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Abstract— The energy consumption for Mobile Embedded
Systemsis a limiting factor becauseof today’s battery capacities.
The memory subsystemconsumesa large chunk of the energy,
necessitatingts efficient utilization. Energy efficient scratchpads
arethus becomingcommon,though unlike cachesthey requireto
be explicitly utilized. In this paper, an algorithm integrated into
a compiler is presentedwhich analyzesthe application, partitions
an array variable whenever its beneficial,appropriately modifies
the application and selectsthe bestsetof variables and program
parts to be placed onto the scratchpad. Resultsshow an energy
impr ovementbetween5.7% and 17.6% for a variety of applica-
tions againsta previously known algorithm.

|. INTRODUCTION

The pastdecadenasseena considerablamountof growth
in EmbeddedSystems.Computersare no longer confinedto
officesandhomedesksthey arefinding usein every concev-
able area. A large numberof EmbeddedSystemsare being
modeledas mobile devices, for which dimensionweightand
enegy consumptioraredistinguishngfeatures.

Improvementsconcerningthe battery capacity have been
made,but therateis nggligible comparedo the rateat which
enegy consumptiorhasincreased.For example,the battery
life of Ni-Cd batterieshasincreasedy afactorof 2 in thelast
30 years[19]. However, the power dissipationin the interior
of afull featurednotebookhasincreasedy 90% overthelast
3 years[6]. Moreover, the size of the laptopscannotbe fur-
ther reducedbecauseof the surfacearearequiredfor enegy
dissipation[6]. Hence,systemarchitectshave the utmosttask
of reducingenegy consumption. Thereare a large number
of optionsfor reducingthe enegy/powver consumptiona few
examplesof whicharethefollowing:

First and foremost,would be to decreaséhe featuresize,
asit directly effectsthe enegy consumption. However, the
lower the featuresize, the higheris the costandthe comple-
ity of the system.Anotheroptionis to decreas¢he switching
activity of the transistoy asit is responsiblefor 70%-90%of
thetotal transistorenegy consumptior{17]. Theenegy con-
sumptiondepend®n the numberof switchingoperationsand
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the load capacityof the attachednets. Nowadays,advanced
micro-controllerscomewith power saving or idle modesand
alsowith lower frequeng modes. Thusthe micro-controller
canbe madeto sleepwhenidle or work at sufficiently lower
frequengy if meetingall constraints.

A differentenegy optimizing approactwould bea prudent
selectionof systemcomponentdy creatinga memoryhierar
chy, usingonchipandoffchip memories.The onchipmemory
consumegessenegy becausef its smallsizeandtheproxim-
ity to the core,accesgimesarelow andlessbusdriversneed
to be activated. Memory organizationconsistingof cachesor
scratchpad$ or both canbe usedfor anoptimalenegy reduc-
tion.

Cachesprovide copyingof relevant/irrelevant datato/from
the offchip memory respectiely. If the memory contentis
valid thenthe currentaccesgo the offchip memoryis saved.
The softwarecode can be usedwithout any modificationfor
differentcachememory organizations. However, cachesare
notoriousfor theirunpredictabldehaior. An applicationfor a
certaincacheconfiguratiormayconsumesqualor moreenegy
becausef thrashing[5], thanthe onewithout cache.In real-
time embeddedystemsa numberof time constraintshave to
be fullfilled anda certainresponsdime hasto be guaranteed.
WorstCaseExecutionTime (WCET) behaior of cache-based
systemsds very difficult to predictexactly. A simpleandim-
preciseupperboundon WCET canbe calculatedassuminga
cachemissfor every memoryaccess.Tight upperbounds[9]
canbe computed but not for all applications.Consequently
the presencef cachedoesnot greatlyreducethe WCET. On
the otherhand, scratchpadnemoriesconsumemuchlessen-
emy peraccessasthey aredevoid of tagarraysandcompara-
tors[3]. Scratchpaddonotcauseamiss,hencecanbeusedto
improve the WCET. However, they dependuponsoftwarefor
their utilization.

