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Abstract. Efficient implementationof DSPapplicationsarecritical for embed-
dedsystems.However, currentapplicationswritten in C, make extensive useof
pointerarithmeticmakingcompileranalysisandoptimisationdifficult. Thispaper
presentsa methodfor conversionof a restrictedclassof pointer-basedmemory
accessestypically found in DSP codesinto array accesseswith explicit index
functions.C programswith pointeraccessesto arrayelements,dataindependent
pointerarithmeticandstructuredloopscanbeconvertedinto semanticallyequiv-
alent representationswith explicit array accesses.This techniquehasbeenap-
plied to severalDSPstonebenchmarkson threedifferentprocessorswhereinitial
resultsshow that this techniquecangive on averagea 11.95% reductionin ex-
ecutiontime after transformingpointer-basedarrayaccessesinto explicit array
accesses.

1 Introduction

Embeddedprocessorsnow accountfor the vastmajority of shippedprocessorsdueto
the exponentialdemandin commodityproductsrangingfrom cell-phonesto power-
control systems.Suchprocessorsare typically responsiblefor running digital signal
processing(DSP)applicationswhereperformanceis critical. This demandfor perfor-
mancehasled to thedevelopmentof specialisedarchitectureshandcodedin assembly.
More recentlyasthe costof developingan embeddedsystembecomesdominatedby
algorithmandsoftwaredevelopment,therehasbeena move towardsthe useof high
level programminglanguages,in particularC, andoptimisingcompilers.As in other
areasof computing,programmingin C is muchlesstime consumingthanhand-coded
assemblerbut thiscomesatapriceof a lessefficient implementationdueto theinability
for currentcompilertechnologyto matchhand-codedimplementations.

To balancetherequirementof absoluteperformanceagainstprogramdevelopment
time, therehasbeena move to tuningC programsat thesourcelevel. Althoughthese
tunedprogramsmayperformwell with thecontemporarycompilertechnologyfor irreg-
ularDSParchitectures[6], suchprogramtuningfrequentlymakesmattersworse for op-
timising compilersfor modernDSPswith large,homogeneousregistersetsandregular
architectures.In particular, DSPapplicationsmake extensive useof pointerarithmetic
ascanbeseenin theDSPstoneBenchmarks[13]. Furthermorein [10] programmersare
actively encouragedto usepointerbasedcodein themistakenbelief that thecompiler
will generatebettercode.



Example 1.1 Originalpointer-basedarraytraversal

int *p_a = &A[0] ;
int *p_b = &B[0] ;
int *p_c = &C[0] ;

for (k = 0 ; k < Z ; k++)�
p_a = &A[0] ;
for (i = 0 ; i < X; i++)�

p_b = &B[k*Y] ;
*p_c = *p_a++ * *p_b++ ;
for (f = 0 ; f < Y-2; f++)

*p_c += *p_a++ * *p_b++ ;
*p_c++ += *p_a++ * *p_b++ ;�

�

This paperis concernedwith changingpointerbasedprogramstypically found in
DSPapplicationsinto an arraybasedform amenableto currentcompileranalysis.In
a sensewe are reverseengineering“dusty desk” DSPapplicationsfor modernhigh-
performanceDSPs.

In thenext sectionwe provide a motivatingexampleusinga typical DSPprogram
andhow our techniquemaytransformit into amoreefficient form. Section3 describes
thegeneralalgorithmandis followedin section4 by anevaluationof our techniqueona
setof benchmarksfrom theDSPstonesuiteacrossthreeplatforms.Section5 describes
relatedwork in thisareaandis followedin section6 by someconcludingremarks.

2 Motivation

Pointeraccessesto arraydatafrequentlyoccurin typical DSPprogramsthataretuned
for DSPswith heterogeneousregister setsand irregular data-paths.Many DSP ar-
chitectureshave specialisedAddress Generation Units (AGUs) [5], but early compil-
ers were unableto generateefficient codefor them,especiallyin programscontain-
ing explicit arrayreferences.Programmers,therefore,usedpointer-basedaccessesand
pointerarithmeticwithin theirprogramsin orderto give“hints” to theearlycompileron
how andwhento usepost-increment/decrementaddressingmodesavailablein AGUs.
For instance,considerexample1.1, a kernel loop of the DSPstone benchmarkma-
trix2.c. Herethepointerincrementaccesses“encourage”thecompilerto utilise the
post-incrementaddressmodesof theAGU of a DSP.

