresor layoutsthat supportirregular
and sparsestructures[2, 3], can be transparentlyincorporatedinto a sophisticatedJVM while
maintainingstrict compatibility with earlieror lesssophisticatedJVM’s. In fact, the layout can
bechosenon an individual array basis,leadingto bettersupportfor parallelizationandmemory
hierarchyoptimizationssuchasdescribedin [11, 12].

Obviously, invokingamethodfor everyaccessandoperationonanarrayelementwill generally
leadto poorperformance.Therefore,we rely on compilertechnologyfor performance.Themost
importantcompilertechnologyis semanticinlining. Semanticinlining is acompilertechnologythat
treatscalls to known methodson known datatypesaslanguageprimitives.Becausethemethodis
recognized,knowledgeaboutits semanticscanbe embeddedin the compiler. The compilercan
thenreplacea methodcall by an intermediatelanguagerepresentationof its semantics.Thusthe
semantics,but not theactuallogic andcodeof themethod,areinlined. Thepracticaladvantageof
this is thatalmostall of theoverheadof accessingandoperatingonobjectfieldscanbeeliminated.

Asanexample,consideratwo-dimensionalarray É of doubles. Themethodcall É^Ê getËGÌ«Í#Î\ÏGÐ�Ñ
can be replaced(in the intermediaterepresentationof the program)by instructionsthat test the
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legality of theaccessandthendirectly index into thespecifiedelement.Ignoringfor themoment
theoverheadof theboundscheck(whichcanbeoptimizedawayasshown in [14,16]), theindexing
operationon thisarray canbeperformedascheaplyasaFortranindexing operation.

As anotherexample,considertwo-dimensionalarrays Ò and Ó of complex numbers.From
the programmerspoint of view, each elementof Ò is a complex number, whose elements
have values assignedto them from Complex objects passedto the set method, and whose
valuesare accessedvia a Complex object returnedby the get method. Considerthe operationÒBÔ setÕGÓDÔ getÕ,Ö\×CØOÙ�Ô plusÕGÒ^Ô getÕ,Ö\×CØ�Ù=Ù�×=Ö�×,Ø�Ù (which correspondsto Ò^Õ,Ö\×CØ�Ù¦ÚÛÓDÕ,Ö�×GØ�Ù?Ü�ÒBÕ,Ö�×GØ�Ù ). A
naive translationof this expressionwould createtemporaryobjectsfor eachof theget operations
and for the result of the plus operation. With semanticinlining, it can be recognizedthat the
consumerof ÒBÔ get is a standardoperationthatonly needsthevaluesof thecomplex number, thus
theobjectcreationcanbedispensedwith. Likewise,noComplexobjectis neededto hold elementÕ,Ö\×CØOÙ of Ó , sincetheplus operationonly needsthecomplex values.Similarly, eventhoughtheset
interfacerequiresaComplexobject,thecompilerknowsthatonly thevaluesarereallyneeded,and
directlywritesthevalueresultsof thecomplex additionto thespecifiedelement,withoutcreatingan
intermediatetemporaryobject.Thus,in evaluatingtheexpression,a smartcompilercaneliminate
four methodcallsandthreeobjectcreations.

Aggregatearray operationsfollow a transactionalmodelwhich facilitateshigh-ordertransfor-
mationsandusability by applicationprogrammers.At the beginning of eachstandardaggregate
array operation,a checkis madeto determineif any violations (e.g., boundsand null-pointer)
mayhappenduringtheactualcomputation.If so,anexceptionis thrown andthemethodimmedi-
atelyterminateswithout affectingany visibledata.Otherwise,thecomputationproceedsknowing
that it will executeto the end. (Thingsget slightly morecomplicatedwhenintegerdivisionsare
present,but the transactionalmodel is still supported.)This transactionalmodelhastwo major
benefits. First, applicationprogramscanbe written knowing that an operationeithercompletes
successfullyor no datavaluesarechanged.This allows for easiererrorrecovery in thecaseof an
exception.Fromthecompilerperspective, this meansthat theonly exceptionsthatcanbethrown
in the methodimplementingtheoperationarethoseexceptionsthrown in theprologueof theop-
eration.Java mandatedimplicit exceptions,suchasboundsviolationsandnull pointerexceptions
at array elementaccesses,do not occur. JVM errors,suchasOutOfMemoryError, alsooccur
only at theprologue.