In this work, we proposea compilerextensionwhich uses
the scratchpado the maximalvalue,partitioningprogramand
datainto smallersggmentswheneer beneficial. The bestset

1SmallonchipRAM'’s staticallymappednto the processos addresspace
arecalledScratchpads.



of programanddatavaluesareidentifiedusingIntegerLinear
Programmind10] andthe selectedbjectsareplacedontothe
scratchpad.

In the next sectionwe describerelatedresearchwork fol-
lowed by a detaileddescriptionof the algorithm. In section
IV we describehe experimentaketup followedby theresults
of theexperimentgperformedonthe ARM7T RISCprocessar
The paperendswith a conclusionandfuturework.

Il. RELATED WORK

Optimizing the enegy consumedby the applicationpro-
gramhasbeenaresearchopic sincethelastdecadeTiwari et
al. [18, 19 wereamongthefirst to proposean enegy model.
This instructionlevel modelconsistsof a constanenegy cost
for eachinstruction(“basecost”) plusanoverheactost(“inter-
instruction cost”) for switching to the next instruction. The
sumover all instructionsdenoteshe total amountof enegy
consumeddy the obsenred application. This modelis useful
for compilerswhich could generatehe mostenengy efficient
code.However, themodelfails to takesystemcomponentito
considerationFor low power processorsgnegy consumption
dueto memoryaccessesannot be neglected. Otherwise the
generatectodewould be optimalfor processoenepy but not
for thewhole systemincludingmemory

Theinstructionlevel modelby Simunicetal. [14] incorpo-
ratestheeffectof memoriesput sinceall valuesaretakenfrom
thevendorsdatasheethereis nodistinctionbetweerdifferent
instructions. The combinationof thesetwo approacheanda
furtherextensionfor treatingthebit patternson buseswaspre-
sentedy Steinkeetal. [16]. Thismodel,having aprecisionof
1.7%,is choserfor the currentresearctwork.

Pandaetal.[11, 12] presente@nefficientuseof thememory
hierarchyby placingthe mostcommonlyusedvariablesonto
thescratchpadA furtherapproactby Sjodinetal. [15] places
variablesontoscratchpady staticanalysisandshavsthatthis
is sufficiently preciseandno dynamicanalysisis needed.The
dynamiccopyingof arraypartswasstudiedby Kandemiretal.
[7]. However, thealgorithmis applicableunderthesimplifying
constraint§21] [7] (i.e. perfectlynestedoops,exactly known
loop boundsand array subscriptsbeing affine function of the
all loop indicesalongwith additionalconstraints) Also, it ap-
plies only whenthe aggr@ate overheadcostof moving data
to andfrom onchipmemoryis lessthanthe costof accessing
the dataaccessinglatafrom offchip memory Consequently
theapplicability of the algorithmis restrictedto data-intensie
DSPapplications.

Steinkeet al. [8] moved both dataand programpartsonto
the scratchpadpasedon the static analysisof execution of
instructionsand accesse®f variables. The approachshowvs
animprovementof 12%-43%in enegy consumptioragainst
caches.However, it only considerswhole variablesat a par
ticulartime. Thus,alarge non-scalavariable(e.g. arrayvari-
able) could either be put on to the onchipasa whole or not.
This could potentiallyleadto a sub-optimalutilization of the
scratchpad.

Splittinig Point
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Fig. 1. Partitioningof Array

Basedon the cachemodel CACTI developedby Wilton et
al. [20], Banakaret al. [3] presented detailedmodelfor the
enepgy/areaconsumptiorof scratchpadnemoriesandis also
usedin our researchwvork.

Observingtheabove approachesn usageof thescratchpad
memory we find that thereis a void in the researctthat has
takenplace.Thus,we proposeanapproactwhichis anexten-
sionto Steinkes[8] approachln thisapproachyepartitionan
arrayvariablefor the maximalusageof the scratchpadnem-
ory. Thenext sectionpresentshealgorithmin detail,followed
by adescriptionof theworkflow andtheresults.

I11. ALGORITHM

Steinke considersProgramMemory Objects PMO (basic
blocksandfunctions)and DataMemory ObjectsDMO (vari-
ables)aspossiblecandidategor moving onto the scratchpad.
He associate profit (enegy saving) with eachmemoryobject
(PMO and DMO) and formulatesa knapsackproblem[13].
Ourapproactworksin thefollowing stepwisemanner

1. ChoosescandidatearrayA amongall thepossiblearrays
for partitioning.

2. Decideswhetherto partitionthe array A or not. Decides
whetherpartitioning will resultin reducedenegy con-
sumptionof theapplication.

