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Abstract

Thenumberof embeddedystemss increasinganda re-
markable percentaye is designedas mobile applications.
For the latter, the enegy consumptionis a limiting fac-
tor becauseof today’s battery capacities.Besideghe pro-
cessor memoryaccessesonsumea high amountof en-
ergy. Theuseof additional less power hungry memories
like cachesor scratchpadsis thuscommon.

Cadhesincorporatethe hardware contmol logic for mov-
ing datain and out automatically On the other hand,this
logic requireschip areaand enegy. A scratchpadmemory
is mudh more enegy efficient, but there is a needfor soft-
ware contol of its content.

In this paper an algorithmintegratedinto a compileris
presentedvhich analyseshe applicationand selectspro-
gramand data partswhich are placedinto the scratchpad.
Comparisonsgainsta cachesolutionshowremarkablead-
vantaggesbetweerl2%and 43%in enegy consumptiorfor
designof the samememorysize!

1. Introduction

The numberof mobile applicationsis steadilyincreas
ing. Many of theminclude processorsvhich control their
functionality, aswell asmemoriedor datastoragege.g. au-
dio information. The limiting factorsfor mobile systems
aretheir size, weightandtheir batterycapacity Improve-
mentsconcerningoatterycapacityhave beenmade but the
rateis low (for example,only a factorof two in the last30
yearsfor rechageableNi-Cd batterieq17]). Comparedo
this, the increaseof enegy consumptionof commonpro-
cessorsaand memoriesis very much higher Additionally,
the heatwhich stemsfrom the consumecenegy hasto be
removed from the system. The size of somelaptopscan-
not be reducedurtherbecausef the surfacenecessaryor

1This work hasbeensupportedy Agilent TechnologiesyUSA.

heatdissipation[5]. Due to this increasinggap,computer
architectshave the taskto reducethe enegy consumption
to overcomethis limitation and permitnew applicationsor
reducedsizeandweightof embeddedystems.

Besidesshrinkingtechnologysizes,new hardwaretech-
niguesarebeingdeveloped. Today the CMOS technology
is mostlyusedwheretheswitchingactiity of atransistoiis
responsibldor 70 to 90 % of thetotal enegy consumption
[16]. This enegy consumptiordependon the numberof
switchingoperationsandthe load capacityof the attached
nets.Thereforejt is mostpromisingto focuson thereduc-
tion of the switchingactivity.

Anotherway of enegy reductionis to build upamemory
hierarchy The off-chip main memoryis the slovestand
the mostenegy consumingmemorytype. Enegy FE is the
productof time ¢, current! andvoltageVy,. Thetimet is
thenumberof cyclesn multiplied with thecycletime T'.

E:Vdd*l*t:Vdd*I*n*T

The low speedwhich leadsto a high numberof cycles
n andthe high amountof main memoryaccessesare the
mainreasondor therelatively high enegy costof themain
memory Additional memoriedik e cachesr scratchpads
smallermemories- areableto reducethe numberof main
memoryaccesse$or frequently usedinstructionsor vari-
ables. Cachesare well known andincludedin mary pro-
cessordesigns. Besidesthe datamemoryitself, they con-
sist of two additionalcomponents.Firstly, a tag memory
is requiredfor the storageof valid addresses.Secondly
logic componentarenecessarfor afastcomparisorof ad-
dressewith the contentsof the tag memory sothat cache
hits and missescan be detected. Thesememorypartsare
all enegy consumingsinceaccesset thetagarrayandthe
comparisongareperformedduringeachmemoryaccess.

The advantageof cachess the easyintegrationwith the
softwareof thesystem.The detectionof a cachehit or miss
is doneautomatically If the accessedatais currentlynot
availablein the cache,the hardware control automatically
copiesthe datainto the cache.This mechanisnallows the



useof softwarewithout any adaptionto the changednem-
ory hierarchy A disadwantageof cachesccursin realtime
embeddedystemsvherea certainresponseime hasto be
guaranteed For the worst caseexecutiontime (WCET), a
cachemisshasto beassumedneaninghatthe WCET does
not benefitfrom the presenceof a cache. Scratchpadis-
ing staticassignmentnaybeconsideredo improve WCET.

However, becausehe tag array and comparatorsare not
necessarythe software hasto be adaptedn orderto con-
trol thefilling of the scratchpadiependingon the executed
software.

In this work, a compiler extensionis presentedvhich
analyseghe mostfrequentlyexecutedinstructionsandac-
cessed/ariables.The bestsetof instructionsandvariables
is thenidentifiedusingintegerlinear programming9] and
the selectedbjectsare placedin the scratchpad.Possible
programparts are functionsor basicblocks (sequentially
executednstructionswithout ajump).

