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Abstract. Efficientimplementatiorof DSPapplicationsarecritical for embed-
dedsystemsHowever, currentapplicationswritten in C, make extensie useof
pointerarithmeticmakingcompileranalysisandoptimisationdifficult. This paper
presentsa methodfor conversionof a restrictedclassof pointerbasedmemory
accessesypically found in DSP codesinto array accessesvith explicit index
functions.C programswith pointeraccesset arrayelementsdataindependent
pointerarithmeticandstructuredoopscanbe corvertedinto semanticallyequi-
alentrepresentationsith explicit array accessesThis techniquehasbeenap-
pliedto several DSPstondoenchmarken threedifferentprocessorsvhereinitial
resultsshav that this techniquecangive on averagea 11.95% reductionin ex-
ecutiontime after transformingpointerbasedarray accessefto explicit array
accesses.

1 Introduction

Embeddedrocessorsiow accountfor the vastmajority of shippedprocessorslueto
the exponentialdemandin commaodity productsrangingfrom cell-phonesto power-
control systems.Suchprocessorare typically responsiblefor running digital signal
processingDSP)applicationswhereperformancas critical. This demandfor perfor
mancehasled to the developmeniof specialisedrchitectureiandcodedin assembly
More recentlyasthe costof developingan embeddedystembecomesiominatedoy
algorithm and software development therehasbeena move towardsthe useof high
level programminglanguagesin particularC, and optimising compilers.As in other
areasof computing,programmingn C is muchlesstime consumingthanhand-coded
assemblebut thiscomesatapriceof alessefficientimplementatiordueto theinability
for currentcompilertechnologyto matchhand-codedmplementations.

To balanceherequiremenbf absoluteperformancegainstprogramdevelopment
time, therehasbeena move to tuning C programsat the sourcelevel. Althoughthese
tunedprogramsmayperformwell with thecontemporargompilertechnologyfor irreg-
ular DSParchitecture§t], suchprogramtuningfrequentlymakesmattersworse for op-
timising compilersfor modernDSPswith large,homogeneousgistersetsandregular
architecturesln particular DSP applicationsmake extensive useof pointerarithmetic
ascanbeseernin theDSPstondBenchmark$13]. Furthermoren [10] programmergare
actively encouragedo usepointerbasedcodein the mistaken belief thatthe compiler
will generatdettercode.



Example 1.1 Original pointerbasedarraytraversal

int *p_a = &A[0] ;
int *p_b = &B[0] ;
int *p_c = &JO0] ;
for (k =0 ; k <Z; k++)
{
p_a = &A[0] ;
for (i =0 ; i <X i++)
{
p_b = &B[ k*Y]
*p_c = *p_at++ * *p _b++ ;

for (f =0 ; f <Y-2; f++)
*p_c += *p_a++ * *p_b++ ;
*p_c++ += *p_a++ * *p_b++

This paperis concernedvith changingpointerbasedprogramstypically foundin
DSP applicationsinto an array basedform amenabldo currentcompileranalysis.In
a sensewe arereverseengineering‘dusty desk” DSP applicationsfor modernhigh-
performancedSPs.

In the next sectionwe provide a motivatingexampleusinga typical DSP program
andhow our techniguemaytransformit into a moreefficientform. Section3 describes
thegenerahlgorithmandis followedin sectiord by anevaluationof ourtechniqueona
setof benchmark$rom the DSPstonesuiteacrosshreeplatforms.Section5 describes
relatedwork in this areaandis followedin section6 by someconcludingremarks.

2 Motivation

Pointeraccesse® arraydatafrequentlyoccurin typical DSPprogramghataretuned
for DSPswith heterogeneousegister setsand irregular data-pathsMany DSP ar
chitectureshave specialisedAddress Generation Units (AGUS) [5], but early compil-
erswere unableto generateefficient codefor them, especiallyin programscontain-
ing explicit arrayreferencesProgrammersherefore usedpointerbasedaccesseand
pointerarithmeticwithin their programsn orderto give “hints” to theearlycompileron
how andwhento usepost-increment/decremeatidressingnodesavailablein AGUs.
For instance,considerexample 1.1, a kernelloop of the DSPstone benchmarkma-
tri x2. c. Herethepointerincrementaccesse®ncourage'thecompilerto utilise the
post-incremenaddressnodesof the AGU of aDSP

