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Abstract

Thelack of directsupportfor multidimensionahrraysin Jara™ hasbeenrecognizecasamajorde-
ficiengy in thelanguages applicabilityto numericalcomputing.lt hasbeenshavn that,whenaugmented
with multidimensionahrrays Java canachieve very high-performancéor numericalcomputingthrough
the useof compilertechniquesandefficientimplementation®f aggreyatearray operations.Threeap-
proacheshave beendiscussedn the literature for extendingJava with supportfor multidimensional
arrays:classlibrariesthatimplementthesestructuresrelying on the JVM to recognizethosearraysof
arraysthat are beingusedto simulatemultidimensionalarrays;and extendingthe Java languagewith
new syntacticconstructsfor multidimensionalarraysand directly compiling thoseconstructso byte-
code.This paperpresents balancedresentatiomf the prosandconsof eachtechniquean the areasof
functionality, languageandvirtual machineimpact,implementatioreffort, andeffect on performance.
We show thatthe bestchoicedependsn the relative importanceattachedo the differentmetrics,and
therebyprovide a commongroundfor arationaldiscussiorof the techniquethatis in the bestinterests
of the Java communityat large,andthe growing communityof numericalJava programmers.

1 Intr oduction

The multidimensionalrray (or multiarray for short)is anintuitive conceptfor numericalprogrammersn
Fortranand C. Multiarraysare d-dimensionarectangularcollectionsof elements.A multiarrayis charac-
terizedby its rank (numberof dimensionsor axes),its elementabatatype (all elementsof a multiarrayare
of thesametype),andits shape (the extentsalongits axes). Elementsof a multiarrayareidentifiedby their
indicesalongeachaxis. Let ad-dimensionamultiarray A of elementatypeT’ have extentn; alongits j-th
axis,j = 0,...d-1. Then,avalid index i, alongthe j-th axis mustbe greaterthanor equalto zeroandless
thann;. Ourdefinitionof multiarraysalsoincludesthefollowing: Thetype,rank,andshapeof amultiarray
areimmutableduringits lifetime. We will seethatthis immutability propertyhasimportantperformance
implications.

The Java Programmingd-anguagé™ doesnot supporttrue multidimensionakrrays.This hasbeenrec-
ognizedas a major deficieng in Java’s applicability to numericalcomputing. Whereasthe more recent
versionsof Fortran have significantly enhancedsupportfor multidimensionalarrays,Java provides only
single-dimensionadrrays. To someextent, it is possibleto simulatemultidimensionalarrayswith arrays
of arrays. For example,double[][] is an array of one-dimensionaarraysof double s, which canbe
usedto simulatetwo-dimensionahrrays.Figure 1(a)illustratesthe conceptof arraysof arrays,simulating
atwo-dimensionamultiarray This approachhowever, leavesmuchto bedesired.

Arrays of arraysarenot necessarilyectangulgrandcanleadto bothinter andintra-arrayaliasing,as
shavnin Figurel(b). Furthermorethestructureof arraysof arrayscanchangeduringacomputationThese



(a)regulararrayof arrays (b) irregulararraysof arrays

Figurel: The structureof anarrayof arrays. It canbe usedto simulatemultiarrays(a), andalsoto build
morecomplicatedstructuregb).

characteristicsnale the job of automaticallyoptimizing Java array code almostimpossiblefor existing
compilers.In contrastthetechnologyto analyzeandoptimizecodethatmanipulatesectangularfixedshape
multidimensionakrrayshasbeenmaturefor mary years,asdemonstratethy the succes®f commercially
available Fortrancompilers. Anotherlimitation of arraysof arrayshasto do with parametepassing.lt is
very difficult to passgeneralregular sectionsof anarrayof arraysbetweencallerandcallee. Referringto
Figurel(a),whereast is trivial to passrow 0 of arrayA to a method(just passA[0] ), it is not possibleto
passcolumnO of arrayA without first copying it to anotherone-dimensionarray

The performanceand functional benefitsof augmentinglaza with true multidimensionalarrayshave
alreadybeendemonstratefil]. Theimmutableandrectangulashape®f multiarraysenablethe application
of variouscompilertechniqueso Java, includingloop transformationgndautomaticparallelization.It also
becomesnuchsimplerto passmultiarray sectionsbetweercallerandcallee. In the faceof thesebenefits,
therehave beensereral proposaldo supporttrue multidimensionabrraysin Java.

Most of the previous proposaldor supportingmultidimensionalarraysin Java have focusedon class
librariesthat provide array languagefunctionality (suchasfound in Fortran90) in Java. A proposalfor
standardizationf amultidimensionahrrayclasslibrary is officially underwayasJSR-08312]. It hasbeen
demonstratethatcompilerscanoptimizeJava codeusingthesemultidimensionahrraylibraries,achieing
performancesimilar to state-of-the-arfortrancompilers.Onedeficieng with the classlibrary approachs
that the syntaxfor the applicationprogrammelis cumbersome This hasled to someproposalgo extend
the syntaxof the languageo supportmultidimensionakrrays,possiblythroughoperatoroverloading.The
new constructsimply addto existing Java syntax.All currentlyvalid Java programsemainvalid with their
currentsemanticsTheJava sourcecodecanthenbetranslatedo Java bytecoddhatinvokestheappropriate
methodsof theclasslibrary.

Anotherapproachhat hasbeendiscusseds translatingan extendedmultiarray syntaxdirectly to Java
bytecode.We shav how multidimensionalarray declarationsand operationscanbe directly translatedo
Java bytecode without requiringary additionalclasslibraries. Our approachsupportsarraysof arbitrary
typeandrank,andleadsto bytecodehatcanbe executedon existing virtual machines.

Finally, athird approacthathasbeendiscussedh theliteratureis thatof relying exclusively onthe JVM
to recognizahosearraysof arraysthatarebeingusedto simulatemultidimensionabrrays.In thisapproach,
no new languageconstructarenecessarasit is up to the JVM to choosea moreefficientimplementation
for thosearrays.Thisapproacttanalsodeliver goodperformancaevhenthe JVM analysigs preciseenough,
but it doesnotimprove theexisting interfacesfor numericalcomputing.