If, however, furtheranalysisandoptimisationis neededbeforecodegeneration,then
sucha formulationis problematicassuchtechniquesoftenrely on explicit arrayindex
representationsandcannotcopewith pointerreferences.In orderto maintainsemantic
correctnesscompilersuseconservativeoptimisationstrategies,i.e.many possiblearray



Example 2.1 After conversionto explicit arrayaccesses

for (k = 0 ; k < Z ; k++)
for (i = 0 ; i < X; i++)�

C[X*k+i] = A[Y*i] * B[Y*k];
for (f = 0 ; f < Y-2; f++)

C[X*k+i] +=
A[Y*i+f+1] * B[Y*k+f+1];

C[X*k+i] +=
A[Y*i+Y-1] * B[Y*k+Y-1];�

accessoptimisationsarenot appliedin thepresenceof pointers.Obviously, this limits
themaximalperformanceof theproducedcode.It is highly desirableto overcomethis
drawback,withoutadverselyaffectingAGU utilisation.

Althoughgeneralarrayaccessandpointeranalysisarewithout further restrictions
equallypowerful andintractable[8], it is easierto find suitablerestrictionsof thearray
datadependenceproblemwhile keepingtheresultingalgorithmapplicableto real-world
programs.Furthermore,asarray-basedanalysisis morematurethanpointer-basedanal-
ysis within available commercialcompilers,programscontainingarraysrather than
pointersare more likely to be efficiently implemented.This paperdevelopsa tech-
niqueto collectinformationfrom pointer-basedcodein orderto regeneratetheoriginal
accesseswith explicit indexesthat aresuitablefor further analyses.Furthermore,this
translationhasbeenshown not to affect theperformanceof theAGU [2, 5].

Example2.1 shows the loop with explicit arrayindexesthat is semanticallyequiv-
alentto the previous loop in example1.1.Not only it is easierto readandunderstand
for a humanreader, but it is amendableto existing arraydata-flow analyses,e.g. [3].
The data-flow informationcollectedby theseanalysescanbe usedfor e.g.redundant
load/storeeliminations,software-pipeliningandloopparallelisation[14].

A furthersteptowardsregainingahigh-level representationthatcanbeanalysedby
existing formalmethodsis theapplicationof de-linearisationmethods.De-linearisation
is thetransformationof one-dimensionalarraysandtheir accessesinto othershapes,in
particular, into multi-dimensionalarrays[11]. Theexample2.2showstheexampleloop
afterapplicationof clean-upconversionandde-linearisation.ThearraysA, B andC are
no longerlineararrays,but havebeentransformedinto matrices.Sucha representation
enablesmoreaggressivecompileroptimisationssuchasdatalayoutoptimisations[11].
Laterphasesin thecompilercaneasilylinearisethearraysfor theautomaticgeneration
of efficientmemoryaccesses.

3 Algorithm

Pointerconversionis performedin two stages.Firstly, arrayandpointermanipulation
informationis gathered.Secondly, this informationin usedto replacepointeraccesses
by correspondingexplicit arrayaccesses,removing any pointerarithmetic.



Example 2.2 Loopafterpointerclean-upconversionanddelinearisation

for (k = 0 ; k < Z ; k++)
for (i = 0 ; i < X; i++)�

C[k][i] = A[i][0] * B[k][0];
for (f = 0 ; f < Y-2; f++)

C[k][i] += A[i][f+1] * B[k][f+1];
C[k][i] += A[i][Y-1] * B[k][Y-1];�

3.1 Assumptions and Restrictions

Thegeneralproblemsof arraydependenceanalysisandpointeranalysisareintractable.
After simplifying the problemby introducingcertainrestrictions,analysismight not
only bepossiblebut alsoefficient.

Pointerconversionmayonly beappliedif theresultingindex functionsof all array
accessesareaffine functions.Thesefunctionsmustnot dependon othervariablesapart
from enclosingloop inductionvariables.

