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Abstract

This paperdescribesa preliminary compilerbasedap-
proach to achievinghighperformanceDSPapplicationsby
automaticallymappingC programsto multi-processorDSP
systems. DSP programs typically contain pointer based
memoryaccessesmaking automaticparallelisation diffi-
cult. This paper presentsa new methodto convert a re-
stricted class of pointer-basedmemoryaccessesinto ar-
ray accesseswith explicit index functionssuitablefor par-
allelisation. Different parallelisation approachessuitable
for multi-processorDSPsare considered. We implemented
our pointer conversion algorithm in the prototypeOctave
compilerwhere experimentalresultsdemonstratedthat our
techniqueincreasesthenumberof parallelisableloopsfrom
6 to 24 for 11 of the DSPstonebenchmarks. Furthermore
our techniqueis shownto also improve the actual perfor-
manceof DSPcodeson singleprocessorsystemsdecreas-
ing executiontimeby up to 33%.

1. Intr oduction

Typical DSPapplicationsarebecomingmore demand-
ing in termsof theamountof computationto beperformed
under hard real-time constraints. One obvious solution
is to increasethe amountof parallelismwithin DSP sys-
tems,providing increasedperformancewithout increasing
clock speed(i.e. using the sameintegration technology).
However, typical hardware solutionsthat rely on exploit-
ing instructionlevel parallelism(ILP) provide diminishing
returnsas the amountof additional parallelismprovided
by greaternumberof functionalunits, for example,is not
matchedby the ability to detectILP within the instruction
stream.

One approachto overcomethis difficulty, which many
manufacturershave considered,is to offer solutionscon-
tainingseveralconventionalDSPseitheronaboardor inte-
gratedin a singlepackage.Suchanarchitectureallows the
possibleexploitation of a morecoarse-grainparallelismat
theprogramratherthaninstructionlevel. Unfortunately, the

programmingtools for thesemulti-processorDSPsystems
arepoor, giving little supportin mappingtheapplicationto
themultipleprocessingunits.Usually, thesystemprogram-
mersareexpectedto parallelisetheir applicationsmanually
and to codeinter-processorcommunicationsin their pro-
gramsexplicitly. Suchanapproachis errorproneandtime
consuming.However, in the areaof supercomputingthere
is a largebodyof work concernedwith theautomaticparal-
lelisationandmappingof programsto multi-processorma-
chines[9]. The parallelisationtechniquesdevelopedrely
on explicit arrayrepresentationsandareusuallynot appli-
cable in the presenceof pointers. However, pointersare
widelypresentin C-basedDSPprogramsundertheassump-
tion thatthey actasa“hint” to thecompilerto generatecode
thatutilisestheAddressGenerationUnitsavailablein most
DSPs.Suchhintspreventauto-parallelisation.

This paperdiscussesthe specific propertiesof multi-
processorDSPsandexisting pointer-basedDSP C source
codes. Problemsencounteredin automaticparallelisation
of thesecodesarediscussedbeforea methodfor the con-
versionof a restrictedclassof pointer-basedmemoryac-
cessesinto arrayaccesseswith explicit index functionsis
outlined. This is followed by a discussionof how future
auto-parallelisationtechniquesmaybeapplicableto thepar-
ticular characteristicsof DSP applications. Experimental
resultscombiningourpointerclean-upschemeandtheSUN
E6500automaticparallelisershow the largepotentialben-
efits of our approach.Furthermore,the usefulnessof this
techniquefor conventionalsingle-processorDSPssuchas
theTriMediaTM-1 andtheTexasInstrumentsTMS320C60
is demonstrated.Thepaperconcludeswith a summaryand
adiscussionof futureresearchin thisarea.

2. Background

This sectionbriefly describesthe type of architectures
andprogramswe areinterestedin andpresentsanexample
of ourcompiler-basedpointerconversiontechnique.
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2.1. Multi-Pr ocessorDSPs

In this paperwe considermultiple conventionalDSPs
linked via an interconnectionnetwork. The CPUsof such
a multi-processorDSPcanbe containedin eitherseparate
ICs andlinked togetheron oneor moreboardsor be inte-
gratedinto a singlepackage.An exampleof an integrated
multi-processorDSPis theAnalogDevicesQuad-SHARC
shown in Figure 2.1. Each Quad-SHARCcontainsfour
ADSP-21060DSPswhich are conventional32-bit DSPs.
Thebuilt-in links of thesefour DSPsareusedfor intercon-
nectingthemon a sharedbusthatis alsointegratedinto the
Quad-SHARC.