In thenext sectionwe describerelatedresearctwork. In
section3 amemorymodelof cacheandscratchpagnemo-
riesis presentedogethewith theirenegy costs.Thealgo-
rithm for identificationand selectionof programpartsand
variableds presentedn sectiond.

The experimentalernvironmentusedfor our simulations
is describedn section5 andthe presentatiorof the results
of thecomparisorfor differentmemorysizesin section6.

The conclusionof thiswork is givenin section?.

2. Related Work

The optimization of enegy consumptionby changing
the softwarehasbeena researchopic for nearlytenyears.
Oneof the first enegy modelswas publishedby Tiwari et
al. [18][19]. For eachprocessoiinstruction,a certainen-
ergy amountcalledbasecostwasdeterminecanda change
from the executionof oneinstructionto anothemwasnamed
interinstructioncost With several measuremensgeriesa
databasevasbuilt up andwasusedfor differentoptimiza-
tionswhich shovedanenepgy reductionof upto 40%. This
enegy modelcanbe usedespeciallyfor the usein compil-
ers,becaus¢hecompilercanrateevery selectednstruction
andcanthuschoosethe mostenenpy efficientone.

The limitation of this modelis its lack of taking other
systemcomponenténto account.Especiallyfor low power
processorgheenegy consumptiorof thememoryaccesses
must not be neglected. Explicitly modeling memory ac-
cessess usefulsincethe compilercanthentake the costs
of memoryaccesseito account. If this is not done,the
generateatodecanbe optimalfor the processoenepy but
notfor thewhole systemincludingmemory

Simunicetal. [13] presentec differentapproactwhere
the processoandmemoryenegy consumptioris basecdn
the manufcturers datasheet. Simunic distinguishese-

tweenthe enegy consumptionin the active and the idle

state. This modelis usedfor simulationand estimation
of the enegy consumptionof completesystems. The po-
tential of optimizationwas shavn by Kandemiret al. [8],

who studiedseveralcompileroptimizationsandcacheswith

differentorganizationsandtheir impacton the enegy con-
sumption.

To overcomethe limitation of the enegy model of Ti-
wari, Steinle et al. [15] presentedin enegy modelwhich
was developedespeciallyfor optimizing the bus encoding
andthereforetakesthe stateof eachbusline aswell asthe
consumptiorof the differentmemaoriesnto account.

Theefficientuseof thememoryhierarchywaspresented
by Pandaet al. [10][11] who analyzedhe accesse® vari-
ablesand chosea setof variablesto be placedwithin the
scratchpadnmemory A further approachby Sjodin et al.
[14] placessomevariablesinto the scratchpadbasedon a
staticanalysis,shaving thatthis is sufficiently preciseand
no dynamicanalysisis needed.A further power reduction
techniqueby Ishiharaet al. [6] memgesfrequentlyexecuted
sequencesf objectcodes.

Whereagheseapproachearebasedsolelyonasoftware
solution, Benini et al. [3] generatedapplication-specific
memorieswhich are scratchpadmemorieswith an ad-
ditional decoderfor distinguishingbetweena hit and a
miss. Thesememorieshav asignificantimprovementon-
cerningenegy consumptionof 12% to 68% comparedto
caches.

For a comparisorof scratchpagndcachememory de-
tailed valuesof the enegy consumptionof both architec-
turesare necessary This work was doneby Wilton et al.
[20][21] who presente@ cachemodelnamedCACT]I. This
modelwas also usedfor our evaluationof the cache. To
compardt to a scratchpaaf the sametechnologywe used
thevaluesfor the datamemoryarrayof the cachejgnoring
the enegy consumptiorof the tagsand comparators.The
detailedmodelwas describedby Banakaret al. [2]. The
following sectiondescribeshesememorymodelsin depth.

3. Memory Models

For this work, two systemsawere comparedpnewith a
cacheandthe secondwith a scratchpagnemory Thelatter
wasusedtogethemwith thealgorithmpresentedherefor the
allocationof programseggmentsandof variables.