Themajorgoalof thispaperis to deliveracomparatre discussiorof thethreeapproachet addingmul-
tidimensionalarraysto Java presentedbove. We startin Section2 with anillustration of the performance
andinterface problemsassociatedvith Java arraysof arrays. In Section3 we presenta possiblesyntax
for multiarraysin Java, anddiscusghe performancempactof supportingtrue multidimensionahrrays.In
Sections4, 5, and6 we introducethethreeapproachediscussedbove: classlibrary, directtranslationand



transparenthby the JVM, respectrely. We presenta descriptionof the threeapproachedjsting the pros
andconsof each. In Section7, we compareeachof the approachesvith regardsto functionality impact
on the languagespecificationjmplementatiorefforts, andtypical achiezable performance.We shawv that
all approacheblave their meritsandproblems.This comparisorieadsto anobjectve classificatiorof these
threeapproachedt formsthebasisfor arationaldecisionregardingtheirimplementatioranddeployment.
Finally, in Section8 we concludethis paperanddiscusduture actvities.

2 Javaarrays of arrays

As arunningexamplethroughouthis paperwe consideitheimplementatiorof two method$rom thebasic
linearalgebrasubroutine¢BLAS): dgemv anddgemm Figure 2 shavs the codefor animplementatiorof
dgemv usingregularJava arrays.This methodcomputes

y «+ aAz + By,

whereA is amatrix of doubleprecisionfloating-pointvaluesandz andy arevectorsof floating-pointvalues.
A denoteitherAT (whenthetrans flagis true) or A (whenthetrans flagis false). We computethe
matrix-vectormultiply in two differentways,dependingn the valueof thetrans flag. If trans istrue,
thenelement of y is thedot-producof column: of A by vectorz, scaledby « andaddedo Sy;. Otherwise,
element of y is thedot-productof row ¢ of A by vectorz, scaledby o« andaddedto Sy;.

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[II*X[];
yli] = alpha*s + beta*yJi];
}
} else {
for (int i=0; i<m; i++) {
double s = 0;
for (int j=0; j<n; j++) s += A[II*X[];
yli] = alpha*s + beta*yJi];

}
}

return;

Figure2: Thedgemv methodwith Java arrays.

CurrentsuccessfuFortrancompilersfor high performancenumericalapplicationsinclude optimizers
capableof applyinghigh ordertransformation$18] to the code.Thesetransformationsnclude,but arenot
limited to, loop fusion,unimodulartransformationsoop tiling, unroll-and-jamandloop parallelization2,
16, 21]. Now, considerthe job of a Java just-in-time compilerasit optimizesexecutionof the bytecode
generatedor theloop nestsin theabore dgemv example.Beforeit canapplyary transformationso aloop
nest,the compilermustprove that(i) theloop nestexecuteswithout exceptions(ii) thearraysinvolved are
not aliasedto eachotheror to themseles,and(iii) theshape®f thearraysdo notchangeduringexecution.
In generalthesepropertiescannotbe verified at compiletime.

Onesolutionis to apply versioningto dynamicallyselectbetweenwo instancef a loop nest: a safe
instancehatis guaranteedo not generatexceptions andanunsafe instancghatmay generatexceptions.



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[II*X[];
yli] = alpha*s + beta*yJi];

} else {
if ((m <= y.length) && (n <= x.length) && (V i, n <= Ali].length) && (m <= A.length)) {
/'l safe version
for (int i=0; i<m; i++) {
double s = 0;
for (int j=0; j<n; j++) s += A[]II*[];
ylil = alpha*s + beta*yJi];

} else {
/1 unsafe version
for (int i=0; i<m; i++) {
double s = 0;
for (nt j=0; j<n; j++) s += A[[I*x[];
ylil = alpha*s + beta*y][i];
}
}
}

return;

Figure3: Thedgemv methodwith Java arraysanda versioningtestfor exceptionsafety

Figure 3 shaws the versioningtransformatiorappliedto the “no transpose’loop nestof dgemv. We note
thattheversioningtestcanbe expensve, asit requirestestingthe lengthof all rows of arrayA.

The versioningin Figure 3 is not good enoughto enablecompilertransformationsas there may be
aliasingamongthe arraysA, x, andy. Therefore,we augmentthe versioningtestto checkfor possible
aliasing,asshawn in Figure4. Again, thetestis madeexpensve by the needto verify the aliasingbetween
arrayy andeachrow of arrayA.

Onemorestepneeddo betakento ensurethatthe compilercanoptimizethe loop nest. Sinceanother
threadn thesameaxecutioncontext couldbemodifying theshapeof arrayA, we needto make a privatecopy
of thatarray We accomplishithatby creatinganew arrayof arraysA’ , andcopying into eachelemenif A’
apointerto the correspondingow of arrayA. Similar to the versioningtest,this operationhascompleity
proportionalto the numberof rows of arrayA. This privatizationoperationis illustratedin Figure5. The
safeandalias-fredoop nestin thatfigure cannow be optimizedwith traditionalloop transformations.

Figure6 shavs thecodefor animplementatiorof dgemmusingregularJavaarrays.Thedgemmmethod
computes

C + BC + aA x B,

whereC, A, and B arematricesof doubleprecisionfloating-pointnumbers. A denoteseither A7 (if the
transa flagis true) or A (if thetransa flagis false). The sameholdsfor B andthetransb flag. The
computatiorof theresultingC matrixis doneonecolumnatatime. If transb  isfalsethenthei-th column
of the resultingmatrix is computedwith a dgemv call for matrix A andthe:-th columnof B. Otherwise,
thei-th columnof theresultingmatrix is computedwith a dgemv call for matrix A andthei-th row of B.
Notethatfor eachvalueof i, we have to extractthei-th columnof C into adouble[]  array in orderto
passit to thedgemv method.We thenhave to copy theresultingvectorbackinto columni of C. We also
needto performacopy to passhei-th columnof B to dgemv. This exampleillustratestheincorveniences



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[I*x{l;
yll = alpha*s + beta*yl[i;
} else {

if ((m <= y.length) && (n <= x.length) && (n <= AJi].length Vi) && (m <= Alength)
&& (y = x) && (y = Al Vi) {
/1 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*X[];
ylil = alpha*s + beta*yJi];

}

} else {

/'l safe version

for (int i=0; i<m; i++) {
double s = 0;
for (int j=0; j<n; j++) s += A[][I*X[];
ylil = alpha*s + beta*yJi];

}
}

return;

}

Figure4: The dgemv methodwith Java arraysanda versioningtestfor exceptionsafetyandaliasdisam-
biguation.

of parametepassingwith Java arraysof arrays.

