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Abstract

Thelackof directsupportfor multidimensionalarraysin JavaTM hasbeenrecognizedasamajorde-
ficiency in thelanguage’sapplicabilityto numericalcomputing.It hasbeenshown that,whenaugmented
with multidimensionalarrays,Javacanachieveveryhigh-performancefor numericalcomputingthrough
the useof compilertechniquesandefficient implementationsof aggregatearrayoperations.Threeap-
proacheshave beendiscussedin the literaturefor extendingJava with supportfor multidimensional
arrays:classlibrariesthat implementthesestructures;relying on theJVM to recognizethosearraysof
arraysthat arebeingusedto simulatemultidimensionalarrays;andextendingthe Java languagewith
new syntacticconstructsfor multidimensionalarraysanddirectly compiling thoseconstructsto byte-
code.This paperpresentsa balancedpresentationof theprosandconsof eachtechniquein theareasof
functionality, languageandvirtual machineimpact,implementationeffort, andeffect on performance.
We show that the bestchoicedependson therelative importanceattachedto thedifferentmetrics,and
therebyprovide a commongroundfor a rationaldiscussionof thetechniquethat is in thebestinterests
of theJava communityat large,andthegrowing communityof numericalJavaprogrammers.

1 Intr oduction

Themultidimensionalarray(or multiarray for short)is an intuitive conceptfor numericalprogrammersin
FortranandC. Multiarraysare � -dimensionalrectangularcollectionsof elements.A multiarrayis charac-
terizedby its rank (numberof dimensionsor axes),its elementaldatatype (all elementsof a multiarrayare
of thesametype),andits shape (theextentsalongits axes).Elementsof amultiarrayareidentifiedby their
indicesalongeachaxis.Let a � -dimensionalmultiarray � of elementaltype � haveextent ��� alongits � -th
axis, � = 0,...,� -1. Then,a valid index 	
� alongthe � -th axismustbegreaterthanor equalto zeroandless
than ��� . Ourdefinitionof multiarraysalsoincludesthefollowing: Thetype,rank,andshapeof amultiarray
areimmutableduring its lifetime. We will seethat this immutability propertyhasimportantperformance
implications.

TheJava ProgrammingLanguageTM doesnot supporttruemultidimensionalarrays.This hasbeenrec-
ognizedasa major deficiency in Java’s applicability to numericalcomputing. Whereasthe more recent
versionsof Fortranhave significantly enhancedsupportfor multidimensionalarrays,Java provides only
single-dimensionalarrays. To someextent, it is possibleto simulatemultidimensionalarrayswith arrays
of arrays. For example,double[][] is an arrayof one-dimensionalarraysof double s, which canbe
usedto simulatetwo-dimensionalarrays.Figure1(a) illustratestheconceptof arraysof arrays,simulating
a two-dimensionalmultiarray. Thisapproach,however, leavesmuchto bedesired.

Arraysof arraysarenot necessarilyrectangular, andcanleadto both inter- andintra-arrayaliasing,as
shown in Figure1(b). Furthermore,thestructureof arraysof arrayscanchangeduringacomputation.These
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(a) regulararrayof arrays (b) irregulararraysof arrays

Figure1: Thestructureof anarrayof arrays. It canbeusedto simulatemultiarrays(a), andalsoto build
morecomplicatedstructures(b).

characteristicsmake the job of automaticallyoptimizing Java array codealmost impossiblefor existing
compilers.In contrast,thetechnologyto analyzeandoptimizecodethatmanipulatesrectangular, fixedshape
multidimensionalarrayshasbeenmaturefor many years,asdemonstratedby thesuccessof commercially
availableFortrancompilers.Anotherlimitation of arraysof arrayshasto do with parameterpassing.It is
very difficult to passgeneralregularsectionsof anarrayof arraysbetweencallerandcallee. Referringto
Figure1(a),whereasit is trivial to passrow 0 of arrayA to a method(just passA[0] ), it is not possibleto
passcolumn0 of arrayA without first copying it to anotherone-dimensionalarray.

The performanceandfunctionalbenefitsof augmentingJava with true multidimensionalarrayshave
alreadybeendemonstrated[1]. Theimmutableandrectangularshapesof multiarraysenabletheapplication
of variouscompilertechniquesto Java, includingloop transformationsandautomaticparallelization.It also
becomesmuchsimplerto passmultiarraysectionsbetweencallerandcallee. In the faceof thesebenefits,
therehave beenseveralproposalsto supporttruemultidimensionalarraysin Java.

Most of the previous proposalsfor supportingmultidimensionalarraysin Java have focusedon class
libraries that provide array languagefunctionality (suchas found in Fortran90) in Java. A proposalfor
standardizationof amultidimensionalarrayclasslibrary is officially underwayasJSR-083[12]. It hasbeen
demonstratedthatcompilerscanoptimizeJavacodeusingthesemultidimensionalarraylibraries,achieving
performancesimilar to state-of-the-artFortrancompilers.Onedeficiency with theclasslibrary approachis
that the syntaxfor the applicationprogrammeris cumbersome.This hasled to someproposalsto extend
thesyntaxof thelanguageto supportmultidimensionalarrays,possiblythroughoperatoroverloading.The
new constructssimplyaddto existingJavasyntax.All currentlyvalid Javaprogramsremainvalid with their
currentsemantics.TheJavasourcecodecanthenbetranslatedto Javabytecodethatinvokestheappropriate
methodsof theclasslibrary.

Anotherapproachthathasbeendiscussedis translatinganextendedmultiarraysyntaxdirectly to Java
bytecode.We show how multidimensionalarraydeclarationsandoperationscanbe directly translatedto
Java bytecode,without requiringany additionalclasslibraries. Our approachsupportsarraysof arbitrary
typeandrank,andleadsto bytecodethatcanbeexecutedonexisting virtual machines.

Finally, athird approachthathasbeendiscussedin theliteratureis thatof relyingexclusively ontheJVM
to recognizethosearraysof arraysthatarebeingusedto simulatemultidimensionalarrays.In thisapproach,
no new languageconstructsarenecessary, asit is up to theJVM to choosea moreefficient implementation
for thosearrays.ThisapproachcanalsodelivergoodperformancewhentheJVM analysisis preciseenough,
but it doesnot improve theexisting interfacesfor numericalcomputing.

Themajorgoalof thispaperis to deliveracomparativediscussionof thethreeapproachesto addingmul-
tidimensionalarraysto Java presentedabove. We startin Section2 with an illustrationof theperformance
and interfaceproblemsassociatedwith Java arraysof arrays. In Section3 we presenta possiblesyntax
for multiarraysin Java, anddiscusstheperformanceimpactof supportingtruemultidimensionalarrays.In
Sections4, 5, and6 we introducethethreeapproachesdiscussedabove: classlibrary, directtranslation,and
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transparentlyby the JVM, respectively. We presenta descriptionof the threeapproaches,listing thepros
andconsof each. In Section7, we compareeachof the approacheswith regardsto functionality, impact
on the languagespecification,implementationefforts, andtypical achievableperformance.We show that
all approacheshave their meritsandproblems.Thiscomparisonleadsto anobjective classificationof these
threeapproaches.It formsthebasisfor a rationaldecisionregardingtheir implementationanddeployment.
Finally, in Section8 we concludethispaperanddiscussfutureactivities.