3.1 Cachemodel

Both cacheandscratchpadomprisea datamemoryar-
ray, the datacolumnmultiplexers,the datasenseamplifiers
andthedataoutputdriver. Additionally, the cacherequires
a decodertag memoryarray tag columnmultiplexers,tag
senseamplifiersandtag outputdrivers. The processome



usedto analysethe memoryinterfaceis the ARM7T pro-
cessof1], whichis anultralow power processowith a 16
bit InstructionSetfor low power applications.The number
of accessefor the differentaccessypesare presentedn
tablel. For areadhit, onecachereadis executedIf there-
guestediatais notavailablein thecache(readmiss),aread
of themainmemoryconsistingof L words(=blocksize)and
acorrespondingvrite into thecachehave to beexecutedoe-
forethecacheread.Thearchitectureiseswrite-throughand
thereforeexecutesawrite into thecacheaswell asthemain
memoryfollowing a write hit. A write missis recognized
by a cachereadandfollowedby a mainmemorywrite.

For comparisonwith the available ARM7T processar
a 4-way set associatie organizationwas selectedwith a
write-througharchitectureanda block sizeof 8 bytes.

Table 1. numberof accessefor cachesystem

3.3 Energyvalues

For the calculationof the enegy consumptiorof cache
andscratchpadccesseshe CACTI modelwasused.This
modeldeterminedhe valuesshown in table3 for a 0.5um
technologymemorywhich is the technologyusedfor the
ARM7T. The memorysizesvary from 64 bytesto 2048
bytes. For 64 bytesand 128 bytes, the valueswere ob-
tainedby approximationbecauseCACTI| doesnot support
thesesmallmemorysizes.Thecomparedcratchpaadiways
shaws lower enegy valuesasexpectedbecausét consists
of a subsetof the cache. In the last column, the ratio be-
tweencacheand scratchpadenegy consumptioris calcu-
lated. For example,1 singlecacheaccessonsumesearly
the sameamountof enegy as4 scratchpadiccessefor a
memorysizeof 4 KByte.

Table 3. enegy consumptiorof memories

Accesslype || cache| cache| main main
read | write | memory| memory
read write
readhit 1 0 0 0
readmiss 1 L L 0
write hit 0 1 0 1
write miss 1 0 0 1

3.2 Scratchpad model

The scratchpadnemoryusessoftwareto controlthe lo-
cation assignmenbf data. As a designcomparableto a
scratchpaanemory we canusethe cachearchitecturepre-
sentedin the previous subsectiorwithout the tag memory
array tag columnmultiplexer, tag senseamplifier andtag
outputdrivers. The enegy consumptionof this subsetof
the cachecanbe calculatedusingthe CACTI cachemodel.
Thisresultsin afair comparisorbecauséothmemoriesare
designedisingthe sametechnologyanddesign.

Thekind of memoryaccessrom the processodepends
ontheselectechddressAccesseso the scratchpadddress
spacerequireonly 1 cycle andno wait state. Accessego
the main memorydependon the datawidth andcausel or
3 wait stateq(c.f. table2).

Table 2. processorcyclesfor scratchpadsystem
AccessType numberof cycles
scratchpad 1cycle
mainmemory16 bit || 1cycle+ 1 wait state
mainmemory32bit || 1cycle+ 3 wait states

memorysize | cache| scratchpad ratio

64 bytes || 2.87nJ 0.49nJ | 5.9
128bytes|| 3.15nJ 0.53nJ| 5.9
256bytes | 3.32nJ 0.61nJ| 5.4
512bytes| 3.48nJ 0.69nJ | 5.0
1024bytes | 3.75nJ 0.82nJ| 4.6
2048bytes || 4.04nJ 1.07nJ| 3.8
4096bytes || 4.71nJ 1.21nJ| 3.9
8192bytes | 5.39nJ 2.07nJ| 2.6

4. Algorithm

In this sectionwe explain how the algorithmwithin the
compiler assignsa set of memory objects(functions, ba-
sic blocks and variables)to the scratchpadn a static ba-
sis. First we describethe identificationand evaluation of
instructions.Then,theidentificationandevaluationof vari-
ablesand finally the selectionof the bestset of memory
objectsis explained.

4.1 Program memory objects

The executionof eachfunctionis startedatits beginning
andisterminatedy areturnstatementTherearenofurther
jumpsinto afunction. Thus,eachfunction canbe handled
asonememoryobjectwhich canpossiblybemovedinto the
scratchpadindwhich requiresneitherchangingary of the
includedinstructionsnor the correspondindunctioncall.

To computethe enegy consumptiorof afunction,i, we
sumup theproductof thenumberof executionsm,, of each
instructionk within function: with theenegy consumption
of asingleinstructionfetch By, s¢r_fetch



E(-Fz) = Z my * Einstr_fetch
k

A function canbe decomposeihto basicblockswhich
canalsobetreatedasprogrammemoryobjects.