3 Multiarray constructs

In this sectionwe describesyntacticadditions first proposedy MichaelPhilippserandRoldanPozoof the
Java GrandeNumericsWorking Group,to representnultiarraysin Java. By implementinga parserfor this
new syntaxwith JasraCUP(http://www.cs.pr in ceton .e du/” appel /moder n/ jav a/ CUP),we
have verified thatthey do notto causeary parsingconflictswith the existing Java syntax. We alsodiscuss
how the propertiesof multiarraysfacilitate compileroptimizationsandsupportbetterlibrary interfaces.In
thenext sectionswve will discusshow to actuallyimplementthesemultiarrayconstructsn Java.

3.1 Syntax

We needa syntaxthat differentiatesmultidimensionalarraysfrom Java arraysof arrays. A referenceo a
d-dimensionamultiarray of type (type) is declaredas (type)[[+{, *}¢~1]], where{}¢~! denotegepetition

of a patternd — 1 times. For example,double[[*]] x declarex asa referencdo a one-dimensional
multiarrayof double s,andfloat[[*,*]] Y declaresy asareferenceo atwo-dimensionamultiarray
of float s.
A d-dimensionamultiarrayof shape(ng, n1, - . . ,n4—1) andtype (type) is createdwith the construct
new <t ype>[[n07n17 cee a’n’d—l]]-



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[II*X[];
ylil = alpha*s + beta*yl[i];
}
} else {
double[][] A’ = new double[m][]; for (int i=0; i<m; i++) AT = A[i];
if ((m <= y.length) && (n <= x.length) && (n <= AYi].length Vi) && (m <= A'length)

&& (y '= x) && (y = AV Vi) |
/1 safe and alias free version
for (int i=0; i<m; i++) {
double s = 0;
for (int j=0; j<n; j++) s += AT

ylil = alpha*s + beta*yJi];
}
} else {
/1 safe version
for (int i=0; i<m; i++) {

double s = 0;
for (int j=0; j<n; j++) s += A[[PX0l;
yll = alpha*s + beta*yl[i;

}
}

return;

}

Figure5: The dgemv methodwith Java arrays,array privatizationfor threadsafety anda versioningtest
for exceptionsafetyandaliasdisambiguation.

public sfafic void dgemm(boolean transa, boolean {transb, int m, int n, Iint 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++) cf] = C[If;
if  (transb) {
dgemv(transa,alpha,A,BJi],beta,c);

} else {
for (int j=0; j<n; j++) b{l = Bl
dgemv(transa,alpha,A,b,beta,c);
}
for (int j=0; j<m; j++)  CIilli] = cfil
}
return;
}
Figure6: Thedgemmmethodwith Java arrays.
For example,x = new double[[n]] andY = new float[[m,n]] arevalid assignmentssince
thetypeandrankof the createdarraymatcheghetypeandrankof thereferencerariable.We notethatnew
double[[n]] is differentfrom new double[n] . Theformercreatesa one-dimensionainultiarrayof

double s,whereadhelatercreatesa(corventional)Java array
Individual elementsarereferencedisingcornventionalsubscripinotation,with singlebracletsandcom-
mas(“,”) separatinghe indicesfor the differentaxes. Array elementsanbe usedeitherasavaluein an



expressionor asthe tamget of an assignment.Figure 7 shavs the codefor the dgemv methodusingthe
proposedanguageconstructs.The only differencesbetweenthis codeandthat of Figure2 arein (i) the
declaratiorof the multiarrays,(ii) the useof two-dimensionalndexing for multiarray A, and(iii) m andn
no longerneedto be explicitly passedn asparameters.

pubIlic stafic void dgemv(boolean frans, 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[LIX];
yll = alpha*s + beta*yl[i;
} else {
for (int i=0; i<m; i++) {
double s = 0;
for (int j=0; j<n; j++) s += A[i,j*x[];
yll = alpha*s + beta*y][i;

}

return;

Figure7: Thedgemv methodusingmultiarrayconstructs.

The syntaxalsosupportsarraysections.Wheneer a multiarrayis expectedi,it is legal to usea regular
sectionof a multiarray A regular sectionis definedby specifyinga rangeof indicesor a singleindex for
eachaxis of a multiarray A rangeof indicesis an arithmeticprogressiorof index valuesspecifiedby the
form f : lor f : [ : s, where f representshe first index in therange,! is the lastindex in the range,
ands is the stride (or increment)betweenconsecutie indices. If s is omitted,thenit is treatedas1. It is
alsopossibleto usejust a colon (“:") to denotea range,which represents rangegoing from 0 to largest
index for thataxis, in stepsof 1. Therankof a multiarraysectionis equalto the rank of the original array
minusthe numberof index constructghat are single values(not ranges). The codefor dgemmis shavn
in Figure8. This exampleshavs moresignificantdifferencesvhencomparedvith Figure6. We notethat
the computationof the matrix-multiply is muchsimplified by our ability to extractsectionsof multiarrays.
We directly passthe-th columnof C to dgemv. We alsopasseitherthe:-th row or thei-th columnof B,
dependingon thevalueof transb

Eachd-dimensionamultiarray A hasassociateavith it a datavector D4 anda d-elemenishape vector
n? (of integers). The datavector D4 is a one-dimensionalava arrayof the sameelementatypeas A, and
it representghe storageareafor the elementof A. Theshapevectordescribeghe extentsof A alongeach
axis. A referencdo D4 canbe obtainedthroughmethoddata()  on multiarray A. The valuesof n{‘ can
be obtainedby invoking methodsize( i) onmultiarray A.