To facilitatepointerconversion,guaranteeterminationandcorrectnessthe overall
affine requirementcanbebrokendown furtherinto thefollowing restrictions:

1. structuredloops
2. no pointerassignmentsexceptfor initialisationto somearraystartelement
3. no datadependentpointerarithmetic
4. no functioncallsthatmightchangepointersitself
5. equalnumberof pointerincrementsin all branchesof conditionalstatements

Structured loops areloopswith a normalisediterationrangegoing from the lower
bound� to someconstantupperbound � . Thestepis normalisedto � . Structuredloop
have theSingle-Entry/Single-Exitproperty.

Pointer assignments apartfrom initialisationsto somestartelementof thearrayto
be traversedarenot permitted.In particular, dynamicmemoryallocationanddeallo-
cationcannotbehandledInitialisationsof pointers,however, to arrayelementsmaybe
performedrepeatedlyandmaydependonaloopinductionvariable.Example3.1shows
aprogramfragmentwith initialisationsof thepointersptr1 andptr2. Whereasptr1
is staticallyinitialised,ptr2 is initialisedrepeatedlywithin a loop constructandwith
dependenceon theouteriterationvariablei.

In example3.2illegalpointerassignmentsareshown.A blockof memoryis dynam-
ically allocatedandassignedto ptr1, whereasthe initialisation of ptr2 is runtime
dependent.Theassignmentto ptr3 is illegal, if thepointerptrX cannotbestatically
determined,but ok otherwise.

Data dependent pointer arithmetic is the modificationof a pointer( not the value
pointedto) in aruntimedependentmanner. Althoughtherearepowerful methodsavail-
ablee.g.[12] for this problemof pointeror aliasanalysis,suchprogramconstructsare
not consideredby our algorithm.Pointerexpressionsthatcanbestaticallydetermined
areadmissible(seeExample3.3)



Example 3.1 Legalpointerinitialisation/ assignment

int array1[100], array2[100];
int *ptr1 = &array1[5]; /* OK */
int *ptr2;

for(i = 0; i < N; i++)�
ptr2 = &array2[i]; /* OK */
for(j = 0; j < M; j++)

...�

Example 3.2 Illegalpointerinitialisations

int *ptr1, *ptr2, *ptr3;

ptr1 = (int *) malloc(...); /* Dynamic memory allocation */
ptr2 = &a[b[i]]; /* b[i] data dependent */
ptr3 = ptrX; /* illegal if ptrX unknown */

Function calls might also modify pointers.Thosefunctionsthat take pointersto
pointersasargumentsaredisallowedastheactualpointerspassedto thefunctionitself
andnotonly theircontentcanbechanged.Example3.4illustratesthispointThecall to
function2 maypossiblybehandledusinginter-proceduralpointeranalysis[7], but
this is beyondthescopeof thispaper.

Finally, the numberof incrementsof a pointer must be equal in all branches of
conditionalstatementsso that it is possibleto staticallyguaranteethat the valueof a
pointeratany pointwithin theprogram,is thesameregardlessof runtimecontrol-flow.
Situationswith unequalnumberof pointerincrementsareextremelyrareandtypically
not foundin DSPcode.Thefirst if-statementin example3.5 is legal,becauseptr1 is
treatedequallyis bothbranches.In thesecondif-statementtheincrementsaredifferent,
thereforethis constructcannotbehandled.

Notehowever thatoverlappingarraysandaccessesto singlearraysvia severaldif-
ferent pointersareperfectlyacceptable.Becausethe conversiondoesnot requirein-
formation on suchsituations,but only performsa transformationof memoryaccess

Example 3.3 Datadependentandindependentpointerarithmetic

ptr++; /* Data independent */
ptr += 4; /* Data independent */

ptr += x; /* Dependent on x */
ptr -= f(y); /* Dependent on f(y) */



Example 3.4 Functioncallschangingpointerarguments

ptr = &array[0];

function1(ptr); /* OK */

function2(&ptr); /* not OK */

representationthesekind of constructsthatoftenpreventstandardprogramanalysisdo
not interferewith theconversionalgorithm.

Example 3.5 Pointerincrementsin differentbranches

if (exp1) /* Legal */
x1 = ptr1++;

else
y1 = ptr1++;

if (exp2) /* Illegal */
x2 = ptr2++;

else
y2 = ptr2 + 2;

3.2 Overall Algorithm

Duringdataacquisitionin thefirst stagethealgorithmtraversestheControl Flow Graph
(CFG) andcollectsinformationregardingwhenapointeris givenits initial referenceto
anarrayelementandkeepstrackof all subsequentchanges.Notethatonly changesof
thepointeritself andnotof thevalueof theobjectpointedto aretraced.Whenloopsare
encountered,informationregardingloop boundsandinductionvariablesis recorded.