We illustrate the conceptof transactionalmodel for array operationsthroughan example.
Fig. 5 shows an implementationfor the plusAssignmethodof the doubleArray2D class,which
implementstheoperationÝWÚ;ÝÞÜ@ß for two conformingarraysÝ and ß . First, theshape( à¤á�â ) ofÝ is obtainedandcomparedto theshapeof ß . If Ý and ß do not have thesameshape,theoperation
terminatesimmediatelywith an exception. If the operationcanproceed,an array ã is prepared
to hold the resultof ÝRÜxß . In general,Ý and ß couldbealiased,referringto overlappingsections
of a commonbasearray . If that is thecase,asdeterminedby the intersectsmethod,thena new
array mustbecreatedfor ã . Otherwise,ã canbemadeequalto Ý . The first loop nestcomputesãRÚ_ÝRÜ�ß andthesecondloop nest,if necessary, copiestheresultfrom ã backinto Ý . Becauseof
the transactionalmodelandthearray semantics,the two loop nestscanbeextensively optimized
andparallelizedwithoutchangingthesemanticsof theplusAssignmethod.

In usercodethat directly manipulatesarray elements,the arrayboundscheckingandnull -
pointercheckingoptimizationstechniquesdescribedin [14] canbeusedto createsaferegionsand
eliminaterun-timetests.TheArray packageaidstheseoptimizationtechniqueby constrainingall
aliasingto occurbetweenreferencesto arrays, andnot betweendifferentrows of arrays. Also,
therectangularandimmutableshapeof arraysmakestheprivatizationstepdiscussedin Section2
unnecessary. Eliminating the possibility of run-timeexceptionsin loop nestsopensthe door to
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doubleArray2D plusAssign(doubleArray2D ä ) throwsNonconformingArrayException å
doubleArray2D æBç this;
doubleArray2D èéç null ;

int êëçxæ4ì sizeíGîsï ;
int ðñç;æ4ì sizeí=òTï ;
if í,ê§óç;ä#ì sizeíCîsïGï throw newNonconformingArrayException();
if í,ðôóçõä#ì sizeí=ò�ïGï throw newNonconformingArrayException();

if íGæ4ì intersectsíGä�ï=ïEèÞç newdoubleArray2D í,ê@ö=ðEï ;
else èéç;æ ;
for í int ÷aç;î«ø=÷?ù�ê@ø=÷ ++ï

for í int úWç;î�øGú¡ù�ð?øGú ++ïè#ì setí´÷\öGú³ö\æ�ì getí,÷�öGú�ï4û�ä#ì getí´÷\öGú�ï=ï ;
if íGè^óç;æ�ïüå

for í int ÷?ç;î�ø=÷?ù�ê@ø�÷ ++ï
for í int úWç;î�øCúDù�ð?øGú ++ïæ�ì setí´÷\öGú³ö\è#ì getí,÷\öCúOï�ï ;ý

return æ ;ý
FIG. 5. ThemethodplusAssign, which implementsþ ÿ þ ��� for two-dimensionalarrays.

muchmoreaggressivereorderingoptimizations.In [16], speedupsof well over100arereportedfor
singlenodeprograms,and[13] showsthataJavaapplicationcanbreakthe1 Gigaflopbarrier.

4 Experiments
In this section we illustrate through examplessome of the performancebenefitsfrom using
the Array package. We first demonstratethe large performancegains that can be obtained
throughsemanticinlining of operationswith complex numbers.We proceedby showing that the
freedomof datalayoutallowedby theArray packagealsoimprovestheperformanceof numerical
codes.Finally, we show theimprovementsachieved in a production-level datamining codewhen
operationswith Javaarrayswerereplacedby operationswith arrays from theArray package.

Weusedtwodifferentmachinesin our investigations.Someexperimentswereperformedonan
RS/6000modelF50.Thismachinehasfour 332MHz PowerPC604eprocessorsand1 GB of main
memory. Peakperformanceof eachprocessoris 664Mflops. We alsoperformedexperimentson
anRS/6000model590. This machinehasa single67 MHz POWER2 processor, 512MB of main
memory, anda peakperformanceof 266Mflops.

4.1 Complexarithmetic operations
Numerical codeswith complex arithmeticare a real challengefor efficient execution in Java.
Representingeachcomplex 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 problemcanbesolvedby usinga combinationof Complex arraysin theArray packageand
semanticinlining optimizations.

