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ABSTRACT

The ever increasinggap betweenprocessorand memory speeds
hasmotivatedthe designof embeddedystemswith deepercache
hierarchies. To avoid excessve missrates,insteadof using big-
gercachememoriesandmorecomplex cachecontrollers,program
transformation®iave beenproposedo reducetheamoun of capac-
ity andconflict misses.This is doneby complicatingthe memory
index arithmeticcode which resultsin performare degradation.
However, whenthesearecomplementety high-level addressode
transformationsthe overheadntroducedcanbelargely eliminated
acompiletime. In this papertheclearbenefitsof thecombiredap-
proachis illustratedon two real-life applicationsof industrialrel-
evance, using popuar programmale processomrchitecturesaand
shaving importantgainsin enegy (up to afactor3 less)with arel-
atively small penaltyin executiontime (up to a 30%). Theresults
of this paperleadsto a systematicrade-of (supportedby tools)
betweenrmemorypower and CPU cycleswhich hasup to now not
beenfeasiblefor thetargetedsystems.

Categoriesand Subject Descriptors
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1. INTRODUCTION

Multi-mediasystemsuchasmedicalimageprocessing@ndvideo
compres®n algorithms typically usea very large amountof data
storageandtransfers.This is especiallya problemfor low-power
embedledsystenrealisationdbecausehememoriesandbustrans-
fersareresponsibl€for mostof systemenepgy waste(betweens0
and 80%). Therefore,optimizing the global memoryaccessesf
anapplicationin aso-calledDataTransferandStorageExploration
(DTSE) [1] stagesis a crucial taskfor achieving low power real-
izations. Theseoptimisationshave both platformindependentand
specificphases.The first phasehave a positive influenceon both
enegy and performarte (irrespectve of the architecture)sinceit
removesredundat datatransferandstorageandit improvesthelo-
cality of productioriconsumptiorof the data. However, this phase
needto be complematedby a platform specficoneto exploit the
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oppatunitiescreated Thisis especiallytruefor highly constrained
architecturedik e thosefound in programmableplatformsdue to
resourcdimitations.

In multimedia,the vastmajority of programmable@rocessouse
cachecontrollersto managetheir on-chip memories. Thesecon-
trollers decideat run-timewhenand how the datais copiedfrom
the highermemoryhierarchylayersto the cachearchitecturd?2].
In this way the designerdoesnot have to worry aboutmanaging
thememoryhierarchy especiallyfor the dynanic partof theappli-
cation. However, this canbecomea run-timebottleneckespecially
duethe cachemisseswhenthe requireddatais no longer present
in the on-chipmemory Thesemissesranslatesnto an excessof
systembus load andenegy becaseof the traffic of databetween
main memoryandthe cache(hierarchies).This resultsinto cycles
wastedwhenthe processois stalledwaiting for the datato arrive
andin enepgy spentin reloadingthe cacheandit limits the perfor
manceof shared-memorynultiprocessobasedmplementations.

All thisunnecessarypverheadcanbeavoidedatthe source-leel
code. However, it requiresknowledge of the underlyingplatform
architectureThisknowledgecanbeexploitedusingplatform-avare
transformations Optimisationsorientedto minimisethe missrate
in the datacache(D-cache)are thoseexploiting the limited life-
time of the dataduring programexecution (namelyinplace opti-
misations[3]) andthoseexploiting the memorydataorganisation
freedom[4, 5]. Thisreductionin missrateleadsto importantsav-
ingsin enegy (seeSection3). However, they typically requireto
re-write the index expressionof the affecteddataarrays,thusre-
sultingin amuchmorecomplex addressindunctionality This po-
tentially large overheadn addressinganleadto factorsoverhead
in executiontime andto hide the benefitin executiontime of the
moreefficient cacheutilisation.