The main objective of the secondphaseis to replacepointeraccessesto arrayel-
ementsby explicit arrayaccesseswith affine index functions.The mappingbetween
pointersandarrayscanbeextractedfrom informationgatheredfrom pointerinitialisa-
tion in thefirst phase.Array index functionsoutsideloopsareconstant,whereasinside
loopsthey aredependenton theloop inductionvariables.Informationon pointerarith-
metic collectedduring the first stageis thenusedto determinethe coefficientsof the
index functions,Finally pointer-basedarray referencesare replacedby semantically
equivalentexplicit accesses,whereasexpressionsonly servingthepurposeof modify-
ing pointersaredeleted.

Thepointerconversionalgorithmcanbeappliedto wholefunctionsandcanhandle
one-andmulti-dimensionalarrays,generalloop nestsof structuredloopsandseveral
consecutive loopswith codein between.It is thereforenot restrictedto handlingsingle
loops.Loopbodiescancontainconditionalcontrolflow.



Algorithm 1 Pointerclean-upconversionfor CFG �
Procedure clean-up(CFGG)

map ���
L � preorderList(G);
while L notemptydo

stmt � head(L);
removeHead(L);
if stmtis pointerassignmentstatementthen

if (pointer,array,*,*) 	 mapthen
map � map- (pointer,array,*,*)

end if
map � map 
 (pointer,array,offset,0)

else if stmtcontainspointerreferencethen
Look up (pointer,array,offset,*) 	 map
if stmtcontainspointer-basedarrayaccessthen

replacepointer-basedaccessby array[initial index+offset]
end if
if stmtcontainspointerarithmeticthen

map � map- (pointer,array,offset,*)
calculatenew offset
map � map 
 (pointer,array,new offset,0)

end if
else if stmtis for loop then

processLoop(stmt,map)
end if

end while

Thealgorithm1 keepsa list of nodesto visit andDependingon the type of state-
ment,differentactionswill bestarted.Pointerinitialisationsandassignmentsresultin
updatesof thepointer-to-arraymapping,whereasloopsarehandledby a separatepro-
cedure.Pointerarithmeticexpressionsarestaticallyevaluatedandpointer-basedarray
referencesarereplacedby equivalentexplicit arrayreferences.The mappingbetween
pointerscontainsnot only thepointerandcorrespondingarray, but alsothe initial off-
setof the pointerwithin the arrayandsomelocal offset for keepingtrack of pointer
incrementsin loop bodies.

The procedurefor handlingloops is part of the algorithm1. Similar to the basic
algorithmthe loop handlingprocedureproceedsa pre-ordertraversalof the nodesof
theloopbody. Two passesoverall nodesaremade:Thefirst passcountsthetotaloffset
within oneloopiterationof pointerstraversingarrays,thesecondpassthenis theactual
replacementphase.A final stageadjuststhe pointermappingto thesituationafter the
endof theloop.

The algorithmpassesevery simplenodeonce,andevery nodeenclosedin a loop
constructtwice.Hence,thealgorithmusestime �
����� with n beingthenumberof nodes
of theCFG.Spacecomplexity is linearlydependenton thenumberof differentpointers



usedfor accessingarrayelements,becausefor everypointerthereis a separateentryin
themap datastructure.

Procedure processLoop(statementstmt,mappingmap)

�
countpointerincrementsin loopbodyandupdatemap

�
L = preorderList(loopBody)
while L notemptydo

stmt � head(L);
removeHead(L);
if stmtcontainsarrayarithmeticthen

Updateincrementin (pointer,array,offset,increment)
end if

end while

�
replacepointerincrementsaccordingto map

�
L = preorderList(loopBody)
while L notemptydo

if stmtcontainspointerreferencethen
Look up (pointer,array,offset,increment)	 map
Look up(pointer,localoffset) 	 offsetMap
if (pointer,localoffset) �	 offsetMapthen

offsetMap � offsetMap 
 (pointer,0)
end if
if stmtcontainspointer-basedarrayaccessthen

index � increment � ind.var. + offset+ localoffset
replacepointer-basedaccessby array[index]

end if
if stmtcontainspointerarithmeticthen

Updatelocaloffsetin map
end if

end if
end while

�
adjustall mappingsto situationafterendof loop

�
for all (pointer,*,*,*) 	 mapdo

updateoffsetsin map
end for

Arrays passed as parameters of functions If no legalpointerassignmentcanbefound,
but the pointerusedto traversean array is a formal parameterof the function to be
processed,it canbeusedasthenameof thearray[4].