3.2 Performanceimpact

Java codewith multiarrayscanbe optimizedthroughthe sameversioningtechniquesliscussedh Section2.
However, asshavn in Figure 9, the versioningtestis much simplerandfaster Exactly two parameters
definethe numberof rows and columnsof arrayA. Alias disambiguatiorbetweeny andx andbetweeny
andA requiregust a simplecomparisorbetweerthe correspondinglatastoragepointers.Finally, sincethe
shape®f multiarraysareimmutable privatizationis notnecessatry



public stafic  voild dgemm(boolean transa, boolean transb,
double alpha, double[[*,*]] A, double[[*,*]] B,
double beta, double[[*,*]] C) {

int p = C.size(l);

for (int i=0; i<p; i++) {
if  (transb) {
dgemv(transa,alpha,A,B[i,:]],beta,C[[:,i]]);
} else {
dgemv(transa,alpha,A,BI[:,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[]PX[];
ylil = alpha*s + beta*yJi];
} else {
if ((m <= y.length) && (n <= x.length) && (n <= Asize(1)) && (m <= A.size(0))
&& (y.data() 1= x.data()) && (y.data() 1= A.data())) {
/1 safe and alias-free version
for (int i=0; i<m; i++) {
double s = 0;
for (int j=0; j<n; j++) s += ALl
ylil = alpha*s + beta*yJi];
} else {
/1 unsafe version
for (int i=0; i<m; i++) {
double s = 0;
for (int j=0; j<n; j++) s += ALl
ylil = alpha*s + beta*y][i];
}
}
return;

}

Figure9: The dgemv methodwith multiarraysanda versioningtestfor exceptionsafetyandaliasdisam-
biguation.

To demonstrat¢éhe bottom-lineimpactof multiarraysin Java, we implementedNINJA [15], aprototype
Java compilerthat supportsmultiarrays. NINJA automaticallyperformsversioningof loop nests,andap-
plies high-orderloop transformationsand parallelizationto the safeandalias-freeversionsof thoseloops.
We appliedNINJA to a suite of six numerically-intensie Java benchmarksmatmul (a matrix multiply),
microdc (aniterative job solver), lu (anLU factorization),cholesky (a Cholesly factorization) bsom (a
neuralnetwork datamining kernel),andshallow (a shallav-watersimulation). Resultsfor experimentson
a200MHz POWER3machineareshavn in Figure10.

Figure 10(a) compareghe performanceobtainedwith single-threadedersionsof eachbenchmarks:
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Figurel0: Performancémpactof multiarrayson variousnumericalbenchmarksNumbersatthetop of bars
in plot (a) represenmeasuredflops.

(i) a Fortran90 versioncompiledwith a state-of-the-arEortrancompiler (ii) a versionwith Java arrays
executedwith the bestcommercialJava ervironmentavailable in the machineat the time of experiment,
and(iii) aversionwith multiarrays,compiledandexecutedoy NINJA. It is clearthatthe multiarrayNINJA
versioncanbe several timesfasterthanthe Java arraysversion,and canachieze from 80 to 100% of the
Fortran90 performance.

Figurel0(b)shavsthespeedupbtainedhoughautomatigarallelizatiorof loopsperformedoy NINJA,
whenJava codewith multiarraysis executedon 1, 2, 3, and4 processorsSpeedupsrerelatie to single-
processoperformancenf eachparallelcode. We obsenre that high efficieng is achiered in mostbench-
marks,with betterthan2 speedumn 4 processoror all but cholesky.

4 A multiarray package

The Array packagefor Java consistsof a group of classeghat implementtrue multidimensionalarrays.
The Array packagewas designedwith several goalsin mind: (i) to provide the functionality expected
from multiarraysby programmer®sf numericallyintensve applicationsand(ii) to enablehigh-performance
optimizationshy leveragingexisting compilertechniquesThis sectionwill present high level description
of the Array packageandits multiarrays(which will be denoted'Arrays” to distinguishthemfrom generic
multiarraysandJava arrays).It alsodiscussethe benefitsandcostsof incorporatinghe Array packagento
Java. A moredetaileddescriptionof the Array packagecanbefoundin [14].

4.1 A description of the Array package

The Array packagefor Java is a library basedmplementatiorof multiarrays. The denseandrectangular
shapeof multiarraysfacilitatethe applicationof automaticcompileroptimizations.

The classhierarchyof the Array packagés straightforvard. The leavesof the hierarchycorrespondo
final concreteclasseseachimplementingamultiarrayof specifictypeandrank. For example,doubleAr-
ray2D is atwo-dimensionalArray of doubleprecisionfloating-pointhnumbers.The shapeof an Array is
definedat objectcreationtime. For example,



intArray3D A = new intArray3D(m,n P );

createsanm x n x p three-dimensionahrray of integer numbers.Defining a specificconcretdinal class
for eachArray type andrank effectively bindsthe semanticgo the syntaxof a program enablingthe useof
maturecompilertechnologythathasbeendevelopedfor languagesik e FortranandC.

A versionof dgemv with the Array packagds shavn in Figurel1l. We notethatit is a straightforvard

translationof the multiarray codein Figure7. A versionof dgemmwith the Array packages shavn in
Figurel2.

public sfafic void dgemv(boolean trans, double alpha,
doubleArray2D A, doubleArraylD  x,
double beta, doubleArraylD vy) {

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;

Figurell: Thedgemv methodwith the Array package.

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

int p = C.size(l);

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

return;

Figurel2: Thedgemmmethodwith the Array package.

TheArray packagesupportelement-wiseandaggrgateoperationson Arrays. For example,computing
atwo-dimensionalArray C of shapem x n, whereeachelements the sumof the correspondinglements
of Arrays A and B (alsoof shapem x n), canbe written asshavn in Figure13. A proposedsyntaxfor
aggr@ateArray operationss shavn 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) +Bget( .j) )

(a) codeusingelementabperations

O
I

A.plus(B);

(b) codeusingaggregateoperations

(c) proposedsyntaxfor aggregateoperations

Figure13: Examplesof Array operations

Thereare subtledifferencesdhetweerthe elementabindaggrgateforms. The aggrgateform enforces
array semantics. all elementsof A and B arefirst read,the additionis performed,andonly thenarethe
resultingvalueswritten to the elementf C'. Thefirst (element-wiseyersioncomputesoneelementof C
atatime. If C happengo sharestoragewith either A or B, theresultingvaluesof elementof C maydiffer
from theaggregateform. A secondlifferencebetweertheaggrgateandelementaformsis in thereporting
of out-of-boundsor null pointeraccessesThe aggrgateoperationdetermindf any accessmplied by the
computatiorof theoperationcancauseanaccesgxception.If anexceptioncausingaccesseis implied, the
exceptionis throvn immediately This meanghataggrgateoperationsitherexecutecompletely or leave
theresultArray unchangedin contrastthe elementaform of the operationmay changesomeelementsof
C beforethe exceptionis thrown. Both element-wiseandaggreateforms have their merits,andthe Array
packages designedso that the two forms canbe aggressiely optimizedaswith state-of-the-arFortran
compilers.