3. If thearrayAis partitionedthendecideghesplitting point
spl i t ofthearraywhichleadsto maximumreductionin
theenepgy consumption.

4. Given the partitioning decisionand the splitting point,
modifiestheoriginalapplicationaccordingo thesplitting
point.

The array A chosenin step 1 is the highestvalence(i.e.
enegy consumptionper element)array which could not be
moved ontothe scratchpady the Steinkes algorithm. Step2
andstep3 areexecutedsimultaneouslwhile solving the for-
mulatedLP. We describehe applicationtransformationn the
following subsectiotiollowedby the partitioningdecisionand
theformal descriptionof the problem.

A. Application Transformation

Application Transformatioris anindependenphasewhich
takesan applicationcode, a chosenarray A and a splitting



pointspl i t asinputsandoutputsa transformedapplication.
Specifically it partitionsthe array A (refer Fig. 1) according
to the splitting point to generatehetwo smallerarrays. Then
it replacesthe array A with the smallerarraysand modifies
the applicationsuchthatall the accesseto the arrayvariable
arereplacedwith anAccessmacro. The Accessmacroon the
basisof theindex variableandthe splitting pointspl i t dy-
namically determineswhich of the two partitionedarraysare
beingreferenced.

Theunderlyingprinciple canbeexplainedusinga highlevel
example.A simplereferenceo thearrayA

int Alsize];
data=Ali];

is replacedby thefollowing setof lines.

int Aleft[split],
ACCESS(data,i);

Aright[size-split];

whereACCESS macrois definedas
#def i ne ACCESY dat a,

i f (index < split)

data = Al ef t[i ndex];

i ndex)

el se

data = Aright[index-split];

B. Partitioning Decision

For the partitioning decision,we needto comparethe en-
ey consumptiorof the original applicationandthe modified
application. However, the applicationwill be modified only
whenwe prove thatit leadsto a more enegy efficient solu-
tion. From subsectiorA we obsene thatonly thoseprogram
memoryobjectsget modifiedwhich containareferencedo the
array while all the othersremaininvariant. Correspondindo
every programmemoryobjectwhich containsatleastoneref-
erenceto the array A we add an additionalprogrammemory
object. This alternatve programmemoryobjectwill eitherbe
namedReferencedasic Block RBBor Referenced-unction
RF if it correspondso eithera basicblock or a function re-
spectvely. Now we compareonly thereferencedunctionsand
referencedbasicblockswith theircorrespondindunctionsand
basicblocks. Consequentlhthe numberof additionalvariables
in the problemis proportionalto PMOsof theoriginal applica-
tion. We finally includea binarydecisionvariableDD into the
ILP representinghe decisionof arraypartitioning.

C. Splitting Point

Firstof all, asshavn in Fig. 1 we combinea constanhum-
berbsizeof adjacenarrayelement®f thearrayAto formaBa-
sisElementb. Now, the arrayinsteadof having sizeelements
has|size/bsizg elementsThis reduceshe compleity of the
problemaswell asthe accurag of the solutionagainsthe so-
lution whereeacharrayelementis a basiselementi.e. bsize=
1). Correspondingo all [size/bsizg — 1 splitting points(refer
Fig. 2) we generate « ([ size/bsizg — 1) partitionedvariables

Splitting; Point #1

Array Aright[size-split]

Array Aleft[split]

Partitioned Variable #1 ! Partitioned Variable #2

i
Splitting Point #2

Array Afleft[split] Arra%uy Aright[size{split]

Partitioned Variable #3 | Partitioned Variable #4

Fig. 2. splitting pointsandpartitionedvariables

pv asdatamemoryobjects.A partitionedvariable pv consists
of consecutie basiselement$ suchthatonly onecomparison
is requiredin the Accessmacrofor accessinghe partitioned

variable.Two possiblesplitting pointsandtheir corresponding
partitionedvariablesareshavn in Fig. 2.