If, hawever, furtheranalysisandoptimisationis neededeforecodegenerationthen
suchaformulationis problematicassuchtechniqueoftenrely on explicit arrayindex
representationandcannotcopewith pointerreferencesln orderto maintainsemantic
correctnessompilersuseconserative optimisationstrateyies,i.e. mary possiblearray



Example 2.1 After conversionto explicit arrayaccesses

for (k =0 ; k <Z; k++)

for (i =0 ; i <X i++)

{
CX*k+i] = ALY*i] * B[Y*Kk];
for (f =0 ; f <VY-2; f++)

g Xek+i] +=
ALY*i+f+1] * B[ Y*k+f +1] ;
q Xk+i] +=

ALY*i +Y-1] * B[ Y*k+Y-1];

accesoptimisationsarenot appliedin the presencef pointers.Obviously, this limits
the maximalperformancef the producedcode.lt is highly desirableio overcomethis
drawback,without adwerselyaffecting AGU utilisation.

Although generalarrayaccessand pointeranalysisarewithout further restrictions
equallypowerful andintractable8], it is easielto find suitablerestrictionsof thearray
datadependencproblemwhile keepingtheresultingalgorithmapplicableto real-world
programsFurthermoreasarray-basednalysids morematurethanpointerbasedanal-
ysis within available commercialcompilers,programscontainingarraysratherthan
pointersare more likely to be efficiently implemented.This paperdevelopsa tech-
nigueto collectinformationfrom pointerbasedcodein orderto regenerateheoriginal
accessewvith explicit indexesthat are suitablefor further analysesFurthermorethis
translatiorhasbeenshavn notto affect the performancef the AGU [2, 5].

Example2.1 shavs the loop with explicit arrayindexesthatis semanticallyequiv-
alentto the previousloop in examplel.1. Not only it is easierto readandunderstand
for a humanreader but it is amendabldo existing array data-flav analysese.g.[3].
The data-flav information collectedby theseanalysescanbe usedfor e.g.redundant
load/storesliminations software-pipeliningandloop parallelisatior{14].

A furthersteptowardsregaininga high-level representatiothatcanbe analysedy
existing formal methodss the applicationof de-linearisatioomethodsDe-linearisation
is thetransformatiorof one-dimensionakrraysandtheir accessemto othershapesin
particular into multi-dimensionahrrayg11]. Theexample2.2shavstheexampleloop
afterapplicationof clean-upcorversionandde-linearisationThearraysA, B andC are
no longerlineararrays but have beentransformednto matrices Sucharepresentation
enablesnoreaggressie compileroptimisationssuchasdatalayoutoptimisationg11].
Laterphasesn thecompilercaneasilylinearisethearraysfor theautomaticgeneration
of efficientmemoryaccesses.

3 Algorithm

Pointercorversionis performedin two stagesFirstly, arrayand pointermanipulation
informationis gatheredSecondlythis informationin usedto replacepointeraccesses
by correspondingxplicit arrayaccessesemoving ary pointerarithmetic.



Example 2.2 Loop after pointerclean-upcorversionanddelinearisation

for (k =0 ; k <Z; k++)
for (i =0 ; i <X i++)
{
Akl[i] = Ali][0] * B[k][O];
for (f =0 ; f <Y-2; f++)
AKI[i] += Ali][f+1] * B[Kk][f+1];
} AKI[i] += Ali][Y-1] * B[KI[Y-1];

3.1 Assumptionsand Restrictions

Thegeneraproblemsof arraydependencanalysisandpointeranalysisareintractable.
After simplifying the problemby introducingcertainrestrictions,analysismight not
only be possiblebut alsoefficient.

Pointercorversionmayonly be appliedif theresultingindex functionsof all array
accesseareaffine functions.Thesefunctionsmustnot dependon othervariablesapart
from enclosingoopinductionvariables.