4.2 A critique of the Array package

To supportfull Array functionality accessomethodsandspecialclassegor objectsto be usedassubscripts
(Index andRange) aredefinedto allow sectionf Arraysto bespecified Becaus¢hesemanticspecifica-
tion of Array operationgs containedvithin theclasse®f the Array packageno JVM changesrenecessary
to supporttheseprogramsthusinsuringportability acrossexisting JVM’s.

The Array packagespecificationrequirescertainclassesvith well-definedsemanticgo be supported.
Although a referencamplementatiorexists, shouldthe Array packagebecomea standardt is likely, and
desirablethatthird partyimplementationsvill be developed.Becausehe Array packagedoesnot specify
how the elementsof an Array arelaid out (in the spirit of Java arrays),it is possibleto implementlayouts
basedn spacdilling curnesandrecursve blocking[5, 10, 11]. Someresearcheradwocatea specificlayout
for the elementf a multiarray with the amgumentthatsuchspecificationwvould facilitatethe development
of performance-portablcode.We notethatexposinginternalobjectlayoutsis againstlava’s philosophy It
alsopreventsfuture optimizationsarisingfrom advancesn datastructuresandalgorithms.

Theimplementationsf the BLAS andotheraggrgateoperationsandvariouselementabperationsan
bevery sophisticatedandbuilt uponexisting librariesusingJNI [4, 8, 19]) for applicationgrequiringhigh
performanceAlternatively, avery simpleimplementations alsopossible)eadingto asmallArray package
implementatiorandallowing it to be downloadedmoreeasilyandto fit on clientswith muchlessmemory
thanhigh performanceomputeseners.

11



To obtainmaximalperformancdrom programswritten with the Array packagesomeJVM supportis
necessaryA simple,local optimizationcalled semantic expansion [22] allows elementabhccesseto be as
efficientasin C andFortran,andallows efficient supportof complex numbersandmultiarraysof complex
numbers.

The designof the Array packagemalesit very easyfor a JVM to optimize programsthat useArrays.
BecauseArrays are rectangulaiit is easyto automaticallygeneratesfficient multi-versioncodeto create
programregionsthatarefree of acceswiolationsandamenabldo otheroptimizations.

Array propertiesallow for asimpleandeffective run-timealiasingtestto be developed.Theinclusionof
testsat the begginning of aggrgateoperationdo ensurghatno acceswiolationsoccurduringthe computa-
tion of the operationallow low overheadboundsoptimizationsalreadypresenin somedynamiccompilers
(eg., the ABCD test[3]) to bevery effective.

Without syntacticsupport,howvever, the Array packagecan be cumbersomdo use, as seenin Fig-
urel3(a). Thatcodecompute<C]i,j] = AJi,j]+Bli,j] ,whichis muchclearerthantherepresenta-
tion usingmethodcallsseenin thefigure. Syntaxsupportcanbeincludedin two ways: by addingoperator
overloadingto Java [7], or by addingsyntaxto the Java corelanguage.The formeris stronglyopposedy
mary becausét requiresa large changeto the basiclanguageandcomplicateghe useof the language.lt
hasthe adwantagethat the Array packageonly needsto be hostedon machinesmaking useof the Array
package.In the latter approacha multiarray syntax,aspresentedn Section3, would be supportedy the
Java to bytecodetranslatorjavac. Whentranslatingmultiarrays,javac would make the appropriateaefer
encedo the Array packageThis lastapproacthasa smallereffect on thelanguagedefinition, but, it makes
Array operationgartof the standardlavalanguageThisin turnrequireshatthe Array packagdor Javabe
partof the coreJavalibraries,andplacesa high premiumon the developmentof a compacistandardmple-
mentation.Threepromisingapproache$or developingsucha compactepresentatioare: (i) only support
arestrictedrangeof arraydimensiongi.e., up to three);(ii) within the Array packaggandtransparentlyo
theuser)mapall arraydimensionalitieso the highestsupportedlimensionalityand(iii) exploit theregular
natureof the Array packageto have the install packagecontaina programto generatehe Array package
classegatherthan containthe classeshemseles. We notethat the latter only minimizesthe size of the
install packageand not the installed packagehut eventhis approachwill mitigate mostof the impactthe
the Array packagesizefor the StandarcandEnterpriseeditionsof Java.

5 Directtranslation of multiarrays to bytecode

In this section,we describeanotherapproactto implementingmultiarraysin Java. It consistof translating
the multiarray syntacticconstructof Section3 directly to JVM bytecodewithout underlyinglibrary sup-
port. Java-like languagesvith multiarrayconstructdiave beenproposedn [20, 23]. Theideaof addingnew
languageconstructdo Java thattranslatedirectly to bytecodevasdemonstratetb be effective for complex
numberdn [9, 17].

5.1 Translation rules

This sectionpresentdranslationrulesfor the new multiarraylanguageconstructdirectly to bytecode.In
the interestof clarity, we illustratethoserules by shawving not the bytecodegeneratedbut the Java code
equvalentto thatbytecode.

Sometranslatiorrulesareillustratedin Figure14,which shavs thetranslatedcodefor thedgemv code
of Figure7. A d-dimensionamultiarrayis representetly 2d + 2 values:a datastoragepointer ad-element
shapevector anda (d + 1)-elementweightsvector Theweightsvectordescribeshe placemenof elements
in the datavector Let wg“ representhe i-th elementsof the weightsvectorw4. Eachelementof array A
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correspondso oneandonly oneelemenbf the dataarray D4 accordingo thefollowing relation:
A [’i(), e ,’id_l] = D4 [’i()’ll)() + . g we—1 + wd] . D

Formalparameterd (adouble[[*,*]] ) is expandednto six parametergline 2): (i) thestoragearea
A; (ii) the shapeparameterfA$n0 and A$nl; and(iii) the weightsparametelA$wO, A$w1, and A$w2.
Formal parameters: andy are expandednto four variables,asnecessaryo represent one-dimensional
multiarray (lines 3 and5, respectiely). In generaleachd-dimensionamultiarrayin the formal parameter
list of amethodactuallycountsas2d+ 2 parametersowardthelimit of parameterpermethodthatbytecode
supports.