D. IntegerLinearProblem

To decidebetweerthe original applicationandthe modified
applicationoneapproachs to comparetheir enegy consump-
tion andchoosethe onewith lower enegy consumption.The
otherapproachis to considertheir enegy differenceagainst
a high enepgy value, namethis as enegy savingand choose
the onewith higherenepgy saving. We choosethe latter ap-
proachasit aidsthe problemformulation. The high enegy
value correspondgo the systemwith only offchip memory
The partitioning decisionis also dependenupon the choice
of the splitting point asit determinegshe enegy savings due
to the partitionedarrays.The splitting pointis in turndepends
uponthe sizeof theonchipscratchpad.

Theproblemcanbeviewedasadecisionproblem to choose
betweenreferencedbasicblocks, referencedunctionsand a
partitionedarrayon oneside andoriginal basicblocks, func-
tions andthe unpartitionedarray on the otherside,underthe
objectiveto maximizeenegy savings. Thishasto bedonesuch
thatthe combinedsize of the chosermemoryobjectsdoesnot
exceedthescratchpadize. Thustheproblemcanbeviewedas
avariantof theknapsackroblem[13], which canbesolved by
IntegerLinear Programming.Thefollowing sectiondormally
describetheILP formulation.

D1. Program MemoryObjects

The enegy saving by moving a Functionor a Referenced
Functioni onto the scratchpads the sum of the productof
the numberof executionsmy of eachinstructionk within the
functioni, with the enegy saving of a singleinstructionfetch

Einstr_fetch
E(Fi) = ka * Eingtr_fetch

whereEjngr fetch is the differencebetweerthe enegy con-
sumptionin fetchingan instructionfrom the offchip memory
andthe scratchpagnemory

Eingr_fetch = Bingr_fetch.main— Einstr_fetch_sp



The enegy saving dueto a Basic Block or a Referenced
BasicBlock j is the numberof executionsof the BasicBlock
n; multiplied with the productof the numberof instructions
in the BasicBlock m with the differenceof enegy consump-
tion of an InstructionFetchEjngr_fetch. We needto subtract
the enegy of u jumpsfrom the main memoryto the scratch-
padE;jump_mairesp andw jumpsfrom thescratchpadio themain
memoryEjump_spomain. Sincethe enegies of thesejumpsare
different,they have to be handledseparately

E(BBJ') = Mx*Nj*Eingr_fetch—

U* Ejump_mairesp —
W Ejump_spzmain

D2. DataMemoryObjects
The enepgy saving by moving a variablev ontothe scratch-

padis theproductof thenumberof accesseacqv) to thevari-
ablewith theenegy costEgaa

E(v) =acqV) * Eqata

whereEgyz, is the differencein enegy consumptiorof the
memoryaccessn aloador storeinstructionwhenthevariable
vis in theoffchip or the scratchpadanemory

Edata = Edata_main— Edata_sp

Theaccesseacd pv) to apartitionedvariablepv is thesum
of the accessescqb;) to the basiselementsy; belongingto
thepartitionedvariable.

acqpy) = » acqhi)
bi€pv
The enegy saving by a partitioned variable pv, is the
productof the numberof accesseto the partitionedvariable
acd pwn), with theenepy differenceEya.

E(pWh) = acq pvn) * Egata

D3. ObjectiveFunction

Our formulation of the problemusesthe following defini-
tions for moving functionsF, referencedunctionsRF, basic
blocksBB, referencedasicblocksRBB variablesv, andpar
titionedvariablespvwith x € F URFUBBURBBU VU pv

E(x) = saedenegy consumptiorfor x
S(x) = sizeofx

mix) = 1, if xis movedto the scratchpad
() = 0, otherwise

We alsoneedto decidewhetherit is beneficialto partition
thearrayvariableor not. For this purposeweincludethedeci-
sionvariableDD.

1, if thearrayvariableAis partitioned
DD = .
0, otherwise

To optimizefor enepgy the following objective function of
theknapsackproblemneedgo be maximized:

Z m(R) «E(R) + Zm(RH) +E(RR) +
i€ e

ZJm(BBj) * E(BBJ') +
JE

sav =

Z\A mM(RBBy) * E(RBBy) +

me

m(vi) * E(w) + m(pvn) * E(pwn) —
k;( k) * E (Vi neZv( ) * E(ph,
DD * Egyemhead

Index setsl,J,K,L,M andN correspondo index valuesfor
functions,basicblocks, variables referencedunctions,refer
encedbasicblocksandpartitionedvariablesrespectiely.