Moving basicblocksinsteadof completefunctionsre-
quirestheadditionof jumpinstructiongo jumpfrom blocks
mappedo regularmemoryto blocksstoredin the scratch-
padandback. The jumpinstructionsarean overheadespe-
cially if thereis a numberof small basicblocks. In order
to minimize jump instructions,moving consecutie basic
blocksis preferred.

For eachbasicblock j, we cancomputethe enegy con-
sumptionby multiplying the numberof instructionsm, the
numberof executionsof this basicblock n; andthe enegy
consumptiorof asingleinstructionfetch E;,ssr_fetcn. Ad-
ditionally, we have to addthe enegy costsfor I jumpsfrom
mainmemoryto scratchpadar vice versa.

E(BBJ) =m*xn; * Ez'nstr_fetch + 1% E(Jump)

Note that the program is statically allocatedto the
scratchpadmemory Thereis no dynamic reloading of
memoryblocks even thoughthis could be useful for long
programshaving morehot spotsthanthe scratchpadanac-
comodate.The extensionto dynamicreloading(a kind of
program-controlleaverlay)is partof our futurework.

4.2 Data memory objects

Apart from the program,variablescanalsobe allocated
to scratchpad.Eachvariableis viewed as one datamem-
ory object. This is limited to global scalarandnon scalar
variablesbecausdocal variablesmay exist asmultiple in-
stancesn recursve functions. The numberof accesse® a
globalvariableacc(v) is the sumof the numberof accesses
acc;(v) in eachof theblocksi. acc;(v) is computedasthe
numberof staticreferencestat;(v) to variablev in block
multiplied by the numberof executionsn; of block::

acc(v) = Z acci(v) = Z stat;(v) * n;

For the enegy E(v) consumedby all accesseso the
variable this numberof accessebkasto bemultiplied by the
enegy costEy,;, of asinglememoryaccesswith aloador
storeinstruction:

E(v) = acc(v) * Egatq
4.3 Selection of memory objects

The best set of memory objects which fits into the
scratchpaéndsavesthe highestamountof enegy now has

to be identified. Moving a certainmemory objectto the
scratchpaaill resultin a certaingainin termsof saveden-
ergy. Moving hasto bedonesuchthatthe combinedsizeof
the memoryobjectsdoesnot exceedthe sizeof the scratch-
pad. The sizeof eachmemoryobjectis independentf the
otherobjects.Maximizing the total gain canbe formulated
asaknapsaclkproblem[12].

Our formulationof the problemusesthe following defi-
nitionsfor moving functionsF', basicblocks BB andvari-
ablesvar with z € F U BB U var:

E(z) =
S(z) =

savedenepgy consumptiorfor x
sizeof x

(z) = 1, if xis movedto thescratchpad
MEIZ 0, otherwise

To optimize the enegy saving sav, the following cost
functionneedgo be maximized:

sav = Zm(F,) = E(F;) +
iel
> m(BB;) x E(BB;) +
jed
Z m(vary) * E(varg)

keEK

Index setsI, J, and K correspondo index valuesfor
functions,all basicblocksandall variablesyrespectiely.
Thesizeconstrainttanbe modeledasfollows:

> m(F)«S(F) +

iel
> m(BB;)*S(BB;) +
j€d
Z m(vary) * S(vary) < scratchpadsize
kEK

Up to this point, two consecutie basicblocksmovedto
the scratchpadreboth countedwith ajumpto thescratch-
pad and a further jump back. The jumps can be omitted
betweenthesetwo basicblocks. To modelthis, memory
objects- socalledmulti basicblocks- aregeneratedor all
possiblecombinationf consecutie basicblocks.

To preventabasicblock z from beingselectedwice, e.g.
asasinglebasicblock z andalsoaspartof amulti memory
blocki or afunctionj, equationf thefollowing type have
to beadded:

m(BB,) +m(F;) + > m(BB;) <1
=
Index setJ correspondso index valuesfor all multi mem-
ory blockswhichincludebasicblock BB, .