Figure2.1Quad-SHARCAD14060[1]

The Quad-SHARCis typical of the sharedmemory
multi-processorDSPsweareinterestedin andsupportssyn-
chronousmulti-processing,i.e. all its internal DSPscan
operatesynchronouslyon the sameclock signal. This is
of special importanceto parallelisationschemesthat at-
temptto avoid unnecessaryoverheadfor explicit (software-
directed)synchronisation,sincecertainassumptionson the
orderof eventsat instructionlevel canbemade.

2.2. DSPCodes

Programmersfrequently used pointer-basedaccesses
andpointerarithmeticwithin theirprogramsin orderto give
“hints” to earlycompilersfor onhow andwhento usepost-
increment/decrementaddressingmodesavailablein AGUs.
For instance,considerexample2.1, a kernel loop of the
DSPstone[7] benchmarkmatrix2.c. Here the pointer

Example2.1Originalpointer-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++ ;�

�

incrementaccesses“encourage”thecompilerto utilise the
post-incrementaddressmodesof theAGU of a DSP.

While the useof pointerarithmeticis reasonablefor ir-
regularDSParchitecturesandcanbeautomated[5], point-
ers imposesomeproblemsto the compilersof the more
compiler-friendly DSPswith large, homogeneousregister
sets.If, however, furtheranalysisfor automaticparallelisa-
tion or optimisationis neededbeforecodegeneration,then
suchaformulationis problematicassuchtechniquesrely on
explicit array index representationsand cannotcopewith
pointer references.In order to maintainsemanticcorrect-
nesscompilersuseconservativestrategies,i.e. many possi-
ble arrayaccessoptimisationsaswell asloop restructuring
andparallelisationschemesarenot appliedin thepresence
of pointers.Obviously, thislimits themaximalperformance
of theproducedcode.It is highly desirableto overcomethis
drawback,but withoutadverselyaffectingAGU utilisation.

This paperdevelopsa techniqueto collect information
from pointer-basedcodein orderto regeneratetheoriginal
accesseswith explicit indexesthat aresuitablefor further
analyses.Furthermore,this translationhasbeenshown not
to affect theperformanceof theAGU [3, 4].

Example2.2shows theloopafterapplyingourcompiler
techniqueimplementedin theOctave compiler. It now has
explicit arrayindexesthataresemanticallyequivalentto the
previousloop in figure2.1. Not only it is easierto readand
understandfor ahumanreader, but alsoeasierto analyseby
currentcompilers.

Thetransformedprogramwith explicit arrayaccessesis
amendableto arraydataflow analyses,andcompilerpar-
allelisation. The programin figure 2.3 shows the parallel
loopsdeterminedby the SUN auto-paralleliser. The same
compilerwasunableto detectany parallelismin theorigi-



Example2.2After pointerconversion

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

C[X*k+i] = A[Y*i] * B[Y*i];
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*i+Y-1];�

Example2.3Parallelcode

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

C[X*k+i] = A[Y*i] * B[Y*i];
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*i+Y-1];�

nal code.

3. Pointer Clean-upConversion

This sectionis concernedwith changingpointer-based
programstypically found in DSP applicationsinto an ar-
ray basedform amenableto currentcompileranalysis.In a
sensewe arereverseengineering“dusty desk” DSPappli-
cations.

3.1. Assumptionsand Restrictions

Thepointerconversioncanonly beappliedif theresult-
ing index functionsof all array accessesare affine func-
tions. Thesefunctionsmustnot bedependenton any other
variablesapartfrom inductionvariablesof someenclosing
loops. If all pointer increments/decrementsare constant,
thiscanbeensuredeasily.

In orderto facilitatepointerclean-upconversionandto
guaranteeits terminationandcorrectnesstheoverall affine
requirementcanbebrokendown further into thefollowing
restrictions:

1. structuredloops

2. no pointerassignmentsapartfrom – mayberepeated–
initialisationto somearraystartelement

3. no datadependentpointerarithmetic

4. no functioncallsthatmight changepointersitself

5. equalnumberof pointerincrementsin all branchesof
conditionalstatements

3.2. Algorithm

Pointerclean-upconversionusestwo stagesduringpro-
cessing.In thefirst stageinformationon arraysandpointer
initialisation, pointer incrementsand decrementsas well
asloop propertiesis collected. The secondstepthenuses
this informationin orderto replacepointeraccessesby cor-
respondingexplicit array accessesand to remove pointer
arithmeticcompletely. For furtherdetailspleasesee[2].