2 Java arrays of arrays

As arunningexamplethroughoutthispaper, weconsidertheimplementationof two methodsfrom thebasic
linearalgebrasubroutines(BLAS): dgemv anddgemm. Figure2 shows thecodefor animplementationof
dgemv usingregularJava arrays.This methodcomputes

���������� �"! �$#
where� is amatrixof doubleprecisionfloating-pointvaluesand � and� arevectorsof floating-pointvalues.�� denoteseither �&% (whenthe trans flag is true) or � (whenthe trans flag is false). We computethe
matrix-vectormultiply in two differentways,dependingon thevalueof the trans flag. If trans is true,
thenelement	 of � is thedot-productof column 	 of � by vector � , scaledby � andaddedto ! �(' . Otherwise,
element	 of � is thedot-productof row 	 of � by vector � , scaledby � andaddedto ! �(' .
public static void dgemv(boolean trans, int m, int n, double alpha,

double[][] A, double[] x, double beta, double[] y) )
if (trans) )

for (int i=0; i<m; i++) )
double s = 0;
for (int j=0; j<n; j++) s += A[j][i]*x[j];
y[i] = alpha*s + beta*y[i];**

else )
for (int i=0; i<m; i++) )

double s = 0;
for (int j=0; j<n; j++) s += A[i][j]*x[j];
y[i] = alpha*s + beta*y[i];**

return;*
Figure2: Thedgemv methodwith Java arrays.

CurrentsuccessfulFortrancompilersfor high performancenumericalapplicationsincludeoptimizers
capableof applyinghigh ordertransformations[18] to thecode.Thesetransformationsinclude,but arenot
limited to, loop fusion,unimodulartransformations,loop tiling, unroll-and-jam,andloopparallelization[2,
16, 21]. Now, considerthe job of a Java just-in-timecompileras it optimizesexecutionof the bytecode
generatedfor theloopnestsin theabovedgemv example.Beforeit canapplyany transformationsto a loop
nest,thecompilermustprove that(i) theloop nestexecuteswithout exceptions,(ii) thearraysinvolvedare
notaliasedto eachotheror to themselves,and(iii) theshapesof thearraysdo notchangeduringexecution.
In general,thesepropertiescannotbeverifiedatcompiletime.

Onesolutionis to applyversioningto dynamicallyselectbetweentwo instancesof a loop nest:a safe
instancethatis guaranteedto notgenerateexceptions,andanunsafe instancethatmaygenerateexceptions.
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public static void dgemv(boolean trans, int m, int n, double alpha,
double[][] A, double[] x, double beta, double[] y) )

if (trans) )
for (int i=0; i<m; i++) )

double s = 0;
for (int j=0; j<n; j++) s += A[j][i]*x[j];
y[i] = alpha*s + beta*y[i];**

else )
if ((m <= y.length) && (n <= x.length) && ( + i, n <= A[i].length) && (m <= A.length)) )

// safe version
for (int i=0; i<m; i++) )

double s = 0;
for (int j=0; j<n; j++) s += A[i][j]*x[j];
y[i] = alpha*s + beta*y[i];**

else )
// unsafe version
for (int i=0; i<m; i++) )

double s = 0;
for (int j=0; j<n; j++) s += A[i][j]*x[j];
y[i] = alpha*s + beta*y[i];***

return;*
Figure3: Thedgemv methodwith Java arraysandaversioningtestfor exceptionsafety.

Figure3 shows theversioningtransformationappliedto the “no transpose”loop nestof dgemv. We note
thattheversioningtestcanbeexpensive,asit requirestestingthelengthof all rows of arrayA.

The versioningin Figure3 is not good enoughto enablecompiler transformations,as theremay be
aliasingamongthe arraysA, x , andy . Therefore,we augmentthe versioningtest to checkfor possible
aliasing,asshown in Figure4. Again, thetestis madeexpensive by theneedto verify thealiasingbetween
arrayy andeachrow of arrayA.

Onemorestepneedsto betaken to ensurethat thecompilercanoptimizethe loop nest.Sinceanother
threadin thesameexecutioncontext couldbemodifyingtheshapeof arrayA, weneedto makeaprivatecopy
of thatarray. Weaccomplishthatby creatinganew arrayof arraysA’ , andcopying into eachelementof A’
a pointerto thecorrespondingrow of arrayA. Similar to theversioningtest,this operationhascomplexity
proportionalto thenumberof rows of arrayA. This privatizationoperationis illustratedin Figure5. The
safeandalias-freeloopnestin thatfigurecannow beoptimizedwith traditionalloop transformations.

Figure6 showsthecodefor animplementationof dgemmusingregularJavaarrays.Thedgemmmethod
computes , � ! , � �-��/. �0 #
where

,
, � , and

0
arematricesof doubleprecisionfloating-pointnumbers. �� denoteseither �&% (if the

transa flag is true) or � (if the transa flag is false). Thesameholdsfor �0 andthe transb flag. The
computationof theresulting

,
matrixis doneonecolumnatatime. If transb is false,thenthe 	 -th column

of theresultingmatrix is computedwith a dgemv call for matrix � andthe 	 -th columnof
0

. Otherwise,
the 	 -th columnof theresultingmatrix is computedwith a dgemv call for matrix � andthe 	 -th row of

0
.

Note that for eachvalueof 	 , we have to extract the 	 -th columnof
,

into a double[] array, in orderto
passit to thedgemv method.We thenhave to copy theresultingvectorbackinto column 	 of

,
. We also

needto performacopy to passthe 	 -th columnof
0

to dgemv. Thisexampleillustratestheinconveniences
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public static void dgemv(boolean trans, int m, int n, double alpha,
double[][] A, double[] x, double beta, double[] y) )

if (trans) )
for (int i=0; i<m; i++) )

double s = 0;
for (int j=0; j<n; j++) s += A[j][i]*x[j];
y[i] = alpha*s + beta*y[i];**

else )
if ((m <= y.length) && (n <= x.length) && (n <= A[i].length + i) && (m <= A.length)

&& (y != x) && (y != A[i] + i)) )
// safe and alias-free version
for (int i=0; i<m; i++) )

double s = 0;
for (int j=0; j<n; j++) s += A[i][j]*x[j];
y[i] = alpha*s + beta*y[i];**

else )
// safe version
for (int i=0; i<m; i++) )

double s = 0;
for (int j=0; j<n; j++) s += A[i][j]*x[j];
y[i] = alpha*s + beta*y[i];***

return;*
Figure4: Thedgemv methodwith Java arraysanda versioningtestfor exceptionsafetyandaliasdisam-
biguation.

of parameterpassingwith Java arraysof arrays.