Table 3.1 Absolutetimesfor biquad N sections andtheTriMedia

BenchmarkLevel TriMedia PentiumII
Array PointerPointerArray

biquad -O0 11 9 980 1130
-O1 11 8 360 490
-O2 8 8 360 290
-O3 9 8 350 360

Loop Nests Perfectloop nestsof structuredloopsaredifferentfrom simple loops in
the way that the effect of a pointer increment/decrementin the loop body not only
multiplies by the iteration rangeof its immediatelyenclosingloop construct,but by
the rangesof all outer loops.Therefore,all outer loopshave to be consideredwhen
convertingpointersof a perfectloop nest.

Handlingperfectloop nestsdoesnot requireextra passesover the loop. It is suffi-
cientto detectperfectloopnestanddescentto theinnerloop bodywhile keepingtrack
of theouterloops.Oncetheactualloop body is reachedconversioncanbeperformed
asusual,but with incorporatingtheadditionalouterloop variablesandloop rangesas
partof the index functions.Hence,asymptoticalrun-timecomplexity of thealgorithm
is not affected.

Generalloop nestscansimilarly behandledwith a slightly extendedversionof the
basicalgorithm,by trackingwhich loop a pointeris dependentupon.Theintroductory
example1.1illustratesa generalloopnestandits conversion.
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Fig. 1. Performancecomparisonof n complex updates benchmark

4 Experiments

The pointerclean-upconversionalgorithmhasbeenimplementedasa prototypeand
integratedinto theexperimentalsourceto sourceOctavecompilerAfter theapplication
of the transformationon source-to-sourcelevel the resultingcodeis thenusedasan
input for the C compilersof the Philips TriMedia TM-1 (compilerversion5.3.4),the



TexasInstrumentsTMS320C6x(compilerversion1.10)andtheIntel PentiumII (Linux
2.2.16,gccversion2.95.2).Performancedatawascollectedby executingtheprograms
on two simulators(TM-1, TI C60)anda realmachine(PII), respectively.

In orderto quantifythebenefitof applyingthepointerclean-upconversionto DSP
applications,programexecutiontimesfor someprogramsof theDSPstonebenchmark
suiteweredetermined.Thespeedupsof theprogramswith explicit arrayaccesseswith
respectto thepointer-basedversionsfor varyingoptimisationlevel werecalculated.As
a DSPapplicationdevelopertypically wantsthe bestperformancewe determinedthe
optimisationlevel thatgavethebestexecutiontimefor thepointerandarraycodessep-
arately. Dueto thecomplex interactionbetweencompilerandarchitecture,thehighest
optimisationlevel doesnot necessarilygive the bestperformance.Thusthe ratio be-
tweenthe bestpointer-basedversionandthe bestexplicit arrayaccessversionis also
presented.

Table3.1showsanexampleof theabsoluteperformancefiguresfor the
biquad N sections benchmarkon theTriMedia andPentiumII architecturesthat
weretheusedfor thecomputationsof thespeedup.Dueto differentoptimisationsper-
formedby thecompilersateachoptimisationlevel anddifferentunitsof executiontime,
thereportedtimescannotbecompareddirectly. Therefore,relative speedupsbasedon
the pointer-basedprogramat the sameoptimisationlevel areshown in the following
diagrams.As statedabove, the minimal executiontimesarenot necessarilyachieved
with thehighestavailableoptimisationlevel.Thus,it is reasonableto giveanadditional
speedupmeasurewhencomparingthebestpointer-basedandexplicit arraybasedver-
sions.For example,theshortestexecutiontimeachievedon thePentiumII was350for
the pointer-basedversionand290 for the explicit arrayaccessbasedversion.Hence,
thebestspeedupis �������� ��� ��� ��� . Thefigures1 to 6 visualisethespeedupmeasuresfor
all threearchitecturesandall optimisationlevels.
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4.1 TriMedia