To facilitate pointer corversion,guarantederminationand correctnesshe overall
affine requirementanbe brokendown furtherinto the following restrictions:

. structuredoops

. no pointerassignmentsxceptfor initialisationto somearraystartelement

. nodatadependenpointerarithmetic

. nofunctioncallsthatmight changepointersitself

. equalnumberof pointerincrementsn all branche®f conditionalstatements

abrwWNRE

Sructured loops areloopswith a normalisedterationrangegoing from the lower
bound0 to someconstanupperboundN. The stepis normalisedo 1. Structuredoop
have the Single-Entry/Single-Exiproperty

Pointer assignments apartfrom initialisationsto somestartelementof the arrayto
be traversedare not permitted.In particular dynamicmemoryallocationand deallo-
cationcannotbe handledinitialisationsof pointers however, to arrayelementsnay be
performedrepeatediyandmaydependnaloopinductionvariable Example3.1showvs
aprogramfragmentwith initialisationsof thepointerspt r 1 andpt r 2. Whereat r 1
is staticallyinitialised, pt r 2 is initialised repeatedlywithin aloop constructandwith
dependencenthe outeriterationvariablei .

In example3.2illegal pointerassignmentareshovn. A block of memoryis dynam-
ically allocatedandassignedo pt r 1, whereaghe initialisation of pt r 2 is runtime
dependentTheassignmento pt r 3 is illegal, if the pointerpt r X cannotbe statically
determinedbut ok otherwise.

Data dependent pointer arithmetic is the modificationof a pointer ( not the value
pointedto) in aruntimedependentannerAlthoughtherearepowerful methodsavail-
ablee.g.[12] for this problemof pointeror aliasanalysis suchprogramconstructsare
not consideredy our algorithm.Pointerexpressionghat canbe staticallydetermined
areadmissiblgseeExample3.3)



Example 3.1 Legal pointerinitialisation/ assignment

int arrayl[100], array2?2[100];
int *ptrl = &rrayl[5]; [* OK */
int *ptr2;

for(i =0; i <N i++)

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

Example 3.2 lllegal pointerinitialisations

int *ptrl, *ptr2, *ptr3;

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

Function calls might also modify pointers.Thosefunctionsthat take pointersto
pointersasargumentsaredisalloved asthe actualpointerspassedo the functionitself
andnotonly their contentcanbe changedExample3.4illustratesthis point Thecall to
f unct i on2 maypossiblybe handledusinginter-procedurabointeranalysig[7], but
thisis beyondthe scopeof this paper

Finally, the numberof incrementsof a pointer mustbe equal in all branches of
conditionalstatementso that it is possibleto statically guaranteghat the valueof a
pointeratary pointwithin the programis the sameregardlesof runtimecontrol-flow.
Situationswith unequanumberof pointerincrementsareextremelyrareandtypically
notfoundin DSPcode.Thefirst if-statemenin example3.5is legal, becauset r 1 is
treatedequallyis bothbranchesln thesecondf-statementheincrementaredifferent,
thereforethis construcicannotbe handled.

Note hawever thatoverlappingarraysandaccesse® singlearraysvia several dif-
ferent pointersare perfectly acceptableBecausehe conversiondoesnot requirein-
formation on suchsituations,but only performsa transformationof memoryaccess

Example 3.3 Datadependenandindependenpointerarithmetic

ptr++; /* Data independent */
ptr += 4, /* Data independent */
ptr += Xx; /* Dependent on x */

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




Example 3.4 Functioncallschangingpointerarguments

ptr = &array[O0];
functionl(ptr); [* OK */

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

representatiothesekind of constructghatoften preventstandargprogramanalysisdo
notinterferewith the corversionalgorithm.

Example 3.5 Pointerincrementsn differentbranches

if (expl) /* Legal */
x1 = ptrl++,;

el se
yl = ptrl++

if (exp2) [* 1llegal */
X2 = ptr2++;

el se

y2 = ptr2 + 2;

3.2 Overall Algorithm

Duringdataacquisitionin thefirst stagethealgorithmtraversegheControl Flow Graph
(CFG) andcollectsinformationregardingwhena pointeris givenits initial referenceo
anarrayelementandkeepstrack of all subsequenthangesNote thatonly changeof
thepointeritself andnot of thevalueof the objectpointedto aretraced Whenloopsare
encounterednformationregardingloop boundsandinductionvariabless recorded.

The main objective of the secondphaseis to replacepointeraccesse$o arrayel-
ementshby explicit array accessesvith affine index functions.The mappingbetween
pointersandarrayscanbe extractedfrom informationgatheredrom pointerinitialisa-
tion in thefirst phaseArray index functionsoutsideloopsareconstantwhereasnside
loopsthey aredependentn theloop inductionvariablesInformationon pointerarith-
metic collectedduring the first stageis thenusedto determinethe coeficients of the
index functions, Finally pointerbasedarray referencesare replacedby semantically
equivalentexplicit accessesyhereasexpressionnly servingthe purposeof modify-
ing pointersaredeleted.