3 Multiarray constructs

In thissection,wedescribesyntacticadditions,first proposedby MichaelPhilippsenandRoldanPozoof the
Java GrandeNumericsWorking Group,to representmultiarraysin Java. By implementinga parserfor this
new syntaxwith JavaCUP(http://www.cs.pr in ce ton .e du/˜ appel /moder n/ jav a/ CUP),we
have verifiedthat they do not to causeany parsingconflictswith theexisting Java syntax.We alsodiscuss
how thepropertiesof multiarraysfacilitatecompileroptimizationsandsupportbetterlibrary interfaces.In
thenext sectionswe will discusshow to actuallyimplementthesemultiarrayconstructsin Java.

3.1 Syntax

We needa syntaxthat differentiatesmultidimensionalarraysfrom Java arraysof arrays.A referenceto a� -dimensionalmultiarrayof type 1 type 2 is declaredas 1 type 2435376(8 # 6(9;:=<?>A@5@ , where 8(9;:=<?> denotesrepetition
of a pattern� B � times. For example,double[[*]] x declaresx asa referenceto a one-dimensional
multiarrayof double s,andfloat[[*,*]] Y declaresY asareferenceto atwo-dimensionalmultiarray
of float s.

A � -dimensionalmultiarrayof shapeC
�ED # � > #=F=F=FG# � :4<?>IH andtype 1 type 2 is createdwith theconstruct

new 1 type 24353 �ED # � > #=F=F=F;# � :4<?> @5@ .
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public static void dgemv(boolean trans, int m, int n, double alpha,
double[][] A, double[] x, double beta, double[] y) )

if (trans) )
for (int i=0; i<m; i++) )

double s = 0;
for (int j=0; j<n; j++) s += A[j][i]*x[j];
y[i] = alpha*s + beta*y[i];**

else )
double[][] A’ = new double[m][]; for (int i=0; i<m; i++) A’[i] = A[i];
if ((m <= y.length) && (n <= x.length) && (n <= A’[i].length + i) && (m <= A’.length)

&& (y != x) && (y != A’[i] + i)) )
// safe and alias free version
for (int i=0; i<m; i++) )

double s = 0;
for (int j=0; j<n; j++) s += A’[i][j]*x[j];
y[i] = alpha*s + beta*y[i];**

else )
// safe version
for (int i=0; i<m; i++) )

double s = 0;
for (int j=0; j<n; j++) s += A[i][j]*x[j];
y[i] = alpha*s + beta*y[i];***

return;*
Figure5: Thedgemv methodwith Java arrays,arrayprivatizationfor threadsafety, anda versioningtest
for exceptionsafetyandaliasdisambiguation.

public static void dgemm(boolean transa, boolean transb, int m, int n, int p,
double alpha, double[][] A, double[][] B,
double beta, double[][] C) {

double[] c = new double[m];
double[] b = new double[n];
for (int i=0; i<p; i++) {

for (int j=0; j<m; j++) c[j] = C[j][i];
if (transb) {

dgemv(transa,alpha,A,B[i],beta,c);
} else {

for (int j=0; j<n; j++) b[j] = B[j][i];
dgemv(transa,alpha,A,b,beta,c);

}
for (int j=0; j<m; j++) C[j][i] = c[j];

}

return;
}

Figure6: Thedgemmmethodwith Java arrays.

For example,x = new double[[n]] andY = new float[[m,n]] arevalid assignments,since
thetypeandrankof thecreatedarraymatchesthetypeandrankof thereferencevariable.Wenotethatnew
double[[n]] is differentfrom new double[n] . Theformercreatesa one-dimensionalmultiarrayof
double s,whereasthelatercreatesa (conventional)Java array.

Individualelementsarereferencedusingconventionalsubscriptnotation,with singlebracketsandcom-
mas(“,”) separatingthe indicesfor the differentaxes. Array elementscanbe usedeitherasa valuein an
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expression,or asthe target of an assignment.Figure7 shows the codefor the dgemv methodusingthe
proposedlanguageconstructs.The only differencesbetweenthis codeandthat of Figure2 arein (i) the
declarationof themultiarrays,(ii) theuseof two-dimensionalindexing for multiarray � , and(iii) J and �
no longerneedto beexplicitly passedin asparameters.

public static void dgemv(boolean trans, double alpha,
double[[*,*]] A, double[[*]] x, double beta, double[[*]] y) {

int m = y.size(0);
int n = x.size(0);

if (trans) {
for (int i=0; i<m; i++) {

double s = 0;
for (int j=0; j<n; j++) s += A[j,i]*x[j];
y[i] = alpha*s + beta*y[i];

}
} else {

for (int i=0; i<m; i++) {
double s = 0;
for (int j=0; j<n; j++) s += A[i,j]*x[j];
y[i] = alpha*s + beta*y[i];

}
}

return;
}

Figure7: Thedgemv methodusingmultiarrayconstructs.

Thesyntaxalsosupportsarraysections.Whenever a multiarrayis expected,it is legal to usea regular
sectionof a multiarray. A regularsectionis definedby specifyinga rangeof indicesor a singleindex for
eachaxisof a multiarray. A rangeof indicesis anarithmeticprogressionof index valuesspecifiedby the
form KMLON or KPLON�LRQ , where K representsthe first index in the range, N is the last index in the range,
and Q is thestride(or increment)betweenconsecutive indices. If Q is omitted,thenit is treatedas � . It is
alsopossibleto usejust a colon (“:”) to denotea range,which representsa rangegoing from 0 to largest
index for thataxis, in stepsof � . Therankof a multiarraysectionis equalto therankof theoriginal array
minusthe numberof index constructsthat aresinglevalues(not ranges).The codefor dgemmis shown
in Figure8. This exampleshows moresignificantdifferenceswhencomparedwith Figure6. We notethat
thecomputationof thematrix-multiply is muchsimplifiedby our ability to extractsectionsof multiarrays.
We directly passthe 	 -th columnof

,
to dgemv. We alsopasseitherthe 	 -th row or the 	 -th columnof

0
,

dependingon thevalueof transb .
Each � -dimensionalmultiarray � hasassociatedwith it a datavector SUT anda � -elementshape vector� T (of integers).Thedatavector S T is a one-dimensionalJava arrayof thesameelementaltypeas � , and

it representsthestorageareafor theelementsof � . Theshapevectordescribestheextentsof � alongeach
axis. A referenceto S T canbeobtainedthroughmethoddata() on multiarray � . Thevaluesof � T' can
beobtainedby invoking methodsize( 	 ) on multiarray � .