Basedon the above equationsan IP solver [9] canfind
the optimal solutionfor the given costfunction for the use
of a scratchpadmemory The chosermemoryobjectscan
thenbeplacedin the scratchpadmemory

5. Experimental Setup

For theevaluationof thetwo memoryconfigurationsthe
ARMTYT processomentionedabove with anonchipcache
wascomparedo aversionwith a scratchpaaonfiguration.
For the two memories the enegy datawas estimatedus-
ing the CACTI tool. For the processoland main memory
currentthe datais not availablefrom the manufcturerand
thereforeaserienf measurementsf arealARM boardwas
takenbasedntheenegy modelpresentedby Steinle etal.
[15].
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Program

Machine
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Profiler Profiler
Energy Energy
Consumptio Consumptio

Figure 1. Flow of memory comparison

The diagramin figure 1 shaws the work flow starting
with programscompiledusingtheenegy awareC compiler
encc[4]. For the scratchpacdtonfiguration,the algorithm
presentedh the previoussectionis executed.Thegenerated
machinecodeis simulatedby thesimulatorfrom ARM Ltd.
whichis extendedfor the cacheconfigurationby the ARM
cachesimulator Basedon the instructiontrace,the enegy
profiler calculateghetotal amountof enegy consumedor
thedifferentprocessomstructionsandmemoryaccesses.

6. Results

The work flow was usedto comparedifferent bench-
markssuchassortingalgorithmstwo filter applicationsaand

onemediaapplication.

7
6 41— 1 M Scratchpad ||
OMain Memory

—_ 5 T mCPU —
5
.g. 1 S
>
238
=
wo,

1 1 [ - [

0 T T T T T

0 64 128 256 512 1024 2048

Scratchpad Size [Bytes]

Figure 2. Bubble_sort:
Scratchpad Energy

CPU, Main Memory,

The resultsin figure 2 shov the effect of the use of
the scratchpadmemory for different memory sizes. It
can be seenthat the main memory enegy decreasesnd
the scratchpadnegy increasesThe obsened benchmark
bubblesort usesl96 bytesprogrammemoryand436 bytes
datamemorywithout scratchpaenemoryor cache.
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For the comparisonwith a commoncachesystemthe
curvesfor cachevs. scratchpa@representedn figures3, 4
and5. Thereis acleartrendin favor of thescratchpadvhich
consumedess enegy than a cachememory of the same
size. This is not really fair becausehe arearequiredfor
acaches muchbiggerthanthe areafor a scratchpadArea
is the importantfactor for the productioncost. Therefore
it would be morerealisticto comparea scratchpadvith a
cacheof thesameareawhichmeanswith lesscapacity This
leadsto even higher advantagedor the scratchpad.Here
we presentonly the datafor the samememorysize. The
comparisorfor differentbenchmarksind2 KByte memory
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shavs anenepgy reductionbetweenl 2% and43% with an
averageof 23% (c.f. table4). Theincreasefor the cache
configurationat 64 bytesin figures4 and5 is causedby a
highrateof cachemisses.

Evenfor performancéc.f. table5), thereis animprove-
mentbetween7% and 23% with an averageof 16%. This
improvements lessthanthe enegy resultshecausehe en-
ergy consumptiorof mainmemoryaccesses muchhigher
than scratchpadaccesses.This effect is additionalto the
reductionof thenumberof cyclesandconcernnly theen-
ergy values.

The IP solver aspart of the scratchpadlgorithmdeter
minesthe optimal set of memoryobjects. In our bench-
marksthe averageruntime of the solver is lessthan0.1s.
To overcoméanacceptableuntimes atimelimit canbecho-
senwhichensuredinding asolutionsufficiently closeto the
optimum.

Table 4. cachevs. scratchpadenegy [nJ]

benchmark cache| scratchpad improv.
biguadN_sections 17,361 12,361 18%
bubblesort 1,913,242| 1,191,574 38%
heapsort 598,191 491,897| 18%
insertionsort 965,170 661,809 31%
lattice 1,467,450 1,252,753| 15%
matrixmult 41,981 34,375 18%
me.ivlin 4,558,811 2,610,799| 43%
quicksort 75,153 66,054| 12%
selectionsort 1,090,276 911,720 16%
average 23%

Table 5. cachevs. scratchpadperformancédcycles]

benchmark cache| scratchpad improv.
biguadN_sections 1,656 1,268 23%
bubblesort 241,458 191,953 21%
heapsort 74,343 64,918| 13%
insertionsort 119,191 95,783| 20%
lattice 165,886 141,402 15%
matrixmult 4,487 3,687 | 18%
me.ivlin 646,024 497,314 23%
quicksort 8,240 7,652 7%
selectionsort 153,514 142,498 7%
average 16%

7. Conclusion

The presentedalgorithm as part of a compiler selects
programpartsandvariablesandplacestheminto a scratch-
padmemory The ILP modeldeliversan optimal solution
and savesabout22% of the electricalenegy comparedo
a cache. Futurework will improve theseresultsby also
consideringhe stackandby dynamicallymoving memory
objectsin andout of the scratchpadFurthermoreresearch
canbedonefor the extensionof this approacto multitask-
ing systems.
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