T public  static  void dgemv(boolean trans, double alpha,

2 double[] A, int A$nO, int A$nl, int A$wO, int A$wl, int A$w2,
3 double[] x, int x$n0, int x$w0, int x$wil,

4 double beta,

5 double[] y, int y$n0, int y$wO, int y$wl) {

6

7 int m = y$no;

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[*ASWO + i*A$wl + ASw2]*x[j*x$wO0 + x$wil];
14 yli*'y$w0  + y$wl] = alpha*s + beta*y[i*y$w0 + y$wi];

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[*ASWO + jFASwWl + ASW2]*x[j*x$wO0 + x$wi];
20 yli*ry$w0  + y$wl] = alpha*s + beta*y[i*y$wO + y$wi];

21 }

22 }

23

24 return;

25 }

Figure14: Translationof multiarraycodefor dgemv.

Invocationof thesize methodonamultiarrayis replaceddy directaccesso theshapevariablesof that
multiarray Thisis illustratedin lines7 and8 of Figure14. Lines 13, 14,19, and20 of Figure14 illustrate
how multiarray elementaccessearetranslatedo anindexing operationinto the datastorageareaof the
multiarray accordingio Equationl.

It is not possiblefor a methodto returna multiarray sincethis would requirethe return of multiple
values(datastorage,shapevector and weightsvector). Although this restrictioncreatesan asymmetry
in the languageresultarrayscanbe passedas an extra agumentto befilled in by the method. From a
performanceperspectie, this is the preferredapproacharnyway, sinceit avoids the expensve operationof
creatinga new arrayto returntheresult.

Additional translatiorrulesareillustratedin Figure15, which shavs thetranslateccodefor thedgemm
in Figure8. Extractinga columnor arow of atwo-dimensionamultiarrayis accomplishedy computing
theappropriateshapeandweightvectorsfor a one-dimensionainultiarray Thisis illustratedin the callsto
dgemv in lines11-15and18-21.

5.2 A critique of usingdirecttranslation to implement multiarrays

The primary accomplishmenof this approactis thatit allows true multiarraysto be expressedn Java by
modifying the grammarand languagespecification leaving untouchedhe virtual machinespecification,
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I public  static  void dgemm(

2 boolean transa, boolean transb, double alpha,

3 double[] A, int A$nO, int A$nl, int A$wO, int A$wl, int A$w2,
4 double[] B, int B$nO, int B$nl, int B$wO, int B$wl, int BIw2,
5 double beta, double] C, int C$n0, int C$nl, int C$wO, int C$wl, int CHw2) {
6

7 int p = C$nl;

8

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

10 if (transb) {

11 dgemv(transa, alpha,

12 A, A$nO, A$nl, A$w0, Aswl, Asw2,

13 B, B$nl, B3wl, B$w2+i*B$wO,

14 beta,

15 C, C$n0, C$w0, C$w2+i*C$wl);

16 }

17 } else {

18 dgemv(transa, alpha,

19 A, A$nO, A$nl, A$w0, Aswl, Asw2,

20 B, B$n0O, BIwO, BIw2+i*B$wl,

21 beta,

22 C, C$n0, C$w0, C$w2+i*C$wl);

23 }

24 }

25

26 return;

27 }

28 }

Figure15: Translationof multiarraycodefor dgemm

thatis, the semanticof bytecode.Therefore gventhoughthis techniquerequiresfairly significantchanges
to javac, it allows classedo be written andcompiledin an ervironmentthat hasthe changedavac, with
bytecodebeingproducedhatcanexecuteon ary JVM.

The multiarrayssupportedallow a limited form of array sectionsthosewhich canbe representedby
triplet notation,to be passedisparametersMore generalsubsetof rows andcolumnsare not supported,
andit is not clearhow to supportthemwithout greatlycomplicatingboththe generatiorof bytecodeandthe
Java grammar Moreover, becauseghe supportednultiarraysarea collectionof objectsratherthanasingle
object, they cannotbe returnedby methods. Othercomplicationsincludethe behaior of instanceof
andthereflectionservices.

More positively, multiarraysof ary rank are supportedoy this techniquesincethe generatiorof byte-
codefor allocationand accessof multiarraysis driven by parsing,andnot by the preistenceof classes
correspondingo multiarrayof the desiredrank. For similar reasonsthe elementf the multiarraycanbe
ary legal Javatype.

6 Usingan EnhancedJVM to Support Multiarrays

In this section,we discussan alternateapproachhat doesnot requireary changego the languaggat the
sourceor bytecoddevel) or ary new classesn the classlibrary. Instead,t reliesonthe JVM to usedense
multidimensionalarrayswhenit is safeto do so. The JVM caninternally usea multiarrayin placeof an
arrayof arraysbasedn compileranalysisor runtimeinformation,or both.
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6.1 Basicapproach

The compilerbasedapproachinvolves performinga shapeanalysisof arraysandusinga denserepresen-
tation whenthe analysisshavs that the arrayis rectangulaf6]. This approachcanbe quite effective on
simplecasesandenablegeneratiorof efficient code.However, it hasthe dravbackof requiringwhole pro-
gram analysis, whichis notonly expensve in compilationtime but alsoimpracticalin Java dueto dynamic
languagdeaturedik e dynamicclassloading.

A simplerapproactis for the JVM to useruntimeinformation,asproposedn [13]. In thisapproacha
flagis includedin theinternalrepresentationf anarrayto indicateif it is dense.Thedense flagis setwhen
the arrayis creatednitially (the JVM bytecodemultianewarray is usedto createa multidimensional
array).For instanceconsiderthefollowing statement:

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

The JVM allocatescontiguousspaceto hold all the elementof thetwo-dimensionahrray but alsocreates
anarrayof row pointers,asshavn in Figure 16, allowing the representatioto be consistenwvith the Java
languagespecification. Any time the structureof the arrayis modifiedwith a direct assignmento a row
of thearray(suchaswith statementsf theform A[i] = new double[2*n] orAJil = BJ[i] ), the
densdlagis reset.

A——9E0SEL] o) | A | a2 | - [Alm)
[atoio] - - - faoin]amo] - - - Janim] - - fatmiio] - - - faimim)

Figurel6: A densaepresentatiofor Java arrays.