3.2 Performanceimpact

Javacodewith multiarrayscanbeoptimizedthroughthesameversioningtechniquesdiscussedin Section2.
However, asshown in Figure9, the versioningtest is muchsimplerand faster. Exactly two parameters
definethenumberof rows andcolumnsof arrayA. Alias disambiguationbetweeny andx andbetweeny
andA requiresjustasimplecomparisonbetweenthecorrespondingdatastoragepointers.Finally, sincethe
shapesof multiarraysareimmutable,privatizationis notnecessary.
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public static void dgemm(boolean transa, boolean transb,
double alpha, double[[*,*]] A, double[[*,*]] B,
double beta, double[[*,*]] C) {

int p = C.size(1);

for (int i=0; i<p; i++) {
if (transb) {

dgemv(transa,alpha,A,B[[i,:]],beta,C[[:,i]]);
} else {

dgemv(transa,alpha,A,B[[:,i]],beta,C[[:,i]]);
}

}

return;
}

Figure8: Thedgemmmethodusingmultiarrays.

public static void dgemv(boolean trans, int m, int n, double alpha,
double[[*,*]] A, double[[*]] x, double beta, double[[*]] y) )

if (trans) )
for (int i=0; i<m; i++) )

double s = 0;
for (int j=0; j<n; j++) s += A[j][i]*x[j];
y[i] = alpha*s + beta*y[i];**

else )
if ((m <= y.length) && (n <= x.length) && (n <= A.size(1)) && (m <= A.size(0))

&& (y.data() != x.data()) && (y.data() != A.data())) )
// safe and alias-free version
for (int i=0; i<m; i++) )

double s = 0;
for (int j=0; j<n; j++) s += A[i][j]*x[j];
y[i] = alpha*s + beta*y[i];**

else )
// unsafe version
for (int i=0; i<m; i++) )

double s = 0;
for (int j=0; j<n; j++) s += A[i][j]*x[j];
y[i] = alpha*s + beta*y[i];***

return;*
Figure9: Thedgemv methodwith multiarraysanda versioningtestfor exceptionsafetyandaliasdisam-
biguation.

To demonstratethebottom-lineimpactof multiarraysin Java,we implementedNINJA [15], aprototype
Java compilerthat supportsmultiarrays.NINJA automaticallyperformsversioningof loop nests,andap-
plieshigh-orderloop transformationsandparallelizationto thesafeandalias-freeversionsof thoseloops.
We appliedNINJA to a suiteof six numerically-intensive Java benchmarks:matmul (a matrix multiply),
microdc (an iterative job solver), lu (anLU factorization),cholesky (a Cholesky factorization),bsom (a
neuralnetwork datamining kernel),andshallow (a shallow-watersimulation).Resultsfor experimentson
a200MHz POWER3machineareshown in Figure10.

Figure 10(a) comparesthe performanceobtainedwith single-threadedversionsof eachbenchmarks:
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Figure10: Performanceimpactof multiarraysonvariousnumericalbenchmarks.Numbersat thetopof bars
in plot (a) representmeasuredMflops.

(i) a Fortran90 versioncompiledwith a state-of-the-artFortrancompiler, (ii) a versionwith Java arrays
executedwith the bestcommercialJava environmentavailable in the machineat the time of experiment,
and(iii) aversionwith multiarrays,compiledandexecutedby NINJA. It is clearthatthemultiarrayNINJA
versioncanbe several timesfasterthanthe Java arraysversion,andcanachieve from 80 to 100%of the
Fortran90 performance.

Figure10(b)showsthespeedupobtainedthoughautomaticparallelizationof loopsperformedbyNINJA,
whenJava codewith multiarraysis executedon 1, 2, 3, and4 processors.Speedupsarerelative to single-
processorperformanceof eachparallelcode. We observe that high efficiency is achieved in mostbench-
marks,with betterthan2 speedupon4 processorsfor all but cholesky.

4 A multiarray package

The Array packagefor Java consistsof a groupof classesthat implementtrue multidimensionalarrays.
The Array packagewas designedwith several goals in mind: (i) to provide the functionality expected
from multiarraysby programmersof numericallyintensive applicationsand(ii) to enablehigh-performance
optimizationsby leveragingexisting compilertechniques.This sectionwill presenta high level description
of theArray packageandits multiarrays(which will bedenoted“Arrays” to distinguishthemfrom generic
multiarraysandJavaarrays).It alsodiscussesthebenefitsandcostsof incorporatingtheArray packageinto
Java. A moredetaileddescriptionof theArray packagecanbefoundin [14].

4.1 A description of the Array package

The Array packagefor Java is a library basedimplementationof multiarrays. The denseandrectangular
shapeof multiarraysfacilitatetheapplicationof automaticcompileroptimizations.

Theclasshierarchyof theArray packageis straightforward. Theleavesof thehierarchycorrespondto
final concreteclasses,eachimplementingamultiarrayof specifictypeandrank.For example,doubleAr-
ray2D is a two-dimensionalArray of doubleprecisionfloating-pointnumbers.Theshapeof anArray is
definedat objectcreationtime. For example,
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intArray3D A = new intArray3D(m,n ,p );

createsan JV.W�X.ZY three-dimensionalArray of integernumbers.Defininga specificconcretefinal class
for eachArray typeandrankeffectively bindsthesemanticsto thesyntaxof aprogram,enablingtheuseof
maturecompilertechnologythathasbeendevelopedfor languageslike FortranandC.

A versionof dgemv with theArray packageis shown in Figure11. We notethatit is a straightforward
translationof the multiarraycodein Figure7. A versionof dgemmwith the Array packageis shown in
Figure12.

public static void dgemv(boolean trans, double alpha,
doubleArray2D A, doubleArray1D x,
double beta, doubleArray1D y) {

int m = y.size(0);
int n = x.size(0);

if (trans) {
for (int i=0; i<m; i++) {

double s = 0;
for (int j=0;j<n;j++) s += A.get(j,i)*x.get(j);
y.set(i,alpha*s + beta*y.get(i));

}
} else {

for (int i=0; i<m; i++) {
double s = 0;
for (int j=0;j<n;j++) s += A.get(i,j)*x.get(j);
y.set(i,alpha*s + beta*y.get(i));

}
}

return;
}

Figure11: Thedgemv methodwith theArray package.

public static void dgemm(boolean transa, boolean transb,
double alpha, doubleArray2D A, doubleArray2D B,
double beta, doubleArray2D C) {

int p = C.size(1);

for (int i=0; i<p; i++) {
if (transb) {

dgemv(transa, alpha, A, B.section(i, new Range(0,n-1)),
beta, C.section(new Range(0,m-1), i));

} else {
dgemv(transa, alpha, A, B.section(new Range(0,n-1), i),

beta, C.section(new Range(0,m-1), i));
}

}

return;
}

Figure12: Thedgemmmethodwith theArray package.

