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Abstract

This paperdescribesa preliminary compilerbasedap-
proach to achieving high performanceDSPapplicationsby
automaticallymappingC programsto multi-processoDSP
systems. DSP programs typically contain pointer based
memoryaccessesnaking automatic parallelisation diffi-
cult. This paper presentsa new methodto corvert a re-
stricted class of pointerbasedmemoryaccessesnto ar-
ray accessesvith explicit index functionssuitablefor par-
allelisation. Different parallelisation appmoachessuitable
for multi-processoDSPsare consideed. We implemented
our pointer corversion algorithm in the prototypeOctave
compilerwhee experimentalresultsdemonstatedthat our
techniqueincreaseshenumberof parallelisableloopsfrom
6 to 24 for 11 of the DSPstoneébendmarks. Furthermoe
our techniqueis shownto also improve the actual perfor-
manceof DSP codeson single processorsystemslecieas-
ing executiontime by upto 33%.

1. Intr oduction

Typical DSP applicationsare becomingmore demand-
ing in termsof the amountof computatiorto be performed
under hard real-time constraints. One obvious solution
is to increasethe amountof parallelismwithin DSP sys-
tems, providing increasedperformancewithout increasing
clock speed(i.e. usingthe sameintegrationtechnology).
However, typical hardware solutionsthat rely on exploit-
ing instructionlevel parallelism(ILP) provide diminishing
returnsas the amountof additional parallelism provided
by greatemumberof functionalunits, for example,is not
matchedby the ability to detectILP within theinstruction
stream.

One approachto overcomethis difficulty, which mary
manubcturershave consideredjs to offer solutionscon-
tainingseveralcorventionalDSPseitheron aboardor inte-
gratedin a singlepackage Suchan architectureallows the
possibleexploitation of a more coarse-grairparallelismat
theprogranratherthaninstructionlevel. Unfortunatelythe

programmingtools for thesemulti-processoDSP systems
arepoor, giving little supportin mappingthe applicationto

themultiple processinginits. Usually, the systemprogram-
mersareexpectedo parallelisetheir applicationamanually
andto codeinter-processoicommunicationsn their pro-

gramsexplicitly. Suchanapproacthis error proneandtime

consuming.However, in the areaof supercomputinghere
is alargebody of work concernedvith theautomatigparal-
lelisationandmappingof programso multi-processoma-

chines[9]. The parallelisationtechniquesdevelopedrely

on explicit arrayrepresentationandare usually not appli-

cablein the presenceof pointers. However, pointersare
widely presentn C-basedSPprogramaindertheassump-
tion thatthey actasa“hint” to thecompilerto generateode
thatutilisesthe AddressGeneratiorlnits availablein most
DSPs.Suchhints preventauto-parallelisation.

This paperdiscusseghe specific propertiesof multi-
processoDSPsand existing pointerbasedDSP C source
codes. Problemsencounteredn automaticparallelisation
of thesecodesare discussedeforea methodfor the con-
versionof a restrictedclassof pointerbasedmemoryac-
cessesnto array accessesvith explicit index functionsis
outlined. This is followed by a discussionof how future
auto-parallelisatiotechniquesnaybeapplicableo thepar
ticular characteristicof DSP applications. Experimental
resultscombiningour pointerclean-upschemendthe SUN
E6500automaticparallelisershav the large potentialben-
efits of our approach. Furthermore the usefulnesf this
techniquefor conventionalsingle-processobSPssuchas
theTriMedia TM-1 andthe TexasInstrumentfMS320C60
is demonstratedThe paperconcludeswith a summaryand
adiscussiorof futureresearchn thisarea.

2. Background

This sectionbriefly describeghe type of architectures
andprogramswe areinterestedn andpresentanexample
of our compilerbasedointercorversiontechnique.



2.1 Multi-Pr ocessorDSPs

In this paperwe considermultiple corventional DSPs
linked via aninterconnectiometwork. The CPUsof such
a multi-processoDSP canbe containedin eitherseparate
ICs andlinked togetheron one or more boardsor be inte-
gratedinto a single package.An exampleof anintegrated
multi-processoDSPis the Analog DevicesQuad-SHARC
shavn in Figure 2.1. Each Quad-SHARCcontainsfour
ADSP-21060DSPswhich are conventional 32-bit DSPs.
Thebuilt-in links of thesefour DSPsare usedfor intercon-
nectingthemon a sharedbusthatis alsointegratedinto the
Quad-SHARC.