In generalcodehandlingarrayshasto be preparedor the possibility thata multidimensionakrrayis
not alwaysdense.This problemmay be overcomeby applyingcodeversioning,whereoneversionof the
codeis optimizedfor the casewherethe arraysbeingreferencediredensewhile anotherversionhandles
the casewherethe arraysarenotdense.

6.2 A critique of the enhancedJVM
approach

An oblvious adwantageof this approachis thatit requiresno changedo the Java languageor the JVM
specification.The programmeicanenjoy the performancéenefitsof multiarrayrepresentatiofor existing
Javaprogramsn alargely transparenmanner

However, the JVMs do needto becomemaoresophisticatedthancurrentJVMs) to detectthe denseness
propertyof arraysautomaticallyandtherearelikely to be mary situationswhenevena sophisticatedVM
wouldfail to detectthatit is safeto usea multiarrayrepresentationf-or instancejn the presencef acall to
anative method,a JVM may beforcedto assumesonseratively thatthe shapeof anarraymaybe changed
by the native code.Furthermorethereare programmingstylesthatcancausea given analysistechniqueto
fail. For example,while it is easyto recognizea two-dimensionahrraycreatedn a singleoperation:
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double[][] a = new double[m][n];

it may be moredifficult to detectonewhosecreationis spreacover mary steps:

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

In particular the simple runtime analysiswith the dense flag, describedn Section6.1, would fail on the
lattercode(i.e., it would indicatea nondensarray).

A seconddravback of this approachis thatit offers no new featuresthat make it more corvenientto
write array-intensie codes First, high-level aggrgateoperationdik e copying or additionof arrayshave to
benecessarilyprogrammedn termsof loopswith element-wisaperationsSecondthereis no supportfor
creatingsectionsof arrays,andhence nho supportfor passingarraysectionsasparametersAs anexample,
for identicalcomputation®ver arow anda columnof anarray it is notpossibleto directly passthatrow or
columnasanargumentto a genericmethodoperatingover avector

In summarytheapproachof relying exclusively on JVM analysido detectmultiarrayshasno barriersto
acceptancethereareno issueswith regardto standardizatioof any new constructsandno codemigration
issues.However, this transparenc comesat a price of requiring significantsophisticationn the JVM to
realizegoodperformanceandthelik elihoodof frequentfailuresin obtainingthe performancéenefitsdue
to factorslike calls to non-analyzecdodefragmentsand unexpectedprogrammingstyles. Furthermorejt
supportsamuchreducedunctionalityfor writing array-basedodesin a convenientmanner

7 Comparison

In theprevioussectionsye discussedhreedifferentapproacheto “adding” multidimensionabkrrays(mul-
tiarrays)to Java. For eachof thoseapproachesywe discussedts intrinsic prosand cons. We now turn
to a morecomparatre analysiswith the goal of establishingan objectve classificationof thosethreeap-
proachesWe comparghemwith regardsto theirimpacton (i) languageandvirtual machinespecification
(in which we considerlessimpactto be better), (i) functionality (more functionality is better), (iii) im-
plementatiorefforts (lesseffort is better),and (iv) typical achievable performancdghigherperformancas
better). We summarizeour findingsfor eachof thosecriteriain Table1, discussinghemin more detail
below. For purposeof this discussionwe namethe proposalsA (Array packagewith nen syntax),VM
(betterJVM thatrecognizesmplicit multiarrays),andD (directtranslationto bytecode).

7.1 Impact on specifications

ProposaMM (a bettervirtual machine)is clearly the onewith the leastimpacton currentJava and JVM
specifications.More precisely thereis no impact, sinceit is entirely up to the virtual machineinternals
to recognizeand supportmultiarrays. No newv languageconstructsclasslibraries, and/orbytecodesare
necessary Equally important, there are no standardizationssuesand no compatibility issues. A better
virtual machinethat, asdiscussedn Section6, recognizesand supportstrue multidimensionakarrayswill
simply executesomenumericalcodesfaster In principle,applicationprogrammersio not have to be aware
of whatis going on behindthe curtains,insidethe virtual machine.This total transpareng however, does
have adravback,thatwe shalldiscusdaterin Section7.4.

ProposaD (directtranslatiorto bytecode)s next in termsof impactto existing specificationslt requires
new syntacticconstructsto be addedto the Jara ProgrammingLanguage. Theseconstructsare strictly
additive, sincethereis no changeto the syntaxandsemantic®of existing constructsa positive feature.The
impactis limited to the Java Programming.anguagesincethe bytecodegeneratedy translatingthe new
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Tablel: A summaryof the comparedharacteristicef eachapproach.

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

A: Array packagewith new syntax
VM : Virtual machinethatrecognizesnultiarrays
D: Directtranslationto bytecode

constructss entirelycorventional. TheJavato bytecodecompiler(javac) corvertsmultiarraysto thesingle-
dimensionakrraysdirectly supportedoy bytecode.Thereareno classlibrariesthat needto be invoked in
supportof multiarrayswith proposabD.

ProposalA (Array packagewith new syntax)is the onewith mostimpactto existing specifications It
requiresnew languageconstructseitherfor generalsupportof operatoroverloadingor dedicatedo multi-
arraysasin proposab. In addition,it requiresafairly sophisticatedtandardlasslibrary to implementthe
requiredfunctionality If dedicatedsupporto multiarraysis addedo theJava Programmind.anguagethen
this classlibrary mustbecomepartof the corerun-timesystem.

7.2 Functionality

Not surprisingly the classificationof the approachesvith respecto functionality is oppositeto that with
respecto impacton specificationsProposaVM requiresno specificationrchangesut it alsoaddsno new
featuresln particular proposaVM doesnotsupporthepassingf anarraysectionto amethodthattakesan
arrayasparameterThisfunctionality albeitin alimited form, hasbeenavailableto numericalprogrammers
sincethe early daysof Fortran.Both proposalsA andD allow the passingof multiarraysectionsasmethod
parameters.

ProposaD doesnot go muchbeyond its supportof multiarray sectionsas parametersMoreover, the
multiarraysin proposalD exhibit someundesirablecharacteristicsresultingfrom the way they are im-
plemented.Multiarraysin proposalD are not implementedasindividual objects,but asa combinationof
objects(thestoragearray)andprimitive types(the shapeandweightsdescriptors) Whatthatmeanss thata
multiarrayis notderivedfrom Object , andthereforet doesnotbehae asanObject . We have seernthat
we cannotreturna multiarrayfrom a method,a peculiarasymmetrywith respecto otherdatatypes.Also,
passinga multiarrayto a methodactuallyrequirespassingseveral parameterat the bytecoddevel.