Thepointercorversionalgorithmcanbe appliedto wholefunctionsandcanhandle
one-andmulti-dimensionalarrays,generalloop nestsof structuredoopsandseveral
consecutre loopswith codein betweenlt is thereforenot restrictedto handlingsingle
loops.Loop bodiescancontainconditionalcontrolflow.



Algorithm 1 Pointerclean-upcorversionfor CFGG

Procedure clean-up(CFG3)

map«— @
L — preorderList(G);
while L notemptydo
stmt« head(L);
removeHead(L);
if stmtis pointerassignmenstatementhen
if (pointerarray*,*) € mapthen
map+< map- (pointerarray*,*)
end if
map <« mapu (pointerarrayoffset,0)
elseif stmtcontainspointerreferencehen
Look up (pointerarrayoffset,*) € map
if stmtcontaingpointerbasedarrayaccesshen
replacepointerbasedaccesdy array[initial index+ offset]
end if
if stmtcontaingpointerarithmeticthen
map+<— map- (pointerarrayoffset,*)
calculatenew offset
map+«— mapu (pointetarraynew offset,0)
end if
elseif stmtis for loop then
processLoop(stmt,map)
end if
end while

The algorithm 1 keepsa list of nodesto visit and Dependingon the type of state-
ment,differentactionswill be started Pointerinitialisationsandassignmentsesultin
updatef the pointerto-arraymapping,whereadoopsarehandledby a separatgro-
cedure Pointerarithmeticexpressionsre statically evaluatedand pointerbasedarray
referencearereplacedby equivalentexplicit arrayreferencesThe mappingbetween
pointerscontainsnot only the pointerandcorrespondingrray but alsotheinitial off-
setof the pointerwithin the array and somelocal offset for keepingtrack of pointer
incrementsn loop bodies.

The procedurefor handlingloopsis part of the algorithm 1. Similar to the basic
algorithmthe loop handlingprocedureproceeds pre-ordertraversalof the nodesof
theloop body. Two passesverall nodesaremade:Thefirst passcountsthetotal offset
within oneloopiterationof pointerstraversingarrays the secondpasghenis theactual
replacemenphase A final stageadjuststhe pointermappingto the situationafterthe
endof theloop.

The algorithmpassesvery simplenodeonce,and every nodeenclosedn aloop
constructwice. Hence thealgorithmusegime O(n) with n beingthenumberof nodes
of the CFG. Spacecompleity is linearly dependenbn the numberof differentpointers



usedfor accessingurrayelementsbecausédor every pointerthereis a separatentryin
themap datastructure.

Procedure processLoop(statemestimt, mappingmap)

{countpointerincrementsn loop bodyandupdatemap}
L = preorderList(loopBody)
while L notemptydo
stmt« head(L);
remoreHead(L);
if stmtcontainsarrayarithmeticthen
Updateincrementin (pointetarrayoffset,increment)
end if
end while

{replacepointerincrementsiccordingto map}
L = preorderList(loopBody)
while L notemptydo
if stmtcontainspointerreferencehen
Look up (pointerarrayoffset,increment map
Look up (pointerlocal offset) € offsetMap
if (pointerlocal offset) ¢ offsetMapthen
offsetMap+«— offsetMapu (pointer0)
end if
if stmtcontainspointerbasedarrayaccesshen
index < incrementx ind.var. + offset+ local offset
replacepointerbasedaccesdy arrayindex]
end if
if stmtcontaingpointerarithmeticthen
Updatelocal offsetin map
end if
end if
end while

{adjustall mappingdo situationafterendof loop}
for all (pointer*,*,*) € mapdo

updateoffsetsin map
end for

Arrays passed as parameters of functions If nolegal pointerassignmentanbefound,
but the pointer usedto traversean arrayis a formal parameteof the functionto be
processedt canbeusedasthenameof thearray[4].