TheArray packagesupportselement-wiseandaggregateoperationsonArrays.For example,computing
a two-dimensionalArray

,
of shapeJ[.W� , whereeachelementis thesumof thecorrespondingelements

of Arrays � and
0

(alsoof shapeJ\.]� ), canbe written asshown in Figure13. A proposedsyntaxfor
aggregateArray operationsis shown in Figure13(c).
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for (int i=0; i<m; i++)
for (int j=0; j<n; j++)

C.set(i,j,A.get (i ,j) +B.g et (i ,j) );

(a)codeusingelementaloperations

C = A.plus(B);

(b) codeusingaggregateoperations

C = A + B;

(c) proposedsyntaxfor aggregateoperations

Figure13: Examplesof Array operations

Therearesubtledifferencesbetweentheelementalandaggregateforms. Theaggregateform enforces
array semantics: all elementsof � and

0
arefirst read,the additionis performed,andonly thenarethe

resultingvalueswritten to theelementsof
,

. Thefirst (element-wise)versioncomputesoneelementof
,

ata time. If
,

happensto sharestoragewith either � or
0

, theresultingvaluesof elementsof
,

maydiffer
from theaggregateform. A seconddifferencebetweentheaggregateandelementalformsis in thereporting
of out-of-boundsor null pointeraccesses.Theaggregateoperationsdetermineif any accessimplied by the
computationof theoperationcancauseanaccessexception.If anexceptioncausingaccessesis implied,the
exceptionis thrown immediately. This meansthataggregateoperationseitherexecutecompletely, or leave
theresultArray unchanged.In contrast,theelementalform of theoperationmaychangesomeelementsof,

beforetheexceptionis thrown. Both element-wiseandaggregateformshave their merits,andtheArray
packageis designedso that the two forms canbe aggressively optimizedaswith state-of-the-artFortran
compilers.

4.2 A critique of the Array package

To supportfull Array functionality, accessormethodsandspecialclassesfor objectsto beusedassubscripts
(Index andRange) aredefinedto allow sectionsof Arraysto bespecified.Becausethesemanticspecifica-
tion of Array operationsis containedwithin theclassesof theArray package,noJVM changesarenecessary
to supporttheseprograms,thusinsuringportability acrossexistingJVM’s.

The Array packagespecificationrequirescertainclasseswith well-definedsemanticsto be supported.
Althougha referenceimplementationexists,shouldtheArray packagebecomea standardit is likely, and
desirable,that third party implementationswill bedeveloped.BecausetheArray packagedoesnot specify
how theelementsof anArray arelaid out (in thespirit of Java arrays),it is possibleto implementlayouts
basedonspacefilling curvesandrecursiveblocking[5, 10, 11]. Someresearchersadvocateaspecificlayout
for theelementsof a multiarray, with theargumentthatsuchspecificationwould facilitatethedevelopment
of performance-portable code.Wenotethatexposinginternalobjectlayoutsis againstJava’s philosophy. It
alsopreventsfutureoptimizationsarisingfrom advancesin datastructuresandalgorithms.

Theimplementationsof theBLAS andotheraggregateoperations,andvariouselementaloperationscan
bevery sophisticated(andbuilt uponexisting librariesusingJNI [4, 8, 19]) for applicationsrequiringhigh
performance.Alternatively, averysimpleimplementationis alsopossible,leadingto asmallArray package
implementationandallowing it to bedownloadedmoreeasilyandto fit on clientswith muchlessmemory
thanhigh performancecomputeservers.
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To obtainmaximalperformancefrom programswritten with theArray package,someJVM supportis
necessary. A simple,local optimizationcalledsemantic expansion [22] allows elementalaccessesto beas
efficient asin C andFortran,andallows efficient supportof complex numbersandmultiarraysof complex
numbers.

Thedesignof theArray packagemakesit very easyfor a JVM to optimizeprogramsthatuseArrays.
BecauseArrays are rectangularit is easyto automaticallygenerateefficient multi-versioncodeto create
programregionsthatarefreeof accessviolationsandamenableto otheroptimizations.

Array propertiesallow for asimpleandeffective run-timealiasingtestto bedeveloped.Theinclusionof
testsat thebeginningof aggregateoperationsto ensurethatno accessviolationsoccurduringthecomputa-
tion of theoperationallow low overheadboundsoptimizationsalreadypresentin somedynamiccompilers
(e.g., theABCD test[3]) to bevery effective.

Without syntacticsupport,however, the Array packagecan be cumbersometo use,as seenin Fig-
ure13(a).ThatcodecomputesC[i,j] = A[i,j]+B[i,j] , which is muchclearerthantherepresenta-
tion usingmethodcallsseenin thefigure.Syntaxsupportcanbeincludedin two ways:by addingoperator
overloadingto Java [7], or by addingsyntaxto theJava corelanguage.Theformer is stronglyopposedby
many becauseit requiresa largechangeto thebasiclanguage,andcomplicatestheuseof the language.It
hasthe advantagethat the Array packageonly needsto be hostedon machinesmakinguseof the Array
package.In the latterapproach,a multiarraysyntax,aspresentedin Section3, would besupportedby the
Java to bytecodetranslator, javac. Whentranslatingmultiarrays,javac would make theappropriaterefer-
encesto theArray package.This lastapproachhasasmallereffecton thelanguagedefinition,but, it makes
Array operationspartof thestandardJava language.This in turn requiresthattheArray packagefor Javabe
partof thecoreJava libraries,andplacesahigh premiumon thedevelopmentof acompactstandardimple-
mentation.Threepromisingapproachesfor developingsucha compactrepresentationare: (i) only support
a restrictedrangeof arraydimensions(i.e., up to three);(ii) within theArray package(andtransparentlyto
theuser)mapall arraydimensionalitiesto thehighestsupporteddimensionality;and(iii) exploit theregular
natureof the Array packageto have the install packagecontaina programto generatethe Array package
classesratherthancontainthe classesthemselves. We notethat the latter only minimizesthe sizeof the
install packageandnot the installed package,but even this approachwill mitigatemostof the impactthe
theArray packagesizefor theStandardandEnterpriseeditionsof Java.

5 Dir ect translation of multiarrays to bytecode

In this section,we describeanotherapproachto implementingmultiarraysin Java. It consistsof translating
themultiarraysyntacticconstructsof Section3 directly to JVM bytecode,without underlyinglibrary sup-
port. Java-like languageswith multiarrayconstructshavebeenproposedin [20, 23]. Theideaof addingnew
languageconstructsto Java thattranslatedirectly to bytecodewasdemonstratedto beeffective for complex
numbersin [9, 17].

5.1 Translation rules

This sectionpresentstranslationrulesfor thenew multiarraylanguageconstructsdirectly to bytecode.In
the interestof clarity, we illustratethoserulesby showing not the bytecodegenerated,but the Java code
equivalentto thatbytecode.