The new addressingodeis dominatedby index expressios of
piece-wisdinear natureandit becomes bottleneckfor thelinear
natureof mostcommercialAddressCalculationUnit (ACU) archi-
tecturesThereforejt shoud beremovedbeforegoingto themore
pointer level specific addressoptimisationtechnique like those
foundin cornventioral [6] or state-of-the-artompilers[7]. More-
over, corventionalautomatecaddressoptimisationapproackes|8,
9, 10, 11, 12] do not allow this for addresodecontainingmod-
ulo/division operations.To remove this large bottleneckwe have
developedefficientaddres®ptimisationtechniquesThesearebased
on the useof sourcecodelevel transformationsvhich arelargely
indepemlentof thetargetednstruction-searchitecturd13, 14], but
which needalsoto be complementedby morearchitecturespecific
ones[15]. Using this techniqesthe addresig codeis globally
optimised, resultingin factorsoverall improvemer in execution
cycleswhencomparedo their data-oganisedversions.



Miss rate Power (mW)

50.00%

Total memory power (mW)

—&— Original - Direct
Mapped
—e— Data Layout - Direct

\

40.00% 20

—e— Original

e

—=— Data-layout

)

30

Mapped
—— Original - 4-Way

T~

30.00% 15
Original - Fully

Associative

Associative
\\

20.00%

e

20

10

T

10.00%

/

—e— On-chip (cache)
—&— Off-chip (original)

—~ .,

0.00%

—, |

—a— Off-chip (data-layout)

/
/./
./'/ |

10

256 512 1K 2K 256 512

Cache size (bytes)

Cache size (Bytes)

1K 2K 256 512 1K

Cache size (bytes)

2K

Figure 1: D-cachemiss-rate evolution for the MPEG4 Motion Estimation driver for differ ent cachesizesand controller types,in-
cluding off-chip/on-chip power breakdown and total power evolution for differ ent cachesizes(for a dir ectmappedcachecontroller).

The clearbenefitsof the combinedapproat to aggressiely im-
prove cacheutilisation by sourcecodetransformationsvhich in-
troducecomplex addressingvhichis thenreducedagainby a high-
level addressoptimisationstage,hasto our knowledge not been
studiedin theliterature. We will provide a systemati@pproat to
achieve thatin this paper Thatapproachs illustratedon two real-
life applicationdriversof industrialrelevance,usingthreepopular
programnableprocessoarchitecturesshaving importantgainsin
cycle countandenepgy consumption.

2. APPLICATION DRIVERS DESCRIPTION

Dueto flexibility requirementsf theimplementatioraninstruction-
setprocessoarchitecturds preferredover afully customone.The
architecturesvhich we tamgetin this paper consistof multi-media
(extended processeos (suchasthe Philips TriMedia, Pentium-Iil
MMX) but alsomoregeneralRISC architecturesuchasthe HP-
PA800 architectureFor realisticembediedimplementatiorwe as-
sumetheir “core” versionswhich have arelatively smalllocal (L1)
on-chipcachememoryto reducethe enegy per L1 cacheaccess
(which is our focus here). Theseprocessorsre conrectedto a
(distributed) sharedoff-chip memory(hierarchy). Threfore,meet-
ing real-timeconstraintdn sucharchitecturestequiresan optimal
mappingof theapplicationontothetargetarchitecture.

Our explorationapproachis illustratedon two real-life applica-
tion drivers: a Cavity DetectoralgorithmandFull SearchMotion
Estimationkernel for CIF video frames. The Cavity Detectoris
animageprocessig applicationusedmainly in the medicalfield
for detectingtumorcavities in computertomograply pictures[16].
Theinitial Cavity Detectoralgorithmconsistsof threemoduesex-
pressedn about100 lines of flat (non-hierarcital) C-code.Each
modue hasoneimageframe (of 1280x 1000 pixel) asinput and
oneasoutpu. Whenthis initial algorithmis mappednto anem-
beddd system,the systembus load and power requiremets are
quite high. The main reasonis thateachof the functionsreadsan
imagefrom shareackgoundmemory andwritestheresultback
to thismemory

At ourlaboratory mucheffort hasbeenalreadyspenton optimis-
ing both drivers at the source-lgel code, mainly by applying the
platform independenttransformationstageof the DTSE method-
ology [17, 18]. In this paperwe will studythe datacacherelated
trade-ofs duringthe platformspecificmappingstage.