The performanceof the TriMedia compiler/architecturecombinationusually benefit
from usingexplicit arrayaccessesratherthanpointer-basedarrayaccesses.Whenthere
areno or only a few simplefurtheroptimisationsapplied(optimisationlevelsO 0 and
O1), theprogramversionswith explicit arrayaccessesaresignificantlyfasterthanthe
pointer-basedprograms.Thedifferencecanbeup to 218%(n complex updates).
For higheroptimisationlevels the differencesbecomesmaller. Although someof the
originalprogramstake lesstimethanthetransformedversions,in many casestherecan
bestill someperformancegainexpectedfrom pointerclean-upconversion.Thepointer-
basedprogramstendto besuperiorat optimisationslevel O2,but thesituationchanges
againfor level O3 andthe “best” case.This “best” caseis of specialinterestsinceit
comparesthebestperformanceof a pointer-basedprogramto thatof anexplicit array
accessbasedprogram.Thebestexplicit arraybasedprogramsperformusuallybetteror
at leastasgoodasthebestpointer-basedprograms,only in onecase(dot product)
a decreasein performancecouldbeobserved.

In figure1 thespeedupresultsfor then complex updates benchmarkareshown.
This rathermore complex benchmarkprogramshows the largestachieved speedups
amongall tests.The speedupreachesits maximum3.18at the optimisationlevel O1,
andis still at2.07whencomparingthebestversions.Thisprogramcontainsaseriesof
memoryaccessesthatcanbesuccessfullyanalysedandoptimisedin theexplicit array
basedversion,but arenot thateasilyamendableto simplepointeranalyses.Although
suchlarge speedupsarenot commonfor all evaluatedprograms,it shows clearly the
potentialbenefitof thepointerclean-upconversion.

Figure2 comparestheperformancesof themat1x3 benchmark. All speedupsfor
the TriMedia architectureare  !� . The achieved speedupsare more typical for the
setof testprograms.An increaseof 14%in performancecanbeobservedfor thebest
explicit arraybasedprogramversion.With only a few otheroptimisationsenabledthe
performancebenefitof thetransformedformedprogramis evenhigher.
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Thefigures3 and4 representtheresultsof thelms andmatrix1 benchmark,re-
spectively. As before,a significantspeedupcanbe achievedat optimisationlevelsO0
andO1. The performancesof the explicit array accessesbasedversionsareactually
below thoseof thepointer-basedversionsat level O2,but at thehighestlevel thetrans-
formedprogramsperformbetteror asgoodastheoriginal versions.Althoughthereis
only asmallspeedup observablein theseexamples,it shows thattheuseof explicit ar-
rayaccessesdoesnotcauseany run-timepenaltyoverpointer-basedarraytraversals,but
still providea representationthatis bettersuitablefor arraydatadependenceanalysis.
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In general,with pointerclean-upconversionsomesubstantialbenefitcanbeachieved
without the needfor further optimisations.On higher optimisationlevels the trans-
formedprogramsstill performbetteror at leastasgoodasthepointer-basedprograms.
Becauseall evaluatedprogramsarenot too complex, the original programscanoften
performasgoodasthetransformedprogramsathigherlevels.But asshown in figure1,
for morecomplex programstheconversionprovidessomesubstantialadvantage.

4.2 Pentium II

The PentiumII is a general-purposeprocessorwith a super-scalararchitecture.Addi-
tionally, it supportsa CISC instructionset.This makesthe PentiumII quite different
from theTriMedia. However, many signalprocessingapplicationsarerun on Desktop
PCsin which theIntel Processoris commonlyfound.Therefore,this processorshould
beincludedin this evaluation.

Thecombinationof theIntel PentiumII andthegcccompilerproducesresultsthat
differ significantlyfrom thatof theTriMedia.Theperformanceof theprogramversions
afterpointerconversionis quitepoorwithout any furtheroptimisations,but astheop-
timisation level is increasedthe transformedprogramsoften outperformthe original
versions.The maximumspeedupof the transformedprogramsis usuallyachieved at
optimisationlevelsO2andO3,respectively.