Sometranslationrulesareillustratedin Figure14,whichshows thetranslatedcodefor thedgemv code
of Figure7. A � -dimensionalmultiarrayis representedby


 �^� 
 values:adatastoragepointer, a � -element
shapevector, anda C_�`� � H -elementweightsvector. Theweightsvectordescribestheplacementof elements
in thedatavector. Let a T' representthe 	 -th elementsof theweightsvector a T . Eachelementof array �
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correspondsto oneandonly oneelementof thedataarray SbT accordingto thefollowing relation:

�c3 	dD #=F=F=F;# 	 :4<?> @fegS T 3 	dDIhiD`� F=F=F �"	 :4<?> h :4<?> �ch : @ F (1)

Formalparameter� (adouble[[*,*]] ) is expandedinto six parameters(line 2): (i) thestoragearea
A; (ii) the shapeparametersA$n0 andA$n1 ; and(iii) the weightsparameterA$w0, A$w1, andA$w2.
Formal parameters� and � areexpandedinto four variables,asnecessaryto representa one-dimensional
multiarray(lines3 and5, respectively). In general,each� -dimensionalmultiarrayin theformal parameter
list of amethodactuallycountsas


 �f� 
 parameterstowardthelimit of parameterspermethodthatbytecode
supports.

1 public static void dgemv(boolean trans, double alpha,
2 double[] A, int A$n0, int A$n1, int A$w0, int A$w1, int A$w2,
3 double[] x, int x$n0, int x$w0, int x$w1,
4 double beta,
5 double[] y, int y$n0, int y$w0, int y$w1) {
6
7 int m = y$n0;
8 int n = x$n0;
9

10 if (trans) {
11 for (int i=0; i<m; i++) {
12 double s = 0;
13 for (int j=0; j<n; j++) s += A[j*A$w0 + i*A$w1 + A$w2]*x[j*x$w0 + x$w1];
14 y[i*y$w0 + y$w1] = alpha*s + beta*y[i*y$w0 + y$w1];
15 }
16 } else {
17 for (int i=0; i<m; i++) {
18 double s = 0;
19 for (int j=0; j<n; j++) s += A[i*A$w0 + j*A$w1 + A$w2]*x[j*x$w0 + x$w1];
20 y[i*y$w0 + y$w1] = alpha*s + beta*y[i*y$w0 + y$w1];
21 }
22 }
23
24 return;
25 }

Figure14: Translationof multiarraycodefor dgemv.

Invocationof thesize methodonamultiarrayis replacedby directaccessto theshapevariablesof that
multiarray. This is illustratedin lines7 and8 of Figure14. Lines13,14,19,and20 of Figure14 illustrate
how multiarrayelementaccessesaretranslatedto an indexing operationinto the datastorageareaof the
multiarray, accordingto Equation1.

It is not possiblefor a methodto returna multiarray, sincethis would requirethe returnof multiple
values(datastorage,shapevector, and weightsvector). Although this restrictioncreatesan asymmetry
in the language,resultarrayscanbe passedasan extra argumentto be filled in by the method. From a
performanceperspective, this is thepreferredapproachanyway, sinceit avoids theexpensive operationof
creatinganew arrayto returntheresult.

Additional translationrulesareillustratedin Figure15,whichshows thetranslatedcodefor thedgemm
in Figure8. Extractinga columnor a row of a two-dimensionalmultiarrayis accomplishedby computing
theappropriateshapeandweightvectorsfor a one-dimensionalmultiarray. This is illustratedin thecallsto
dgemv in lines11-15and18-21.

5.2 A critique of usingdir ect translation to implement multiarrays

Theprimaryaccomplishmentof this approachis that it allows truemultiarraysto beexpressedin Java by
modifying the grammarand languagespecification,leaving untouchedthe virtual machinespecification,
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1 public static void dgemm(
2 boolean transa, boolean transb, double alpha,
3 double[] A, int A$n0, int A$n1, int A$w0, int A$w1, int A$w2,
4 double[] B, int B$n0, int B$n1, int B$w0, int B$w1, int B$w2,
5 double beta, double[] C, int C$n0, int C$n1, int C$w0, int C$w1, int C$w2) {
6
7 int p = C$n1;
8
9 for (int i=0; i<p; i++) {

10 if (transb) {
11 dgemv(transa, alpha,
12 A, A$n0, A$n1, A$w0, A$w1, A$w2,
13 B, B$n1, B$w1, B$w2+i*B$w0,
14 beta,
15 C, C$n0, C$w0, C$w2+i*C$w1);
16 }
17 } else {
18 dgemv(transa, alpha,
19 A, A$n0, A$n1, A$w0, A$w1, A$w2,
20 B, B$n0, B$w0, B$w2+i*B$w1,
21 beta,
22 C, C$n0, C$w0, C$w2+i*C$w1);
23 }
24 }
25
26 return;
27 }
28 }

Figure15: Translationof multiarraycodefor dgemm.

that is, thesemanticsof bytecode.Therefore,eventhoughthis techniquerequiresfairly significantchanges
to javac, it allows classesto be written andcompiledin an environmentthat hasthe changedjavac, with
bytecodebeingproducedthatcanexecuteon any JVM.

The multiarrayssupportedallow a limited form of arraysections,thosewhich canbe representedby
triplet notation,to bepassedasparameters.More generalsubsetsof rows andcolumnsarenot supported,
andit is notclearhow to supportthemwithoutgreatlycomplicatingboththegenerationof bytecodeandthe
Java grammar. Moreover, becausethesupportedmultiarraysarea collectionof objectsratherthana single
object, they cannotbe returnedby methods.Othercomplicationsincludethe behavior of instanceof
andthereflectionservices.

More positively, multiarraysof any rank aresupportedby this techniquesincethegenerationof byte-
codefor allocationandaccessof multiarraysis driven by parsing,andnot by the preexistenceof classes
correspondingto multiarrayof thedesiredrank. For similar reasons,theelementsof themultiarraycanbe
any legalJava type.

6 Using an EnhancedJVM to Support Multiarrays

In this section,we discussanalternateapproachthatdoesnot requireany changesto the language(at the
sourceor bytecodelevel) or any new classesin theclasslibrary. Instead,it relieson theJVM to usedense
multidimensionalarrayswhenit is safeto do so. The JVM caninternally usea multiarrayin placeof an
arrayof arraysbasedon compileranalysisor runtimeinformation,or both.
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6.1 Basicapproach

The compiler-basedapproachinvolvesperforminga shapeanalysisof arraysandusinga denserepresen-
tation whenthe analysisshows that the array is rectangular[6]. This approachcanbe quite effective on
simplecasesandenablesgenerationof efficient code.However, it hasthedrawbackof requiringwhole pro-
gram analysis, which is notonly expensive in compilationtimebut alsoimpracticalin Java dueto dynamic
languagefeatureslike dynamicclassloading.