Figure 2.1 Quad-SHARCAD14060[1]
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The Quad-SHARCIs typical of the sharedmemory
multi-processoDSPswe areinterestedn andsupportsyn-
chronousmulti-processingj.e. all its internal DSPscan
operatesynchronouslyon the sameclock signal. This is
of specialimportanceto parallelisationschemeghat at-
temptto avoid unnecessargverheador explicit (software-
directed)synchronisationsincecertainassumptiongn the
orderof eventsatinstructionlevel canbe made.

2.2 DSPCodes

Programmersfrequently used pointerbased accesses
andpointerarithmeticwithin their programsn orderto give
“hints” to earlycompilersfor on how andwhento usepost-
increment/decrememtddressingnodesavailablein AGUSs.
For instance,considerexample 2.1, a kernel loop of the
DSPstondg7] benchmarkmat ri x2. ¢. Herethe pointer

Example 2.1 Original pointerbasedarraytraversal

int *p_a = &A[0] ;
int *p_b = &B[0] ;
int *p.c = &J0] ;
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_at+ * *p b++ ;
*p_c++ += *p_at++ * *p b++

}

incrementaccesse%encouragethe compilerto utilise the
post-incremenaddressnodesof the AGU of aDSP

While the useof pointerarithmeticis reasonablédor ir-
regular DSParchitecturegindcanbe automated5], point-
ersimpose someproblemsto the compilersof the more
compilerfriendly DSPswith large, homogeneousegister
sets.If, however, furtheranalysisfor automaticparallelisa-
tion or optimisationis needeceforecodegenerationthen
suchaformulationis problematicassuchtechniquesely on
explicit array index representationand cannotcope with
pointerreferences.In orderto maintainsemanticcorrect-
nesscompilersuseconsenative stratgjies,i.e. mary possi-
ble arrayacces®ptimisationsaswell asloop restructuring
andparallelisatiorschemesrenot appliedin the presence
of pointers.Obviously, thislimits themaximalperformance
of theproducectode.lt is highly desirabldo overcomethis
drawback,but without adverselyaffecting AGU utilisation.

This paperdevelopsa techniqueto collect information
from pointerbasedcodein orderto regeneratehe original
accessesvith explicit indexesthat are suitablefor further
analysesFurthermorethis translationhasbeenshovn not
to affectthe performancef the AGU [3, 4].

Example2.2 shavs theloop afterapplyingour compiler
techniquamplementedn the Octave compiler It now has
explicit arrayindexesthataresemanticallyequivalentto the
previousloopin figure2.1. Not only it is easierto readand
understandor ahumanreaderbut alsoeasierto analyseby
currentcompilers.

Thetransformedrogramwith explicit arrayaccesses
amendabldo array dataflow analysesand compiler par
allelisation. The programin figure 2.3 shaws the parallel
loopsdeterminedby the SUN auto-paralleliser The same
compilerwasunableto detectary parallelismin the origi-



Example 2.2 After pointercorversion

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

CXk+i] = ALIY*i] * B[Y*i];
for (f =0 ; f <Y-2; f++4)
g X*k+i] +=

Al Y*i +f +1]
C X k+i] +=
Al Y*i +Y-1]

* B[ Y*k+f +1] ;

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

Example 2.3 Parallelcode

PAR for (k =0 ;
PAR for (i

1l
o

C X*k+i ] ALY<i] * B[Y*i];
for (f =0 ; f <Y-2; f++4)
C X*k+i] +=

Al Y*i +f +1]
g X*k+i] +=
Al Y*i +Y-1]

* B[ Y*k+f +1] ;

* Bl Y*i +Y-1];

nal code.

3. Pointer Clean-up Conversion

This sectionis concernedwith changingpointerbased
programstypically found in DSP applicationsinto an ar
ray basedorm amenabldo currentcompileranalysis.In a
sensewe arereverseengineering'dusty desk” DSP appli-
cations.

3.1 Assumptionsand Restrictions

The pointercorversioncanonly be appliedif theresult-
ing index functionsof all array accessesre affine func-
tions. Thesefunctionsmustnot be dependenbn ary other
variablesapartfrom inductionvariablesof someenclosing
loops. If all pointerincrements/decrementsre constant,
this canbeensureckasily

In orderto facilitate pointerclean-upcorversionandto
guaranteets terminationandcorrectnesshe overall affine
requirementanbe brokendown furtherinto the following
restrictions:

1. structuredoops

2. nopointerassignmentapartfrom — mayberepeated-
initialisationto somearraystartelement

3. nodatadependenpointerarithmetic
4. nofunctioncallsthatmight changepointersitself

5. equalnumberof pointerincrementsn all brancheof
conditionalstatements

3.2 Algorithm

Pointerclean-upcorversionusestwo stagesduring pro-
cessingn thefirst stageinformationon arraysandpointer
initialisation, pointer incrementsand decrementsas well
asloop propertiesis collected. The secondstepthenuses
thisinformationin orderto replacepointeraccesseby cor-
respondingexplicit array accessesndto remove pointer
arithmeticcompletely For furtherdetailspleaseseg[2].