3. DATA-LAYOUT OPTIMISATION TECH-
NIQUES FOR D-CACHES

A cachemisshappes wheneer ablock of datarequestedby the

CPUis notfoundin the cache.Therefore thefist time a block has
be copiedinto the cachecanalsobe consiceredasa miss(namely
acompulsorymisg. However, only thosemisseselatedto blocks
that have beenprevioudy allocatedin the cacheleadto an over-

head. In this case two possiblesituationsexist [2]: (1) whenthe

cachecannotcontainall the blocks neededduring execution, ca-

pacity misseswill occur becauseof blocks being discardedand
later retrieved; (2) if the block placementstratgy is setassocia-
tive or direct mapped,confict misseg(in additionto compulsory
andcapacity)will occurbecauseblock canbediscardedandlater
retrievedif too mary blocksmapto its set.

For the D-cache optimisationsare availablewhich are oriented
to minimise both capacityand conflict misses. Capacitymisses
can be greatly reducedby exploiting the limited life-time of the
data(inplaceorientedoptimisationg3]) andthe conflict misseshy
applyingdata-layot orientedtransformation$s].

For our experimentalsetupwe obtain first the transformedC
codefrom our prototypedatalayouttransformatiortool [20]. Thus,
we now have theinitial (referencejpndthe datalayouttransformed
codes. We have usedthe SimpleScalasimulatortool set[19] for
simulatingcacheperformancdor varyingcachesizes.Thecaches
simulatedusingthe fasterandfunctionally correctsim-cachesim-
ulatorfor measuringcacheperformance.

Existing processorsvere usedto measurehe performane val-
ues. The codeversionshave beencompiling the native compilers
andenablingtheir mostaggresie speedorientedoptimisationfea-
tures. The processrs usedare Hewlett-Packards PA-RISC 8000,
Intel's Pentium-MMX-IIl, and TriMedia’s TM1000.

After cachesimulationswe have obsened thatboth driversare
dominatedby missesin the D-cache(the missratefor I-cacheis
aboutthreeordersof magnitudesmallerthanfor D-cache).There-
fore, we have focussedbn optimisingthe D-cachemissrateby ap-
plying main memorydata-layot orientedprogramcodetransfor
mations. Simulationshave beenperformedusing differentcache
controllertypes: a 4-way associatie cachefor the non optimised
versionandadirectmappel for both optimisedandnon-ogimised
versions.Also, differentcapacitysizes(with the numberof cache
lines rangingfrom 256 till 2024) have beenevaluated. Figure 2
and1 shavsthemissrateaftersimulationsfor bothcontrollertypes.

Forthenon-optimisedcode the missrateobtainedusingadirect
mappedcontrolleris ratherlarge whenwe compareit to the one
obtainedwhenusing4-way associatie controller However, when
usingthe cacheoptimisedcode,the missratebehaesequallywell
for bothcontrollertypes.Thisis clearlyanimportantresultbecause
it enablegthe useof the simpler direct mappedcachecontrollers
for embeddd applicatiors, insteadof the more costly, and power
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Figure 2: Data-cachemiss-rate evolution for the Cavity Detector driver for different cachesizesand controller types, including
off-chip/on-chip power breakdown and total power evolution for differ ent cachesizes(for a dir ectmappedcachecontroller).

hungy, set-associate controllertypes.

4. HIGH-LEVEL OPTIMISATION OF THE
INDEX/ADDRESS COMPUTATION

Cacheorientedtransformationsequirethe introductionof com-
plex moduo and integer division operationsin the index expres-
sions. Thisis becawse, transformationgxploiting the limited life-
time of thedatarequirescomplex modulooperationsn theaddress
codeto expressin time the folded natureof the relation between
theoriginal andthetransformedaddresspacesn mainmemory

for(x=1; x<N-2; x++) {
for(y=1; y<Mm-2; y++) {
for(k=-1; k<1; k++) {

AXIly] += BIx+K][y]*Clabs(K)];
-
Xy /= tot; }
(@)

for(y=0;y<M+2;y++) {
for(x=0;x<n+2;x++) {

if(x>=0 && X<N && y>0 && y<M-1)
D[x%3] = B[(y*N+x%3)%160+(y*N+x%3)/160*256+ 96];

if(x-1>=1 && x-1<=N-2 && y>=1 && y<=M-2)
for(k=-1;k<=1;k++)
acc+=D[(x-1+k)%3]*C[abs(k)];
acc/=tot; }}

(b)

Figure 3: lllustration of data cacheoriented transformations
in the Cavity Detectordriver: (a)initial code;(b) transformed
code.