A simplerapproachis for theJVM to useruntimeinformation,asproposedin [13]. In this approach,a
flag is includedin theinternalrepresentationof anarrayto indicateif it is dense.Thedense flag is setwhen
thearrayis createdinitially (theJVM bytecodemultianewarray is usedto createa multidimensional
array).For instance,considerthefollowing statement:

double[][] A = new double[m+1][n+1]

TheJVM allocatescontiguousspaceto hold all theelementsof thetwo-dimensionalarray, but alsocreates
anarrayof row pointers,asshown in Figure16, allowing therepresentationto beconsistentwith theJava
languagespecification.Any time the structureof the arrayis modifiedwith a direct assignmentto a row
of thearray(suchaswith statementsof theform A[i] = new double[2*n] or A[i] = B[i] ), the
denseflag is reset.

jlk m_nok m_n p=p=p jlk m_n7k qAn jlk rsn7k m_n p=p=p jlk rsnok qtn p=p=p jlk u$nok m_n p=p=p jlk uvn7k qAn

dense= 1 � Txw Dzy T{w > y T{w | y p=p=p T{w } y
� � � �

� ~ � � ~ � �

��

Figure16: A denserepresentationfor Java arrays.

In general,codehandlingarrayshasto bepreparedfor thepossibility thata multidimensionalarrayis
not alwaysdense.This problemmaybeovercomeby applyingcodeversioning,whereoneversionof the
codeis optimizedfor thecasewherethearraysbeingreferencedaredense,while anotherversionhandles
thecasewherethearraysarenotdense.

6.2 A critique of the enhancedJVM
approach

An obvious advantageof this approachis that it requiresno changesto the Java languageor the JVM
specification.Theprogrammercanenjoy theperformancebenefitsof multiarrayrepresentationfor existing
Java programsin a largely transparentmanner.

However, theJVMs do needto becomemoresophisticated(thancurrentJVMs) to detectthedenseness
propertyof arraysautomatically, andtherearelikely to bemany situationswhenevena sophisticatedJVM
would fail to detectthatit is safeto useamultiarrayrepresentation.For instance,in thepresenceof acall to
anative method,aJVM maybeforcedto assumeconservatively thattheshapeof anarraymaybechanged
by thenative code.Furthermore,thereareprogrammingstylesthatcancausea givenanalysistechniqueto
fail. For example,while it is easyto recognizea two-dimensionalarraycreatedin asingleoperation:
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double[][] a = new double[m][n];

it maybemoredifficult to detectonewhosecreationis spreadover many steps:

double[][] a = new double[m][];
for (int i=0; i<m; i++)

a[i] = new double[n];

In particular, the simpleruntimeanalysiswith the dense flag, describedin Section6.1, would fail on the
lattercode(i.e., it would indicateanondensearray).

A seconddrawbackof this approachis that it offers no new featuresthat make it moreconvenientto
write array-intensive codes.First,high-level aggregateoperationslike copying or additionof arrayshave to
benecessarilyprogrammedin termsof loopswith element-wiseoperations.Second,thereis no supportfor
creatingsectionsof arrays,andhence,no supportfor passingarraysectionsasparameters.As anexample,
for identicalcomputationsovera row andacolumnof anarray, it is notpossibleto directlypassthatrow or
columnasanargumentto agenericmethodoperatingover avector.

In summary, theapproachof relyingexclusively onJVM analysisto detectmultiarrayshasnobarriersto
acceptance:thereareno issueswith regardto standardizationof any new constructsandno codemigration
issues.However, this transparency comesat a price of requiringsignificantsophisticationin the JVM to
realizegoodperformance,andthelikelihoodof frequentfailuresin obtainingtheperformancebenefits,due
to factorslike calls to non-analyzedcodefragmentsandunexpectedprogrammingstyles. Furthermore,it
supportsamuchreducedfunctionalityfor writing array-basedcodesin a convenientmanner.

7 Comparison

In theprevioussections,wediscussedthreedifferentapproachesto “adding” multidimensionalarrays(mul-
tiarrays)to Java. For eachof thoseapproaches,we discussedits intrinsic prosand cons. We now turn
to a morecomparative analysis,with thegoalof establishinganobjective classificationof thosethreeap-
proaches.We comparethemwith regardsto their impacton (i) languageandvirtual machinespecification
(in which we considerlessimpact to be better),(ii) functionality (more functionality is better),(iii) im-
plementationefforts (lesseffort is better),and(iv) typical achievableperformance(higherperformanceis
better). We summarizeour findingsfor eachof thosecriteria in Table1, discussingthemin moredetail
below. For purposeof this discussion,we namethe proposalsA (Array packagewith new syntax),VM
(betterJVM thatrecognizesimplicit multiarrays),andD (directtranslationto bytecode).

7.1 Impact on specifications

ProposalVM (a bettervirtual machine)is clearly the onewith the leastimpacton currentJava andJVM
specifications.More precisely, thereis no impact,sinceit is entirely up to the virtual machineinternals
to recognizeandsupportmultiarrays. No new languageconstructs,classlibraries,and/orbytecodesare
necessary. Equally important,thereareno standardizationissuesand no compatibility issues. A better
virtual machinethat,asdiscussedin Section6, recognizesandsupportstruemultidimensionalarrayswill
simplyexecutesomenumericalcodesfaster. In principle,applicationprogrammersdonothave to beaware
of what is goingon behindthecurtains,insidethevirtual machine.This total transparency, however, does
have adrawback,thatwe shalldiscusslaterin Section7.4.

ProposalD (directtranslationto bytecode)isnext in termsof impacttoexistingspecifications.It requires
new syntacticconstructsto be addedto the Java ProgrammingLanguage. Theseconstructsare strictly
additive, sincethereis no changeto thesyntaxandsemanticsof existing constructs,a positive feature.The
impactis limited to theJava ProgrammingLanguage,sincethebytecodegeneratedby translatingthenew
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Table1: A summaryof thecomparedcharacteristicsof eachapproach.

Criteria better worse
Impacton specifications VM D A
Functionality A D VM
Implementationefforts (minimal) VM D A
Implementationefforts (performance) A D VM
Achievableperformance A D VM

A: Array packagewith new syntax
VM : Virtual machinethatrecognizesmultiarrays
D: Direct translationto bytecode

constructsis entirelyconventional.TheJavato bytecodecompiler(javac) convertsmultiarraysto thesingle-
dimensionalarraysdirectly supportedby bytecode.Thereareno classlibrariesthatneedto be invoked in
supportof multiarrayswith proposalD.

ProposalA (Array packagewith new syntax)is theonewith mostimpactto existing specifications.It
requiresnew languageconstructs,eitherfor generalsupportof operatoroverloadingor dedicatedto multi-
arraysasin proposalD. In addition,it requiresa fairly sophisticatedstandardclasslibrary to implementthe
requiredfunctionality. If dedicatedsupportto multiarraysis addedto theJavaProgrammingLanguage,then
thisclasslibrary mustbecomepartof thecorerun-timesystem.

7.2 Functionality

Not surprisingly, the classificationof the approacheswith respectto functionality is oppositeto that with
respectto impacton specifications.ProposalVM requiresno specificationchangesbut it alsoaddsno new
features.In particular, proposalVM doesnotsupportthepassingof anarraysectiontoamethodthattakesan
arrayasparameter. Thisfunctionality, albeitin alimited form, hasbeenavailableto numericalprogrammers
sincetheearlydaysof Fortran.Both proposalsA andD allow thepassingof multiarraysectionsasmethod
parameters.