In figure5 theresultsfor thefir benchmarkarecharted.Initially, thepointertrans-
formationhasnegativeeffectontheperformanceof thisprogram.A significantspeedup
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canbeobservedfor thehigheroptimisationlevels.Themaximumspeedupachievedat
level O2 is 1.59andwhencomparingthe two bestversionseach,thespeedupof 1.38
canstill bereached.Theresultsof thefir2dim benchmarkarerepresentedin figure6.
As beforetheperformanceof thetransformedversionis inferior at optimisationlevels
O0 andO1,but it increasesat O2 andO3. Theperformancecanbeincreasedby up to
6%in this case.
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In general,theachievablespeedupson thePentiumII architecturearenot aslarge
as they areon the TriMedia. It is not yet clear whetherthis is a consequenceof ar-
chitecturalpropertiesor the influenceof thedifferentcompilers.However, an increase
in the performancecanbe observed for the Intel processor, in particularat the higher
optimisationlevels.



4.3 TI TMS320C6x

Theoverall performanceimprovementof theTexasInstrumentsC60lies betweenthat
of the PentiumII andthe TM-1. In two casesthe pointerconversionhasno effect on
the executiontime of the programs,in onecasethereis actuallya small degradation
in performance,mat1x3, andin threecasesthereis a variability in termsof relative
performanceimprovementwith respectto theoptimisationlevel. Increasingtheoptimi-
sationlevel for theC60improvestheimpactof thepointerconversion.

If wecomparethebehaviour of thetwo processorsintendedfor embeddedsystems,
weseethatthereis little correlationin theirbehaviour with respectto theconversional-
gorithm.ThecasewheretheTM-1 gainsmostfromourtechnique,n complex updates
hasnoimpactontheC60;converselythecasewheretheC60mostbenefits,matrix1,
haslittle impact on the TM-1. From this we can concludethat the optimisationbe-
haviour of bothcompilersis opaqueandthat furtheranalysisis requiredto explain the
behaviour in orderto drive furtheroptimisations.

5 Related Work

Previous work on transformingpointer accessesinto a more suitablerepresentation
hasfocusedon simplifying pointerexpressionsratherthantransformingtheminto ex-
plicit arrayreferences.For example,Allan andJohnson[1] usetheir vectorisationand
parallelisationframework basedon C asan intermediatelanguagefor inductionvari-
ablesubstitution.Pointer-basedarrayaccessestogetherwith pointerarithmeticin loops
areregardedasinductionvariablesthatcanbeconvertedinto expressionsdirectly de-
pendenton the loop induction variable.The generatedpointer expressionsare more
amendableto vectorisationthantheoriginal representation,but this approachstill does
not fully regeneratethe index expressions.For the mainobjective of vectorisationthe
methodonly treatsloopsindividually ratherthanin a context of a wholefunction.The
approachis basedon a heuristicthat mostly works efficiently, althoughbacktracking
is possible.Hence,in theworstcasethis solutionis inefficient.No informationis sup-
plied abouttreatmentof loop nestsandmulti-dimensionalarrays.In his casestudyof
theIntel ReferenceCompilersfor thei386 ArchitectureFamily Muchnick[9] mentions
briefly sometechniquefor regeneratingarrayindexesfrom pointer-basedarraytraver-
sal.No moredetailsincluding assumptions,restrictionsor capabilitiesaregiven.The
complementaryconversion,i.e. from explicit arrayaccessesto pointer-basedaccesses
with simultaneousgenerationof optimal AGU code,hasbeenstudiedby Leupers[5]
andAraujo [2].

6 Conclusion

Thecontribution of this paperhasbeento introducea new techniquefor transforming
C codewith pointer-basedarrayaccessesinto explicit arrayaccessesto supportexist-
ing arraydataflow analysesandoptimisationson DSParchitectures.Theapproachhas
beenimplementedandintegratedinto theexperimentalOctave compilerandtestedon



examplesof theDSPstonebenchmarksuite.Resultsshow a significant11.95% reduc-
tion in executiontime.Thegenerationof efficientaddressgenerationcodeis improved
sincemoderncompilersareableto analysearrayaccessesandto generateoptimised
codefor memoryaccessesthatdoesnot rely on theuseof pointersat thesourcelevel.

We believe theuseof explicit arrayaccessesto bethekey to automaticparallelisa-
tion of DSPapplicationsfor MultiprocessorDSParchitectures.Futurework will focus
on distributing computationanddataon differentco-operatingDSPswhile makingthe
bestuseof ILP andcoarse-grainparallelism.
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