Table 3.1 Absolutetimesfor bi quad_N_sect i ons andthe TriMedia

Benchmarkievell TriMedia Pentiumll
Array|PointerPointerArray
biquad -00 | 11 9 980 | 1130

01| 11 8 360 | 490
-02 | 8 8 360 | 290
-03 | 9 8 350 | 360

Loop Nests Perfectloop nestsof structuredoops are differentfrom simple loopsin
the way that the effect of a pointerincrement/decremerin the loop body not only
multiplies by the iteration rangeof its immediatelyenclosingloop construct,but by
the rangesof all outerloops. Therefore,all outerloops have to be consideredvhen
convertingpointersof a perfectloop nest.

Handling perfectloop nestsdoesnot requireextra passe®ver theloop. It is suffi-
cientto detectperfectloop nestanddescento theinnerloop bodywhile keepingtrack
of the outerloops.Oncethe actualloop body is reached:ornversioncanbe performed
asusual,but with incorporatingthe additionalouterloop variablesandloop rangesas
partof theindex functions.Hence,asymptoticakun-timecompleity of the algorithm
is not affected.

Generaloop nestscansimilarly be handledwith a slightly extendedversionof the
basicalgorithm,by trackingwhich loop a pointeris dependentipon.Theintroductory
examplel.lillustratesa generaloop nestandits corversion.

n_complex_upaates

-00
-01
-02
-03
Best

Speedup

TriMedia TI C60 Pentium Il
Architecture/Optimisation Level

Fig. 1. Performanceomparisorof n_.conpl ex_updat es benchmark

4 Experiments

The pointer clean-upcorversionalgorithm hasbeenimplementedas a prototypeand
integratedinto the experimentakourceto sourceOctare compilerAfter theapplication
of the transformationon source-to-sourctevel the resultingcodeis thenusedas an
input for the C compilersof the Philips TriMedia TM-1 (compilerversion5.3.4),the



TexasInstrumentsTMS320C6x(compilerversionl.10)andthelntel Pentiumll (Linux
2.2.16,gccversion2.95.2).Performancelatawascollectedby executingthe programs
ontwo simulators(TM-1, TI C60)andarealmaching(PIl), respectiely.

In orderto quantify the benefitof applyingthe pointerclean-upconversionto DSP
applicationsprogramexecutiontimesfor someprogramsof the DSPstondbenchmark
suiteweredeterminedThe speedupsf the programswith explicit arrayaccessewith
respecto the pointerbasedrersiongfor varyingoptimisationlevel werecalculated As
a DSP applicationdevelopertypically wantsthe bestperformanceve determinedhe
optimisationlevel thatgave the bestexecutiontime for the pointerandarraycodessep-
arately Dueto the complex interactionbetweencompilerandarchitecturethe highest
optimisationlevel doesnot necessarilygive the bestperformanceThusthe ratio be-
tweenthe bestpointerbasedversionandthe bestexplicit arrayaccessversionis also
presented.

Table3.1shovs anexampleof the absoluteperformancdiguresfor the
bi quad_N.sect i ons benchmarlon the TriMedia andPentiumll architectureshat
werethe usedfor the computation®f the speedupDueto differentoptimisationgper
formedby thecompilersateachoptimisationlevel anddifferentunitsof executiontime,
thereportedtimescannotbe comparedlirectly. Therefore relative speedupbasedon
the pointerbasedprogramat the sameoptimisationlevel are shavn in the following
diagrams As statedabove, the minimal executiontimes are not necessarilyachiesed
with the highestavailableoptimisationlevel. Thus,it is reasonabléo give anadditional
speedupnmeasuravhencomparingthe bestpointerbasedandexplicit arraybasedver-
sions.For example the shortesexecutiontime achievzed on the Pentiumll was350for
the pointerbasedversionand 290 for the explicit array accesdasedversion.Hence,
the bestspeedups 322 = 1.21. Thefigures1 to 6 visualisethe speedupneasuresgor

290
all threearchitecturesindall optimisationlevels.

matlx3

1.4

a - oo
2 W-o1
3 W-o2
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TriMedia TI C60 Pentium |1
Architecture/Optimisation Level