ProposalD doesnot go muchbeyond its supportof multiarraysectionsasparameters.Moreover, the
multiarraysin proposalD exhibit someundesirablecharacteristics,resultingfrom the way they are im-
plemented.Multiarraysin proposalD arenot implementedasindividual objects,but asa combinationof
objects(thestoragearray)andprimitive types(theshapeandweightsdescriptors).Whatthatmeansis thata
multiarrayis notderivedfrom Object , andthereforeit doesnotbehave asanObject . Wehave seenthat
we cannotreturna multiarrayfrom a method,a peculiarasymmetrywith respectto otherdatatypes.Also,
passinga multiarrayto a methodactuallyrequirespassingseveralparametersat thebytecodelevel.

ProposalA offers the richestandmostconsistentset of functionalities. First of all, eachmultiarray
is implementedas a singleobject, which doesbehave like a Java Object . In proposalA, multiarrays
canbereturnedfrom methodslike any otherdatatype. Furthermore,aggregatemultiarrayoperationscan
be trivially translatedto the appropriatemethodinvocations.ProposalA is the only onethat implements
comprehensive arraylanguagefunctionality, asonecanfind in Fortran90,MATLAB, andAPL.

We note that all of the above proposalsallow multidimensionalarraysto be supportedwithout any
changesto theJVM specificationson bytecode,thusensuringbackwardcompatibilitywith existingJVMs.
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7.3 Implementation efforts

At this point, it is importantto distinguishbetweentheeffort neededto createa minimally compliantim-
plementationand the effort necessaryto createa high-performanceimplementation. After all, the first
motivation for introducingmultidimensionalarraysin Java wasto improve the performanceof numerical
codes.Regardingaminimal compliantimplementation,approachVM requiresnoeffort, sinceexisting vir-
tual machinesalreadysupportcurrentJava arrays.ApproachD requiresa new Java to bytecodetranslator
that understandsthe new multiarrayconstructs.ApproachA, in additionto a new translator, requiresan
accompanying classlibrary.

Theclassificationis quitedifferentwhenwe take into accounttheeffort to producea high-performance
implementation.Independentof theapproach,it hasbeendemonstratedthatversioningfor boundscheck-
ing and alias disambiguation,followed by loop transformations,are importanttechniquesfor achieving
high-performanceon Java numericalcodes[1]. ApproachA actually facilitatesthe applicationof those
techniques,sincethe methodinvocationsthat appearin the bytecodeconvey all the semanticinformation
of theoperationsbeingperformed.For bothapproachesVM andD, theoptimizermustfirst “recover” the
multiarrayoperationsfrom bytecodethataremanipulatingeitherarraysof arrays(approachVM ) or single-
dimensionalarrays(approachD). In addition,for approachVM , theoptimizerhasto determinethatanarray
of arraysactuallyimplementsa truemultidimensionalarraybeforeproceedingwith optimizations.

7.4 Typical achievableperformance

In somesituations,all threeapproachescandeliver thesameperformancewhenequippedwith comparable
optimizationengines.More important,however, is to considerhow eachapproachbehaveswith typicaluser
code.

Let usfirst considerapproachVM . We expectthis approachto betheleastrobust in termsof its ability
to usethe (dense)multiarrayrepresentationandobtain the attendantperformancebenefits. As discussed
in Section6.2,simplefactorslike thepresenceof native methodsandunexpectedprogrammingstylescan
preventevenasophisticatedJVM from employing themultiarrayrepresentation.Theinability to recognize
a multiarraymay jeopardizemany importantoptimizations. The featureof transparency to the program-
mer, supportedby approachVM , also leadsto a lack of guidelinesto the applicationprogrammerin the
developmentof efficient code.

Both approachesA and D encouragethe applicationprogrammerto write codewith arraysthat are
known to be rectangularanddense.ApproachA hasadditionaladvantages.Aggregatemultiarrayoper-
ations,supportedby approachA, aretranslatedto methodinvocations.Thosemethodinvocationscanbe
implementedefficiently by asmartvirtual machine,throughsemanticexpansion,or by nativecodeaccessed
throughJNI. In approachD, only individual arrayelementoperationsappearin thebytecode.Furthermore,
the implementationof multiarraysin approachA is completelyhiddenfrom the programmer, even at the
bytecodelevel. Hiding thosedetailsopensthepossibility to new optimizationsfor Java. In particular, we
have discussedthebenefitsof usingablock recursive organizationof thearrayelements.

8 Conclusions

It is not a goalof this paperto pick a winneramongthethreeapproaches.Nevertheless,we candraw some
objective conclusionsthathelpidentify anddevelopgoodmultidimensionalarraysolutionsfor Java.

First, it is clearthatoneof theapproachesdiscussedin this paper, direct translationto bytecode,repre-
sentsa compromise.It is not astransparentasthe “enhancedvirtual machine”but it is not asintrusive to
existingspecificationsastheArray packageapproach.It providessomefeaturesfor numericalprogrammers,
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but not asmany astheArray packageapproach.Theeffort to implementa high-performancesystemwith
thedirect translationapproachis halfway betweentheothertwo approaches,asis thetypical performance
numericalprogrammerscanexpectto achieve.

Nothingpreventssomeonefrom writing a compilerthat translatesJava augmentedwith operatorover-
loadingand/orthenew languageconstructsto regularbytecodethatcanbeexecutedby a Java virtual ma-
chine. Correspondingly, anyonecanreleasea multiarrayclasslibrary in Java. However, for new features
to gain popularityandacceptance,it is importantto have standardization.The asymmetryin the multiar-
ray constructs(not being returnable,not behaving asObject ) with the direct translationapproachmay
seriouslydiscouragetheir adoptionaspart of the official Java language.The typically large sizesof Ar-
ray packageimplementationsmay alsodiscouragetheir inclusion in the core run-time systemof virtual
machines,thusposingdifficultiesto extendingthelanguagewith Array package-specificsyntax.

Enhancinga virtual machinewith thecapabilityto identify implicit multidimensionalarrayswill result
in a performanceimprovementfor someprograms.Our claim,however, is thatthis approachis notenough
in termsof achieving thehighestlevel of performanceon mostcodesanddelivering the functionality that
numericalprogrammersexpect.

Finally, we have arguedthat thechoiceof thebestapproachfor supportingmultiarraysdependson the
relative importanceattachedto variousmetrics. If greaterfunctionality for array-basedcomputationsand
high levels of performanceareconsideredto be themostimportant,theArray packagebasedapproachis
clearlythebestapproach.If having thesmallestimpacton thelanguageandvirtual machinespecificationis
deemedmuchmoreimportantthanimprovedfunctionalityandhighperformancefor awider rangeof array
codes,theenhancedJVM approachworksbest. If it is consideredimportantto take themiddlegroundon
all of thesemetrics,thedirecttranslationapproachturnsout to bethemostattractive approach.
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