Theoverheadenegy Eyvemeaq Of partitioningthearrayvari-
able A is subtractedrom the enegy savings. The overhead
enegy Eovemead IS the productof thetotal numberof accesses
acqA) to A, with the sum of the extra enegy of executing
Eexe ACCESS the Accessmacro.

Eovehead= aCqA) * Eeec( ACCESS

D4. Constrints
Thesizeconstraintcanbe modeledasfollows:

3 m(F) + S(F)+ 5 m(BB;) + (BB +
IS jE
Z m(Vk) * (i) + Z m(RF) * S(RF) +

kek leL

M(RBBy) * S(RBBn) + S M(pwh) * S(pwvn)
mEEM (RBEm) * S(RBE, nEZV (PVn) * S(PVh,
< scratchpadsize

We extend the constraintgo be ableto handlethe following
situations:

To ensue that the refeencedvariables(RBBand RF) and
partitionedvariables pv are not chosenwhenA is not parti-
tioned(i.e. DD = 0):

> mRR) + Zwm(RBBn)+

l'eL me
m(pwy) — Cx«DD<O0

To ensue that the original variables (BB and F) and the
array variable A are notchosenwhenit is partitioned(i.e. DD

=1):
%m(F.) + J;m(BBj)+
m(A) — Cx(1-DD)<0

whereC is ary sufficiently large constantsuchthatthe above
equationsalwaysremainlessthanor equalto zero.
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To enforce that only onevariant of the partitionedarray is
selectedo bemovedo scratchpad:

eZum(an‘) <1

To regulate that either a BasicBlodk (Function)or its cor-
respondingRefeencedBasic Block (RefeencedFunction)is
selected:

Vlel:
YmeM:

m(RR) +m(R)
m(RBBn) + m(BBn)

Basedon the above inequationsanILP solver[10] canfind
theoptimalsolutionfor thegivencostfunction. Fromthevalue
of thedecisionvariableDD andthesizeof thepartitionedvari-
able moved onto scratchpadihe resultregardingpartitioning
of the arrayandthe splitting point canbe determinedrespec-
tively. Consequentlyif thearrayis partitioned theapplication
is modifiedappropriatelyandthe chosermemoryobjectscan
thenbeplacedontothescratchpagnemoryusingSteinke5Al-
gorithm.

<1
<1

V. WORK FLow

The experimentswere carried out following the workflow
describedn Fig. 3. In thefirst stepthe benchmarkprograms

TABLE |
ProcessorCyclesfor Scratchpa System

Accesslype

scratchpad
mainmemory16 bit
mainmemory32 bit

numberof cycles
1cycle
1 cycle + 1 wait state
1 cycle + 3 wait states

arecompiledusingthe enegy awarecompilerENCCI4]. For

partitioningthe array variableand useof the scratchpadthe
algorithmin the previous sectionis executed.If thealgorithm
proposedo partition the array the applicationis modified as
describedn subsectiom. The modified applicationis again
compiledandthe machinecodegenerateds simulatedusing
the ARMulator (the simulatorfrom ARM Ltd [1]). Basedon

the instructiontrace, the enegy profiler calculatesthe total

amountof enegy consumedor thedifferentprocessomstruc-
tionsandmemoryaccessetakinginto accountall theinserted
instructionsfor accessinghe partitionedvariables.

Accordingto the experimentalsetupthe processorequires
only 1 clock cycle andno wait stateso accesghe scratchpad
memory On the otherhandaccessingnain memory requires
1 clock cycle and 1 or 3 wait statesdependinguponthe data
width (c.f. tablel).