4. Auto-Parallelisation

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

Traditionally, auto-parallelisatiofiocusedon loop trans-
formationsfor parallelismandlocality hasbeenextensiely
studiedin the contet of sharednemoryparallelmachines.
Although frequently successfulthey suffer from the fact
that the analysisand transformationsare inevitably local,
since the unit of considerationis a loop nestratherthan
the entireprogram. Corversely datatransformationssuch
as alignmentand partitioning, have receved much atten-
tion in distributedmemorycompilation.As datalayouthas
programwide impact,thesetechniqueshave, by necessity
beenmoreglobalin their considerationThoughpotentially
determininggoodoverall layouts,datatransformationsare
unableto remedyary introducedpoorcodelocalisedwithin
asectionof the program.Recentwork hasshavn thatcom-
bining theseapproachess very effective in global optimi-
sation.[8].

The typical stagesof auto-parallelisatioranbe broken
down asfollows:

e Transform program to uncover parallelism: Loop
skewing has beenusedto uncover wavefront paral-
lelism, but this seemsainnecessarin DSPapplications
whereparallelismis normally apparent.

e Determineparallelism using data dependencanaly-
sis: Straightforvardanalysiscancheckif thereareno
crossloop iteration dependenceand hencethe loop
is parallel. This canbe extendedto the useof cross-
processodependencanalysiq8].



e Partition andscheduleprogramsoasto mapprogram
parallelismto madine parallelism: This is a critical
stageas different mappingswill have differentcom-
munication Joad balanceandsynchronisatiorcosts.

e Transformmappedcodeto exploit local processore-
sources: Effective use of registers,and the memory
hierarchywill requireregistertiling. Loopunrollingto
exposelLP for the local processohasto be balanced
againstcodegrowth.

Therearethreedistinctcharacteristichhowever, thatdis-
tinguish DSP parallelismto that of scientific high perfor
mancecomputing. Firstly, mary of the loop iterationsare
smallandareunlikely to grow dueto the underlyingDSP
algorithms.FIR filters, e.g.,with verylongfilter kernelsare
quite rare. This meansthat typical loop or databasedap-
proacheswill notscaleasthereis insufficient work within
certainsection®f theprogram.More aggressietechniques
which go beyonddoall parallelismwill berequired.

Secondly DSP multi-processomay sharea common
clock. Thisallows muchlesspessimisti@assumptionabout
thecostof inter-processosynchronisatiomandallows much
tighterschedulingof thecode.

Thirdly DSPcodeshave very staticcharacteristicssoit
is worthwhile investigatingmore extensive and expensie
techniquesespeciallywhenthe costwill beamortisedbver
thenumberof productsshipped.

5. Results

In order to quantify the benefit of applying pointer
cleanupcorversion for auto-parallelisationa number of
programsandplatformswereselectedor experimentation.
We implementedthe corversiontechniquein the Octave
compiler and applied it to programsfrom the DSPstone
benchmarksuite. Both versionswerethenpresentedo the
SunE6500C auto-paralleliseand the numberof parallel
loopsdiscoveredin eachcaserecorded.

Table5.1 summarisetheresultsandgivesadditionalin-
formationin thosecaseghatthe array-basegrogramver-
sioncould notbe successfullyparallelised.

In mary of thepointerbasedrogramshecompilercan-
not paralleliseary loop. In someprogramsa few loopscan
be parallelisedput afterinspectionof the codesit becomes
apparenthattheseloopscontainactuallyexplicit arrayac-
cesseandsene only asinitialisation. With thisknowledge,
the resultis that not a single loop with pointer accesses
can be successfullyparallelised! Wheneer the compiler
encounters pointer accesswithin a loop, it immediately
assumeshatthis pointerwill causea datadependencand
thereforeconsenratively avoids parallelisation.

The numberof parallelisedoopsin the programswith
explicit arrayaccessess considerablylarger, 19 versuse.