4. Auto-Parallelisation

There is a large body of work describing auto-
parallelisationof scientificarraybasedcodesthat may be
appliedto arrayrecoveredDSPcodes.

Traditionally, auto-parallelisationfocusedon loop trans-
formationsfor parallelismandlocality hasbeenextensively
studiedin thecontext of sharedmemoryparallelmachines.
Although frequentlysuccessful,they suffer from the fact
that the analysisand transformationsare inevitably local,
since the unit of considerationis a loop nest rather than
theentireprogram.Conversely, datatransformations,such
as alignmentand partitioning, have received much atten-
tion in distributedmemorycompilation.As datalayouthas
programwide impact,thesetechniqueshave, by necessity,
beenmoreglobalin theirconsideration.Thoughpotentially
determininggoodoverall layouts,datatransformationsare
unableto remedyany introducedpoorcodelocalisedwithin
asectionof theprogram.Recentwork hasshown thatcom-
bining theseapproachesis very effective in global optimi-
sation.[8].

The typical stagesof auto-parallelisationcanbe broken
down asfollows:

� Transform program to uncover parallelism: Loop
skewing has beenusedto uncover wavefront paral-
lelism,but thisseemsunnecessaryin DSPapplications
whereparallelismis normallyapparent.

� Determineparallelism usingdata dependenceanaly-
sis: Straightforwardanalysiscancheckif thereareno
crossloop iteration dependencesand hencethe loop
is parallel. This canbe extendedto the useof cross-
processordependenceanalysis[8].



� Partition andscheduleprogramsoasto mapprogram
parallelism to machine parallelism: This is a critical
stageas different mappingswill have different com-
munication,loadbalanceandsynchronisationcosts.

� Transformmappedcodeto exploit local processorre-
sources: Effective useof registers,and the memory
hierarchywill requireregistertiling. Loopunrollingto
exposeILP for the local processorhasto bebalanced
againstcodegrowth.

Therearethreedistinctcharacteristics,however, thatdis-
tinguish DSP parallelismto that of scientific high perfor-
mancecomputing. Firstly, many of the loop iterationsare
small andareunlikely to grow dueto the underlyingDSP
algorithms.FIR filters,e.g.,with very longfilter kernelsare
quite rare. This meansthat typical loop or databasedap-
proacheswill not scaleasthereis insufficient work within
certainsectionsof theprogram.Moreaggressivetechniques
whichgo beyonddoall parallelismwill berequired.

Secondly, DSP multi-processormay sharea common
clock. Thisallowsmuchlesspessimisticassumptionsabout
thecostof inter-processorsynchronisationandallowsmuch
tighterschedulingof thecode.

Thirdly DSPcodeshave very staticcharacteristics,so it
is worthwhile investigatingmore extensive and expensive
techniques,especiallywhenthecostwill beamortisedover
thenumberof productsshipped.

5. Results

In order to quantify the benefit of applying pointer
cleanupconversion for auto-parallelisation,a numberof
programsandplatformswereselectedfor experimentation.
We implementedthe conversion techniquein the Octave
compiler and applied it to programsfrom the DSPstone
benchmarksuite. Both versionswerethenpresentedto the
SunE6500C auto-paralleliserand the numberof parallel
loopsdiscoveredin eachcaserecorded.

Table5.1summarisestheresultsandgivesadditionalin-
formationin thosecasesthat the array-basedprogramver-
sioncouldnot besuccessfullyparallelised.

In many of thepointer-basedprogramsthecompilercan-
not paralleliseany loop. In someprogramsa few loopscan
beparallelised,but after inspectionof thecodesit becomes
apparentthat theseloopscontainactuallyexplicit arrayac-
cessesandserveonly asinitialisation.With thisknowledge,
the result is that not a single loop with pointer accesses
can be successfullyparallelised! Whenever the compiler
encountersa pointer accesswithin a loop, it immediately
assumesthat this pointerwill causea datadependenceand
thereforeconservatively avoidsparallelisation.

The numberof parallelisedloops in the programswith
explicit arrayaccessesis considerablylarger, 19 versus6.