Enegy consumptiorof thescratchpaenemoryis calculated
usingthe CACTI model.However, theenegy consumptiorof
the main memoryis measuredrom the evaluationboard[2].
The enepgy valuesin the table Il shav a differenceof 1 or
2 ordersof magnitudefor accessingcratchpadnemoryand
mainmemory

V. RESULTS

For the experiments,benchmarksrom different domains
wereselectedFirst,the FFT andFIR applicationsverestud-
ied, having a completelyspecifiedarray variable accessat-
tern. Secondthe sortingalgorithmsbubblesort, insertionsort
andselectionsort which have a semi-specifiedrrayvariable
accesyatternwerechosen.Finally, a compressioralgorithm
ArithCoderusingArithmetic Coding[22], having acompletely
undefinedarrayvariableaccesgatternwasstudied.

Theresultsin Fig. 4 depictthe comparisorof the partition-
ing algorithm againstSteinkes algorithm for SelectionSort
Partitioningis notdonewhentheonchipscratchpadizeis not

TABLE Il
Enegy Consumptiorof Memories

MemoryType MemorySize | Enegy (nJ)
scratchpad 128Bytes 0.53
scratchpad 256 Bytes 0.61
scratchpad 512Bytes 0.69
scratchpad 1024Bytes 0.82
scratchpad 2048Bytes 1.07
scratchpad 4096Bytes 1.21
scratchpad 8192Bytes 2.07

mainmemoryl6bit || 512KBytes 24.0
mainmemory32bit || 512KBytes 49.3
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large enoughto optimizeenegy or whenthescratchpadizeis
largeenoughto keepthewholearrayvariableonchip. At these
points(at 600 Bytesand1300Bytesin Fig. 5), our resultsare
exactly the sameasSteinkes Algorithm.

Sincewe arereplacingasinglestatemento accesshearray
with multiple statementsye are actually decreasinghe per
formanceof the applicationin termsof the CPU cycles. The
resultsin Fig. 5 confirm the fact. Consequentlywe prove
that“The applicationis optimizedfor enegy and not for per-
formance”whichis notacommonphenomenoiin the enegy
optimizations. The maximumenegy saving thatis achieved
in the abore example (SelectionSort) is 11.37%and with a
performancealegradationis 15.25%for the onchipscratchpad
sizeof 1200Bytes. Fig. 6 presentghedistribution of thetotal
enepgy asconsumedy processqronchipscratchpagnemory
and offchip memory We obsene a considerabledropin the
offchip memoryaswell astotal enegy whenwe introducean
onchip scratchpadnemoryinto the system,which thencon-
tinuously decreasavith increasingscratchpadize. We also
obsene anincreasen the processorenegy just at the point
(700Bytes),whenwe decideto partitionthearray

The numberof memoryobjectsis linear to the numberof
thebasicblocksandvariablesin theapplication.In our bench-

marks,the size of basiselementb was 80 Bytesandthe av-
erageruntimefor solving ILP inequationsvasobseredto be
lessthan4s. The applicationtransformatioralgorithmbeinga
patternmatchingalgorithmwaslinearto the size of the appli-
cationprogramandhadminimal runtimefor the benchmarks.
Finally, themaximumenegy savingswhich couldbeachieved
againstSteinkes algorithmareshawn in tablelll andperfor
mancepenaltiesn tablelV.

TABLE IV
PerformanceSteinkes Algorithmvs. Partitioning Algorithm[cycles]

benchmark || SteinkeAlgo. | Part.Algo. | %imp.
FFT 1,344,537 1,283,481| +4.54%
FIR 690,852 764,948 -10.72%
BubbleSort 1,986,192| 2,912,574| -46.64%
SelectionSort] 1,361,253| 1,568,885| -15.25%
InsertionSort 892,073| 1,113,301| -24.79%
ArithCoder 2,192,162 2,208,645 -0.75%
average -15.60%




V1. CONCLUSION & FUTURE WORK

It is evidentfrom the resultsthatthe partitioningalgorithm
shaws a reasonablémprovementof 5.7%to 17.6%for appli-
cationsfrom all domainsincluding thosewith irregular array
accesgattern.Theresultsfrom the partitioningalgorithmare
alwaysbetterthanor equalto Steinkes Algorithm. With this
algorithma furtherimprovementis gainedagainstcommonly
usedCachesystemsMoreoverthealgorithmcanbeintegrated
into ary compilerusedfor the scratchpagystems.

We would like to enhancehis approachin thefutureby re-
ducingtheoverheaddueto the Accessmacro,by combiningit
with otheroptimizationse.g. loop splitting.
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