Table 5.1 Parallelisabldoopsin DSPstone

Benchmark #Loops | Pointer | Array Comment
biqguadN_sect. 3 2 2 datadependent]
corvolution 2 0 2
dot product 1 0 0(2) notprofitable
fir 3 0 3
Ims 3 0 0(2) not profitable,
datadependent]
matlx3 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_complec_up. 2 0 0 datadependent]
n_realupdates 2 0 0(2) notprofitable

Therearetwo mainreasonsvhy thecompileravoidsto con-
vert loopsinto parallelforms: cross-iteratiordatadepen-
dencesor expectedperformancepenalties. Cross-iteration
datadependenceare dependencethat exist betweendif-
ferentloop iterationsand prevent parallelisation. The Sun
compiler can detectopportunitiesfor using reductionop-
erators,but not all cross-iterationganbe resoled by this
method.Althoughtheloopiterationsmightbeproveninde-
pendentthereare situationswhen a parallelisationwould
resultin an increasedrun-time and is deemed‘not prof-
itable” due to, amongother costs,excessve synchronisa-
tion. However, synchronisatiomnthe E6500is morecostly
than on multi-processorsvith a common clock such as
Quad-SHARCandthuspotentiallyunprofitableparallelism
may be profitably exploited in an embeddedsituation. If,
therefore,wealsoconsidedoopsthat are parallelisablere-
gardlesf profitability onthe SUN (asshown in braclets),
the numberof loopswith parallelismincreasegrom 19 to
24,

In figure 5.1 the speedupof the mat r i x2 benchmark
is shawn for the executionon 1,2,4,8and 16 processors.
Thealgorithmmultipliestwo matricesandeachmatrixwas
chosento have 1000 x 1000 elements. Whereasthereis
no speedumbsenablefor the pointerbasedversionasthe
numberof processorsncreasesthe programwith explicit
arrayaccessescalesicely. Theachieved speedups close
to the expectedlinear speeduppnly somesmall overhead
for synchronisatiorkeepsthe performanceelow the theo-
retical limit. Sincemary of the kernelloops of the DSP-
stonebenchmarkhave comparatiely smalliterationranges
and short loop bodies, not all of the programsscale so
well with the numberof processors.This meansthat ary
DSP basedauto-parallelisemust carefully considerpro-
gramgranularity



Figure5.1 Speedupf themat r i x2 benchmark

Figure5.2Performancef f i r 2di mbenchmark
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The pointercleanupcorversionalsoincreasehe perfor
mancefor existing single-processobSPsand GPPs. The
samesetof DSPstondenchmark&iasheencompiledin the
original and transformedversionfor the TriMedia TM-1,
TexasInstrumentsC60 and Intel Pentiumll. Figure5.2il-
lustrategheresultsof thef i r 2di mbenchmarlasatypical
example. Theresultsarerepresentedh termsof speedup.
The run-timesafter pointer cleanupcorversionare com-
paredto thoseof the original programfor all availableopti-
misationlevels of the compilers.Additionally, the speedup
of the bestexplicit arrayaccesdasedversionoverthe best
pointerbasedversionis shovn. On the TriMedia a signif-
icant speedupcan be obsered at the lower optimisation
levels, whereasat the higherlevels the differencesn per
formancebecomesmaller However, at someintermediate
optimisationlevel aspeedup< 1 is achievedfor the TriMe-
dia. Thetransformedcodeperformspoorly withoutfurther
optimisationonthe Tl C60andPII, butwith additionalop-
timisationsenabledsomesignificantincreaseof up to 33%
for the C60 canbe obsened. On the Pll a speedumf 6%
canbeachieved.

SummarisingSun’s parallelisingC compilercannotpar
allelise ary loops containing pointer accessesput can
handle explicit array accessesfter applying the pointer
cleanup-cowmersion. A substantiafun-time benefitcanbe
achieved by exploiting coarse-grainparallelismon loop
level. Pointercleanupis also profitable for conventional
single-processddSPsandtheir compilers enablingfurther
optimisation.

6. Conclusionsand Outlook

This paperdescribesan approacho auto-parallelisation
for multi-processoDSPs.It presentec pointercorversion
techniqueasa pre-processingtagefor auto-parallelisation.
Empirical results demonstratethat such a phaseis cru-
cial for existing compilertechnologyin identifying suitable

programparallelism. The next stageis to develop auto-
parallelisationtechniquesnore applicableto DSPapplica-
tions. In particulardueto the small size of someapplica-
tions, more aggressie techniquego discover and exploit
programparallelismwill benecessaryWe arecurrentlyde-
velopingan auto-parallelisefor multi-processoDSPsand
will presenthecurrentstateof ourresearctandexperimen-
tal resultsat theworkshop.
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