Fig. 2. Performanceomparisorof mat 1x3 benchmark



4.1 TriMedia

The performanceof the TriMedia compiler/architecture&eombinationusually benefit
from usingexplicit arrayaccessegmtherthanpointerbasedarrayaccessedVhenthere
areno or only afew simplefurtheroptimisationsapplied(optimisationlevels O 0 and
01), the programversionswith explicit arrayaccessearesignificantlyfasterthanthe
pointerbasedorograms.The differencecanbe up to 218%(n_conpl ex_updat es).
For higheroptimisationlevels the differencesbecomesmaller Although someof the
original programsgake lesstime thanthe transformedrersionsjn mary casegherecan
bestill someperformancegainexpectedrom pointerclean-upcorversion.Thepointer
basedprogramgendto be superiorat optimisationdevel O2, but the situationchanges
againfor level O3 andthe “best” case.This “best” caseis of specialinterestsinceit
compareghe bestperformancenf a pointerbasedprogramto that of anexplicit array
accesdbasedprogram.Thebestexplicit arraybasedorogramsperformusuallybetteror
atleastasgoodasthe bestpointerbasedorogramspnly in onecase(dot _pr oduct )
adecreasén performanceouldbe obsened.

In figurelthespeedupesultsfor then_conpl ex _updat es benchmarlareshavn.
This rathermore complex benchmarkprogramshaws the largestachieved speedups
amongall tests.The speedupreachests maximuma3.18at the optimisationlevel O1,
andis still at2.07whencomparingthe bestversionsThis programcontainsa seriesof
memoryaccessethat canbe successfullyanalysedandoptimisedin the explicit array
basedversion,but are not that easilyamendabldo simple pointeranalysesAlthough
suchlarge speedupsre not commonfor all evaluatedprogramsiit shavs clearly the
potentialbenefitof the pointerclean-upcorversion.

Figure2 comparedhe performancesf thermat 1x3 benchmark All speedup$or
the TriMedia architectureare > 1. The achieved speedupsare more typical for the
setof testprogramsAn increaseof 14% in performancecanbe obsenedfor the best
explicit arraybasedprogramversion.With only a few otheroptimisationssnabledhe
performancédenefitof the transformedormedprogramis evenhigher
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Fig. 3. Performance&omparisorof | ms benchmark



Thefigures3 and4 representheresultsof thel ns andmat ri x1 benchmarkre-
spectiely. As before,a significantspeedupganbe achievzed at optimisationlevels O0
and O1. The performance®f the explicit array accessedasedversionsare actually
below thoseof the pointerbasedrersionsat level O2, but at the highestlevel the trans-
formedprogramsperformbetteror asgoodasthe original versions Althoughthereis
only asmallspeedup obsenablein theseexamplesjt showvsthatthe useof explicit ar
rayaccessedoesnotcauseary run-timepenaltyover pointerbasedarraytraversalsput
still provide arepresentatiothatis bettersuitablefor arraydatadependencanalysis.
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Fig. 4. Performanceomparisorof mat r i x1 benchmark

In generalwith pointerclean-upconversionsomesubstantiabenefitcanbeachieved
without the needfor further optimisations.On higher optimisationlevels the trans-
formedprogramsstill performbetteror atleastasgoodasthe pointerbasedorograms.
Becausall evaluatedprogramsare not too comple, the original programscanoften
performasgoodasthetransformegrogramsathigherlevels.But asshavn in figure 1,
for morecomplex programsgthe corversionprovidessomesubstantiahdwvantage.

4.2 Pentium Il

The Pentiumll is a general-purposprocessomwith a superscalararchitecture Addi-

tionally, it supportsa CISC instructionset. This makesthe Pentiumll quite different
from the TriMedia. However, mary signalprocessingpplicationsarerun on Desktop
PCsin which the Intel Processors commonlyfound. Therefore this processoshould
beincludedin this evaluation.

The combinationof the Intel Pentiumll andthe gcc compilerproducegesultsthat
differ significantlyfrom thatof the TriMedia. The performancef the programversions
after pointercorwversionis quite poorwithout ary further optimisations put asthe op-
timisation level is increasedhe transformedprogramsoften outperformthe original
versions.The maximumspeedupof the transformedprogramsis usually achieved at
optimisationlevelsO2 andO3, respectiely.