ProposalA offers the richestand most consistentset of functionalities. First of all, eachmultiarray
is implementedas a single object, which doesbehae like a Java Object . In proposalA, multiarrays
canbe returnedfrom methoddike ary otherdatatype. Furthermoreaggrgatemultiarray operationscan
be trivially translatedo the appropriatemethodinvocations. ProposalA is the only onethatimplements
comprehense arraylanguagdunctionality asonecanfind in Fortran90, MATLAB, andAPL.

We note that all of the above proposalsallow multidimensionalarraysto be supportedwithout ary
changedo the JVM specification®n bytecodethusensuringoackward compatibility with existing JVMs.
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7.3 Implementation efforts

At this point, it is importantto distinguishbetweenthe effort neededo createa minimally compliantim-
plementationand the effort necessaryo createa high-performancemplementation. After all, the first
motivation for introducingmultidimensionalarraysin Java wasto improve the performanceof numerical
codes.Regardinga minimal compliantimplementationapproachVM requiresno effort, sinceexisting vir-
tual machinesalreadysupportcurrentJava arrays. ApproachD requiresa new Javato bytecodetranslator
that understandshe newv multiarray constructs.ApproachA, in additionto a new translatoy requiresan
accompaning classlibrary.

Theclassificatioris quite differentwhenwe take into accountthe effort to producea high-performance
implementation.Independenof the approachijt hasbeendemonstratethatversioningfor boundscheck-
ing and alias disambiguationfollowed by loop transformationsare importanttechniquesor achiesing
high-performanceon Java numericalcodes[1]. ApproachA actually facilitatesthe applicationof those
techniquessincethe methodinvocationsthat appeatin the bytecodecorvey all the semanticnformation
of the operationsgeingperformed.For bothapproache¥M andD, the optimizermustfirst “recover” the
multiarrayoperationsrom bytecodehataremanipulatingeitherarraysof arrays(approachVM) or single-
dimensionahrrays(approactD). In addition,for approachWVM , theoptimizerhasto determinghatanarray
of arraysactuallyimplementsa true multidimensionakrraybeforeproceedingvith optimizations.

7.4 Typical achievable performance

In somesituations all threeapproachesandeliver the sameperformancevhenequippedwith comparable
optimizationengines More important,however, is to considethow eachapproactbehaeswith typical user
code.

Let usfirst considerapproachvVM . We expectthis approacho betheleastrobustin termsof its ability
to usethe (dense)multiarray representatiomnd obtain the attendaniperformancebenefits. As discussed
in Section6.2, simplefactorslike the presencef natve methodsandunexpectedprogrammingstylescan
preventevenasophisticatedVM from emplgying the multiarrayrepresentationTheinability to recognize
a multiarray may jeopardizemary importantoptimizations. The featureof transparencto the program-
mer, supportedoy approachvM, alsoleadsto a lack of guidelinesto the applicationprogrammetin the
developmentof efficient code.

Both approache®\ and D encouragedhe applicationprogrammerto write codewith arraysthat are
known to be rectangularand dense. ApproachA hasadditionaladwantages.Aggregate multiarray oper
ations,supportedby approachA, aretranslatedo methodinvocations. Thosemethodinvocationscanbe
implementedcefficiently by a smartvirtual machine throughsemantiexpansionpr by native codeaccessed
throughJNI. In approachD, only individual arrayelemenoperationsappeaiin the bytecode Furthermore,
the implementatiorof multiarraysin approachA is completelyhiddenfrom the programmereven at the
bytecoddevel. Hiding thosedetailsopensthe possibility to new optimizationsfor Java. In particular we
have discussedhe benefitsof usinga block recursve organizationof thearrayelements.

8 Conclusions

It is nota goalof this paperto pick awinneramongthe threeapproachesNeverthelessywe candrav some
objective conclusionghathelpidentify anddevelop goodmultidimensionakrraysolutionsfor Java.

First, it is clearthatoneof theapproachesdiscussedn this papey directtranslationto bytecodeyepre-
sentsa compromise.lt is not astransparenasthe “enhancedvirtual machine”but it is not asintrusive to
existing specificationgstheArray packagepproachlt providessomefeaturegor numericalprogrammers,
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but notasmary asthe Array packageapproach.The effort to implementa high-performanceystemwith
the directtranslationapproachs halfway betweenrnthe othertwo approachesasis the typical performance
numericalprogrammerganexpectto achiee.

Nothing preventssomeondrom writing a compilerthattranslateslavza augmentedvith operatorover-
loadingand/orthe new languageconstructgo regular bytecodethatcanbe executedby a Java virtual ma-
chine. Correspondinglyaryone canreleasea multiarray classlibrary in Java. However, for new features
to gain popularityandacceptancei is importantto have standardization.The asymmetryin the multiar
ray constructgnot being returnable not behaing as Object ) with the direct translationapproachmay
seriouslydiscourageheir adoptionas part of the official Java language.The typically large sizesof Ar-
ray packageimplementationsnay also discouragetheir inclusionin the core run-time systemof virtual
machinesthusposingdifficultiesto extendingthelanguagewith Array package-specifisyntax.

Enhancinga virtual machinewith the capabilityto identify implicit multidimensionakrrayswill result
in a performancémprovementfor someprograms.Our claim, however, is thatthis approachis notenough
in termsof achieving the highestlevel of performanceon mostcodesanddelivering the functionality that
numericalprogrammersxpect.

Finally, we have amuedthatthe choiceof the bestapproactor supportingmultiarraysdependsn the
relative importanceattachedo variousmetrics. If greaterfunctionality for array-basedomputationsand
high levels of performanceare consideredo be the mostimportant,the Array packagebasedapproachs
clearlythebestapproachlf having the smallesimpacton thelanguageandvirtual machinespecificatioris
deemednuchmoreimportantthanimproved functionalityandhigh performancdor awider rangeof array
codes the enhanced VM approachworksbest. If it is consideredmportantto take the middle groundon
all of thesemetrics,thedirecttranslationapproacturnsoutto bethe mostattractive approach.

Acknowledgments: Theauthorswith tothankRonBoisvert,JohnCaron,Sid ChatterjeeJoeDargy, Mikel
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