On the otherhand,data-layoutorientedtransformationsequire
to creategapsof unusedmemory locationswithin array of data
allocatedin main memory aswell asto allocatein memorydif-
ferentarraysin aninterleavred manner Threfore,thesedata-layout
orientedtransformationslsorequiremodificationsin the original
addressig codeby introducingcomgdex moduloandinteger divi-
sionsoperations. Figure 3 illustratesthe effect of suchtransfor
mationson a pieceof coderepresentatie of the Cavity Detector
driver. The combiredresultis thatnestednoduo expressims are
evenpresent.

As aresult,for both applicationdriversdescribedn Section3,

a large overheadin addressings created. For both drivers, this
overheadis mostly due to the more complex index expressios
(mainly piece-wiselinear) introducedduring the inplace[3] and
data-layouf5] DTSEorientedoptimisationsteps.n bothdrivers,a
considerale numberof costlymodulooperationsareexecutedand
traditionalcompilerscompletelyfail to efficiently eliminatethem.
Hence theexecutiontime increasesonsideraly: afactorbetween
2-20 depenling on the applicationandthe target processomrchi-
tecture.

for(y=0;y<10;y++){
for(x=0;x<100;x++)Y{
if(x>1) Al(y%3)*3
+(X-2)%3]=...
if(x>4) ...=A[(y%3)*3
+ (x-5)%3]
1 1

for(y=0;y<10;y++){
V_y = (Y%3)*3;
for(x=0;x<100;x++){
V_YX = (X-2)%3 + Vv_y;
if(x>1) Alv_yx] = ...
if(x>4) ... = Alv_yx];

(a) Initial (b) Index expression

optimisation

for(y=0;y<10;y++){

if(p_y>=9) p_y-=9;

for(x=0;x<100;x++){
if(p_x>=3) p_x-=3;
V_YX=p_X+p_y;
if(x>1) Alv_yx] =...
if(x>4) ...= Alv_yx];
p_x++;}

p_y+=3:}

(c) Address pointer
generation

Figure 4: lllustration of processorindependentaddresstrans-
formations for the Cavity Detector driver: (a) initial code; (b)
after algebraic and modulo oriented transformations; (c) after
executioncostoriented transformations.

Our novel designscript allows to remove this overheadat the
source-leel code by reducingthe compleity of the index arith-
metic andthe amountof addresoperationg15]. This high-level
optimisationstageconsistson two main stages.The first one ex-
ploits algebraicand moduo propeties to reducethe numberop-
erationinstances.This stagedoesa refactorisationof addressing
expressios [21] (containingalsomodulo/dvision operations}hat
compilersarenot capableo perform(seeFig 4b).
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Figure 5: Power and performance trade-offs for the Motion Estimation kernel for differ ent processorsand memory data-layouts.
Lines at the left representtrade-offs before the addressoptimisation phaseand at the right after it.

When complementinghis with aggressie code hoisting tech-
niguesacrosshothloopsandconditionas, the numker of executed
operatiors is minimised. At that point, the secondstagecanfocus
on reducingthe executioncostof the (remaining)modulo/dvision
operatiors by transformingtheseonto a efficient combinaion of
linearinductionvariablesandconditioral code(seeFig 4c) [15].

High-level addressransformationslsohave apositive effecton
missratefor both I-cachesand D-caches.We have simulatedthe
cachebehaiour and we have obsened an averageof a 10% im-
provement in missratefor the D-chacefor the driversdescribedn
Section2. However, thisimprovemert is limited ahencompaedby
the onesachieved using data-layoutorientedtransformationgsee
Section5

5. TRADE-OFF BETWEENPERFORMANCE,
POWER AND MEMORYY SIZE

Wenow discusshow theabove techniquecanbeappliedto achieve
importanttrade-of’s. For both driverswe have startedwith anini-
tial algorithmwhich hasnot beenoptimizedfor datatransferand
storage.