In figure5 theresultsfor thef i r benchmarlarechartedlnitially, thepointertrans-
formationhasnegative effectontheperformancef thisprogram A significantspeedup
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Fig. 5. Performanceomparisorof f i r benchmark

canbe obsenredfor the higheroptimisationlevels. The maximumspeeduachiezed at
level O2is 1.59andwhencomparingthe two bestversionseach,the speedupof 1.38
canstill bereachedTheresultsof thef i r 2di mbenchmarlarerepresenteth figure6.
As beforethe performancef the transformedrersionis inferior at optimisationlevels

0O0andO1, but it increasest O2 andO3. The performanceanbeincreasedy upto
6% n this case.

nr2dim
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Fig. 6. Performanceomparisorof f i r 2di mbenchmark

In generalthe achiesablespeedup®n the Pentiumll architecturearenot aslarge
asthey areon the TriMedia. It is not yet clearwhetherthis is a consequencef ar
chitecturalpropertiesor the influenceof the differentcompilers.However, anincrease

in the performancecanbe obsened for the Intel processarin particularat the higher
optimisationlevels.



4.3 TI TMS320C6x

The overall performancémprovementof the TexasInstrumentsC60 lies betweerthat
of the Pentiumll andthe TM-1. In two caseghe pointercorversionhasno effect on
the executiontime of the programs,jn one casethereis actually a small degradation
in performancepat 1x3, andin threecaseghereis a variability in termsof relative
performancémprovementwith respecto theoptimisationlevel. Increasinghe optimi-
sationlevel for the C60improvestheimpactof the pointercorversion.

If we comparehebehaiour of thetwo processorintendedfor embeddedystems
we seethatthereis little correlationin theirbehaviour with respecto thecorversional-
gorithm.Thecasewherethe TM-1 gainsmostfrom ourtechniquen_conpl ex_updat es
hasnoimpactonthe C60;cornverselythe casewherethe C60mostbenefitspat ri x1,
haslittle impacton the TM-1. From this we can concludethat the optimisationbe-
haviour of both compilersis opaqueandthatfurtheranalysisis requiredto explain the
behaviour in orderto drive furtheroptimisations.

5 Reated Work

Previous work on transformingpointer accessesnto a more suitablerepresentation
hasfocusedon simplifying pointerexpressiongatherthantransformingtheminto ex-
plicit arrayreferenceskFor example,Allan andJohnsor1] usetheir vectorisatiorand
parallelisationframenvork basedon C asan intermediatdanguagefor inductionvari-
ablesubstitution Pointerbasedarrayaccessemgethemwith pointerarithmeticin loops
areregardedasinductionvariablesthat canbe corvertedinto expressionglirectly de-
pendenton the loop induction variable. The generatedhointer expressionsare more
amendableo vectorisatiorthanthe original representatioriut this approactstill does
not fully regenerateghe index expressionsFor the main objective of vectorisatiorthe
methodonly treatsloopsindividually ratherthanin a contet of awholefunction. The
approachs basedon a heuristicthat mostly works efficiently, althoughbacktracking
is possible Hence,in the worst casethis solutionis inefficient. No informationis sup-
plied abouttreatmentbf loop nestsand multi-dimensionakrrays.In his casestudy of
thelntel Reference&Compilersfor thei386 ArchitectureFamily Muchnick[9] mentions
briefly sometechniquefor regeneratingarrayindexesfrom pointerbasedarraytraver-
sal. No moredetailsincluding assumptionsrestrictionsor capabilitiesare given. The
complementarycorversion,i.e. from explicit arrayaccesseo pointerbasedaccesses
with simultaneougeneratiorof optimal AGU code,hasbeenstudiedby Leupers[5]
andAraujo[2].

6 Conclusion

The contrikution of this paperhasbeento introducea new techniquefor transforming
C codewith pointerbasedarrayaccessemto explicit arrayaccesseto supportexist-
ing arraydataflow analysesndoptimisationson DSParchitecturesTheapproacthas
beenimplementedandintegratedinto the experimentalOctave compilerandtestedon



examplesof the DSPstondenchmarlsuite.Resultsshawv a significant11.95% reduc-
tion in executiontime. The generatiorof efficientaddresgieneratiorcodeis improved
sincemoderncompilersare ableto analysearray accesseandto generateoptimised
codefor memoryaccessethatdoesnotrely onthe useof pointersatthe sourcdevel.

We believe the useof explicit arrayaccesseto bethekey to automaticparallelisa-

tion of DSPapplicationdor MultiprocessoDSParchitecturesFuturework will focus
on distributing computatioranddataon differentco-operatingd SPswhile makingthe
bestuseof ILP andcoarse-graimparallelism.
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