Table 5.1Parallelisableloopsin DSPstone

Benchmark #Loops Pointer Array Comment
biquadN sect. 3 2 2 datadependent
convolution 2 0 2
dot product 1 0 0 (1) notprofitable
fir 3 0 3
lms 3 0 0(2) notprofitable,

datadependent
mat1x3 2 0 0 (1) notprofitable,

datadependent
matrix1 5 2 3 (4) notprofitable,

datadependent
matrix2 5 2 3 (4) notprofitable,

datadependent
fir2dim 12 0 6 (7) notprofitable,

datadependent
n complex up. 2 0 0 datadependent
n real updates 2 0 0 (1) notprofitable

Therearetwo mainreasonswhy thecompileravoidsto con-
vert loops into parallel forms: cross-iterationdatadepen-
dencesor expectedperformancepenalties.Cross-iteration
datadependencesaredependencesthat exist betweendif-
ferent loop iterationsandpreventparallelisation.The Sun
compiler can detectopportunitiesfor using reductionop-
erators,but not all cross-iterationscanbe resolved by this
method.Althoughtheloop iterationsmightbeproveninde-
pendent,therearesituationswhena parallelisationwould
result in an increasedrun-time and is deemed“not prof-
itable” due to, amongother costs,excessive synchronisa-
tion. However, synchronisationontheE6500is morecostly
than on multi-processorswith a common clock such as
Quad-SHARCandthuspotentiallyunprofitableparallelism
may be profitably exploited in an embeddedsituation. If,
therefore,wealsoconsiderloopsthatareparallelisable,re-
gardlessof profitability on theSUN (asshown in brackets),
the numberof loopswith parallelismincreasesfrom 19 to
24.

In figure 5.1 the speedupof the matrix2 benchmark
is shown for the executionon 1,2,4,8and 16 processors.
Thealgorithmmultipliestwo matrices,andeachmatrixwas
chosento have ���������	�
����� elements. Whereasthereis
no speedupobservablefor thepointer-basedversionasthe
numberof processorsincreases,the programwith explicit
arrayaccessesscalesnicely. Theachievedspeedupis close
to the expectedlinear speedup,only somesmall overhead
for synchronisationkeepstheperformancebelow thetheo-
retical limit. Sincemany of the kernel loopsof the DSP-
stonebenchmarkhavecomparatively small iterationranges
and short loop bodies, not all of the programsscaleso
well with the numberof processors.This meansthat any
DSP basedauto-parallelisermust carefully considerpro-
gramgranularity.



Figure5.1Speedupof thematrix2 benchmark
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Thepointercleanupconversionalsoincreasetheperfor-
mancefor existing single-processorDSPsandGPPs.The
samesetof DSPstonebenchmarkshasbeencompiledin the
original and transformedversionfor the TriMedia TM-1,
TexasInstrumentsC60 andIntel PentiumII. Figure5.2 il-
lustratestheresultsof thefir2dim benchmarkasatypical
example. The resultsarerepresentedin termsof speedup.
The run-timesafter pointer cleanupconversionare com-
paredto thoseof theoriginalprogramfor all availableopti-
misationlevelsof thecompilers.Additionally, thespeedup
of thebestexplicit arrayaccessbasedversionover thebest
pointer-basedversionis shown. On the TriMedia a signif-
icant speedupcan be observed at the lower optimisation
levels, whereasat the higher levels the differencesin per-
formancebecomesmaller. However, at someintermediate
optimisationlevel aspeedup�
� is achievedfor theTriMe-
dia. Thetransformedcodesperformspoorlywithoutfurther
optimisationsontheTI C60andPII, but with additionalop-
timisationsenabledsomesignificantincreaseof up to 33%
for the C60 canbe observed. On the PII a speedupof 6%
canbeachieved.

Summarising,Sun’sparallelisingC compilercannotpar-
allelise any loops containing pointer accesses,but can
handleexplicit array accessesafter applying the pointer
cleanup-conversion. A substantialrun-timebenefitcanbe
achieved by exploiting coarse-grainparallelism on loop
level. Pointercleanupis also profitable for conventional
single-processorDSPsandtheircompilers,enablingfurther
optimisation.

6. Conclusionsand Outlook
This paperdescribesanapproachto auto-parallelisation

for multi-processorDSPs.It presentedapointerconversion
techniqueasapre-processingstagefor auto-parallelisation.
Empirical results demonstratethat such a phaseis cru-
cial for existingcompilertechnologyin identifyingsuitable

Figure5.2Performanceof fir2dim benchmark
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programparallelism. The next stageis to develop auto-
parallelisationtechniquesmoreapplicableto DSPapplica-
tions. In particulardueto the small sizeof someapplica-
tions, more aggressive techniquesto discover and exploit
programparallelismwill benecessary. Wearecurrentlyde-
velopinganauto-paralleliserfor multi-processorDSPsand
will presentthecurrentstateof ourresearchandexperimen-
tal resultsat theworkshop.
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