In thefirst step,we obtainthecachemissratesfor differentcache
sizesand usinga simplerdirect mappedcachecontroller This is
shavn in Figure 2 for the Cavity Detectoralgorithmandin Fig-
ure 1 for theMotion Estimationkernel. Oncewe have obtainedthe
missratesfor differentcachesizes,we compue the total (off-chip
plus on-chip)requiredpower for eachdriver. We obsene thatfor
both drivers a cachesize with 256 bytesconsunesthe leasttotal
power. For smallercachesizesthe total consume power will be
dominatedby the accessefdueto misses}o the off-chip memory
For larger sizesof the cachethe total pawver will be dominatedby
theaccesse® theon-chipmemory

In a next stepwe choosethe power optimal cachesize of 256
bytesto decideon a trade-of betweersize(the overheadn mem-
ory spacein the datalayou optimizationprocessas comparedo
the initial algorithm) and the reductionin missrate as shavn in
Tables2 and1. Thusdepenihg on the designconstraintsthe de-
signercan now either choo® a lower power solution with some
overheal in sizeandvice-versa.For the Cavity Detectoralgorithm
we have decidedto choosetwo versionsrepresentatie of extreme
pointsin the searchspaceand obsere the trade-ofs: onewith a
2% memoryusageoverhead(labeled’Light”) andonewith a 2X
(labeled”Aggressive”) usageoverhead For the Motion Estima-
tion kernelthe pointsselectedarerespongble for a 30% overhead
in memoryusage(labeled”Light”) anda larger 3X overheadin
memoryusage(labeled’Aggressve”).

In the final stage we performaddresoptimizations[15], so as

Table 1: Array-size/power/speedtrade-offs for the Motion Es-

timation.
Data-layout| Array-size | Avrg.Paver | Avrg.Speed
trade-of Overhead Gain Degradation
Light 30% 45% 14-40%
Aggressie 3X 609% 18-60%

Table 2: Array-size/power/speedtrade-offs for the Cavity De-

tector.
Data-layout| Array-size | Avrg.Paver | Avrg.Speed
trade-of Overhead Gain Degradation
Light 2% 45% 8-13%
Aggressie 2X 65% 24-87%

to remove the overheal in addressingperatiors introducedin the
datalayoutoptimizationprocessFigures6 and5 shov thatwe are
ableto largelyremovetheoverheadn addressingThisis visible by
comparinghetrade-of achievedbeforeapplyingthehigh-level ad-
dressoptimisationphaseand(shadedine) andafterit (solid line).

For the Cavity Detectoralgorithm the “Light” data-oganised
versiondeliversareductionof almosta factorof 2 in cacherelated
power with respecto the globally transformedrersionby trading-
off a10% of the CPU cyclesanda 2% of thearraysize. However,
for the Motion Estimationkernd we canachieve a largerreduction
in cacherelatedpower (almostafactor3) with respecto theinitial
versionby trading-of betweenthe 21% of the CPU cyclesanda
30%of thearraysize.

Notethattheapprachwe have usedn thiswork is mostlypower
centric namely we first optimize for power then size and lastly
for performane. But the above technique canbe usedfor a per
formancecentricappro@h too. In that case,the designe should
first choo® the cachesize with leastnumberof missesand then
optimizefor power by trading-of performane (and/orsize)with
power.

6. CONCLUSIONS

In this paperwe have shavn how to efficiently combire mem-
ory data-layoutand addressrientedtransformationsn a system-
atic way for mappingdata-intensie applicationgnto architectures
containingcachememories. The clear benefitsof the combined
approat hasbeenillustrated by two real-life applicationsof in-
dustrialrelevance usingpopular programmale processr architec-
tures.Importantgainsin enegy (up to afactor3 less)with limited
impacton executedCPU cyclesarereported.
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Figure 6: Power and performance trade-offs for the Cavity Detector algorithm for differ ent processorsand memory data-layouts.
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The resultsof this paperleadsto a systematictrade-of (sup-
portedby tools) betweenmemorypower and speedwhich hasup
to now not beenfeasiblefor thetargetedsystems.
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