A JavacodethatusestheComplexarraysin theArraypackagecontinuesto performoperations
on Complex objects. Direct executionof suchcodeby a conventionalJVM is alsovery slow.
However, a compilerwith semanticinlining optimizationcanreplacetheoperationson Complex
objectsby operationson complex values. That is, it representsand operateson (for as long as
possible)only the valuesof complex numbers. The conversionfrom valuesto actualComplex
objectsneedsto beperformedonly whenthecompilerfindsanoperationoutsideits understanding.
This is a very infrequenteventduringmostnumericalcomputations.

Weanalyzetheimpactof usingtheArraypackageandsemanticinlining for complex arithmetic
throughthreebenchmarks:MICROSTRIP, CFD, and LU. MICROSTRIP [15] computesthe
electricpotentialfield of a microstripstructurein the presenceof sinusoidalvoltages. It usesan
iterative Jacobisolver for the PDE defining the field. The microstripstructureis discretizedby
a �������	�
������� grid. CFD is a computationalfluid dynamicskernel. It performsconvolutions
on threepairsof two-dimensionalfunctions. Eachfunction is representedasa ����
�������
 array
of complex entries. LU is a straightforwardimplementationof Crout’s algorithmfor performing
the LU decompositionof a squarematrix � [8] of complex numbers,with partial pivoting. The
factorizationis performedin placeand � is of size ������������� .

Fig. 6 shows the results for our experimentswith MICROSTRIP, CFD, and LU on an
RS/6000590. For eachbenchmark,resultsfor threeimplementationsare reported: (i) a Java
implementationusingJava arraysof Complex objects(the Java bar); (ii) a Java implementation
usingtheArray packageandsemanticinlining (theArray bar); and(iii) a Fortranimplementation
compiledwith thehighestlevel of implementation(theFortran bar).For eachbenchmarktheheight
of the barsarenormalizedto theFortranperformance.Thenumberson top of thebarsrepresent
actualachievedMflops.

It is evident that theperformanceof versionswith Java arraysis vastly inferior to Fortran. In
fact,it wouldbeextremelyhardto justify usingJavain thesesituations.However, theversionsusing
theArray packageandsemanticinlining achievebetween60to 90%of Fortranperformance.In the
caseof MICROSTRIP, this representsa 75-fold speedupover theJava arraysapproach.Overall,
theArray packageandsemanticinlining makeJavaverycompetitivewith Fortranfor computations
with complex numbers.

4.2 Impact of array layout
The implementorof the Array packagehascompletefreedomfor choosingthe datalayoutof an
array. In fact, the layout canbe chosenon a per-arraybasis. Our particularimplementationfor
theseexperimentsusesa row-major denselayout that mapsmultidimensionalarraysinto a one-
dimensionalvectorof dataelements.(This correspondsto a C-like layout.) Our Java environment
alsostoreseachrow of a Java two-dimensionalarrayasa densevector, but thereis no predefined
relationbetweenthe positionof two rows. Accessingan elementof a doubleArray2D requires
only index arithmetic,while accessinganelementof a double ������� alsorequirespointerchasing.
The arraylayout andthe accesstechniquesimpactthe ability of the compiler in extractinggood
performancefrom thecode.

Fig. 7 comparestheperformance,on a singleprocessorof anRS/6000F50,of two equivalent
implementationsof matrix-multiply(MATMUL): onewith Javaarraysandtheotherwith theArray
package.Bothversionsareoptimizedwith tiling, unroll-and-jam,andscalarreplacement.Theplots
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FIG. 6. Complex arithmeticwith andwithouttheArray package.

show theMflopsachievedby thetwo versionsfor differentsizesof theproblemmatrices.Fig. 7(a)
presentstheperformancewhenthe fusedmultiply-add(fma) instructionin of thePowerPCis not
used(asmandatedby thecurrentJavastandard).Fig. 7(b) presentstheperformancewhenthefma
instructionis used(asproposedby theJava GrandeForum).
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FIG. 7. Matrix-multiplywith JavaarraysandtheArray package.

We observe that the dense,one-dimensional,row-major organizationin the Array package
resultsin consistentlybetterperformancewhencomparedto theorganizationof Java arrays.This
advantageis approximately15% without fma’s and 20% with fma’s. (The Java arrayversion
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alsoperformsarrayprivatization,but thathasa performanceimpactof lessthan1%.) TheArray
packageversionwith fma achievesapproximately75%of theperformanceof thehighly optimized
matrix-multiplicationroutinein ESSL(290Mflops for matricesin thatsizerange).

Recentwork on recursive blockinglayoutfor arrayshasshown thebenefitof this approachas
comparedto the conventionalrow- andcolumn-majorapproaches[9]. With the Array package,
recursiveblockingandotheradvancedlayoutscanbeimplementedtransparentlyto theapplication
programmer. Thecompilercanalsoaggressivelyadjusttheorganizationof arraysfor bettermemory
behavior andparallelism[11, 12]. As opposedto FortranandC, thereis no risk of modifying the
semanticsof a programthroughchangesin theorganizationof a multidimensionalarrayfrom the
Array package.

4.3 A data mining application
This last example illustratesour experiencewith developing a production-quality data mining
applicationin Java [17]. Theapplicationis arecommendationcodefor suggestingnew productsto
customersbasedon their previousspendingbehavior. Thealgorithminvolvesoperationsbetween
two sparsematrices:anaffinity matrix � andaspendingmatrix � . Matrix � hassize �����������! "�����
and ��#�$�%&����# non-zeros(1.8%of non-zeros).Matrix � hassize ')(����*�� ��+��� and  �����%+�+#,' non-
zeros(2.3%of non-zeros).We experimentedwith two versionof theapplication,onethatoperates
directlyon theelementsof Javaarraysandanotherthatusesthemultidimensionalarraysandarray
operationsfrom theArray package.Many of theoperationsin theArray packageareparallelized,
thustakingadvantageof themultipleprocessorsof theRS/6000F50wheretheseexperimentswere
performed. (The datamining codeis still a sequentialcode,parallelismis exploited inside the
Array packageoperations,totally transparentto the theapplication.)As a performancereference,
we comparetheJavacodesto a versionin Fortran.

Resultsfrom our experimentswith the datamining applicationare shown in Fig. 8. The
heightsof the barsare relative to the bestsingle-processorJava performance,and the numbers
on top of thebarsrepresentachievedMflops for eachversion.TheJava arraysversion(Java bar)
achieves21 Mflops. The single-processorJava versionwith the Array package(Array x 1 bar)
doessignificantlybetter, achieving 109 Mflops. Note that the Fortran version(Fortran bar) is
only 10% better, at 120 Mflops. As we run the Array packageversionon moreprocessors(2, 3,
and4 processorscorrespondingto the Array x 2, Array x 3, andArray x 4 bars,respectively),
performanceof thedataminingapplicationincreases.Weachieveaspeedupof 2.7on4 processors,
with noeffort on thepartof theapplicationprogrammer. Thisshowsthattheparallelisminsidethe
Array packagecanindeedbebeneficialat theapplicationlevel.

5 Conclusion
We have developedthe Array packageto overcomethe difficulties associatedwith representing
multidimensionalrectangularstructuresthroughJava arrays.Theflexibility of Java arraysresults
in additionalcomplicationsfor optimizingcompilersdueto possibleshapevolatility anddifficult
aliasingdisambiguation.Thetruemultidimensionalarraysfrom theArray packagehaveimmutable
shapeand are always rectangular. Thesepropertiesmake operationswith them amenableto
optimizationusingmaturetechniquesdevelopedfor FortranandC.

The Array packageimplementsarrayoperationsfollowing a transactionalmodel: operations
eithercompletesuccessfullyor terminatethroughanexceptionwith no othervisible sideeffects.
Thisapproachsupportsextensiveoptimizationanparallelizationof theoperationswhile preserving
semantics.We have demonstrated,throughseveralexampleapplications,thatFortran-likeperfor-
manceonnumericalcodes,with bothrealandcomplex arithmetic,canbeachievedin Javawith the
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FIG. 8. Experimentswith a dataminingcodeusingJavaarrays,theArray package,andFortran.

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 strawman pro-
posal for possible standardizationthat has been releasedfor comments. It can be found
at http://math.nist.gov/javanumerics/#proposals, or throughour projectWeb
pageatwww.research.ibm.com/ninja.

Much work has been done in developing high-performanceclass libraries for numerical
computingin Java, asdescribedin [4, 5, 19]. The Array packagefills onegap in Java support
for technicalapplications.We arenow startingto examinethe interactionbetweenJava libraries
for linear algebra[6] and the Array package. We are confidentthat, througha combinationof
standardpackagesfor numericalprocessingandappropriatecompilersupport,Java canbecomea
high-performanceenvironmentfor scientificandengineeringcomputing.
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