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Abstract
We presenta framework for rapidly exploring thedesignspaceof
low power application-specificprogrammableprocessors(ASPP),
in particularmediaprocessors.We focuson a category of proces-
sors that are programmableyet optimizedto reducepower con-
sumptionfor aspecificsetof applications.

Thekey componentsof theframework presentedin this paper
area retargetableinstructionlevel parallelism(ILP) compiler, pro-
cessorsimulators,asetof completemediaapplicationswritten in a
high level languageandanarchitecturalcomponentselectionalgo-
rithm. Thefundamentalideabehindtheframework is thatwith the
aid of a retargetableILP compilerandsimulatorsit is possibleto
arrangearchitecturalparameters(e.g.,the issuewidth, the sizeof
cachememoryunits, thenumberof executionunits,etc.) to meet
low power designgoalsunderareaconstraints.

1 Introduction
Traditionally, low power designandsynthesisof applicationspe-
cific programmableprocessorshasbeendonein the context of a
givennumberof operationsrequiredto completea task.Recently,
HongandPotkonjak[14] presentedalow powersynthesisapproach
basedon theminimizationof thenumberof operations.

Advancesin compiler technologyfor instruction-level paral-
lelism (ILP) have significantlyincreasedtheability of a micropro-
cessorto exploit theopportunitiesfor parallelexecutionthatexist
in variousprogramswritten in high-level languages.State-of-the-
art ILP compilertechnologiesarein theprocessof migratingfrom
researchlabs to productgroups[1, 8, 15, 23, 24]. At the same
time, a numberof new microprocessorarchitectureshaving hard-
warestructuresthatarewell matchedto mostILP compilershave
beenintroduced.Architecturalenhancementsfoundin commercial
productsincludepredicatedinstructionexecution,VLIW execution
andsplit registerfiles [7, 31]. Multi-gaugearithmetic(or variable-
width SIMD) is foundin thefamily of MPACT architecturesfrom
Chromatic[17] andthedesignsfrom MicroUnity [12]. Mostof the
multimediaextensionsof programmableprocessorsalsoadoptthis
architecturalenhancement[22, 26].

We investigateanapproachto rapidlyexplorethedesignspace
of low powerapplication-specificprogrammableprocessors(ASPP),
in particularmediaprocessors.We focuson a category of proces-
sorsthataregeneral-purpose(programmable)but optimizedto re-
ducepower consumptionfor aspecificsetof applications.

Thekey componentsof theframework presentedin this paper
area retargetableILP compiler, instructionlevel simulators,a set
of completemediaapplicationswrittenin ahighlevel languageand
an architecturalcomponentselectionalgorithm. The fundamental
idea behindthe framework is that with the aid of a retargetable
ILP compilerandsimulatorsit is possibleto arrangearchitectural

parameters(e.g.,the issuewidth, the sizeof cachememoryunits,
thenumberof executionunits,etc.)to meetlow powerdesigngoals
andsatisfyareaconstraints.

In thefollowing sectionweillustratethekey ideasonwhichthis
work isbasedusingasimpleexample.Wediscusstherelatedworks
andour contribution in Section3. Section4 presentsthe prelimi-
nary materialsincluding the power andareamodel,benchmarks,
experimentplatform suchastools andexamplesetof resultsob-
tainedusingthetools. Our approachin this projectis explainedin
Section5 in detail.Section6 formulatesthesearchproblemdefined
in theprevioussectionin formal terms.Thesolutionspaceexplo-
rationstrategy andalgorithmis describedin Section7. Extensive
experimentalresultsof thetoolsandalgorithmswedevelopfor the
system-level synthesisof application-specificprogrammablepro-
cessorsarereportedin Section8. Finally, Section9 draws conclu-
sions.

2 A Motivational Example
Averagepower consumptionin CMOS circuits is given by ����	��
�������� , where � is thesystemclock frequency, � ��� is thesup-
ply voltage, � 
 is theloadcapacitanceand � is theprobabilityof
switchingactivity (theprobabilityof a ����� transitionduringa
clock cycle) [3]. The mosteffective meansto reducepower con-
sumptionof a processoris to lower the supplyvoltagesincethe
power consumptionis quadraticfunction of the voltage[2]. The
voltagereductioncomeswith the drawbackthat the circuit delay
is increasedrequiringa longer cycle time. Another power opti-
mizationtechniqueis systemshutdown [29], which is usuallyless
effective thanvoltagereduction.

We illustratethekey ideasof our approachusinga simpleex-
ample. Considerthat we have a numberof architecturalchoices
in designinglow power mediaprocessorssuchas the numberof
functionalunits, issuewidth, cachesizes,etc. A retargetableILP
compilergeneratesoptimizedcodesfor a machineconfiguration.
Table1 showsabaselinemachinein thefirst row andanoptimized
machinein the secondand third rows. The numberof cycles to
completea taskoneachmachineis shown in thesecondcolumnof
thetable.TheEnergy savingsof aprocessorconfigurationwith re-
spectto abaselinemachinearein thesixthcolumn.An application
we are interestedin has600 operationson the baselinemachine.
The baselinemachineis a single-issuemachinewith onebranch
unit, oneexecutionunit, onememoryunit, 0.5 KB of I-cacheand
D-cacheunits. The supplyvoltageof the baselinemachineis 3V
andcycle time is normalizedto 1. Thepower consumptionof the
baselinemachineto executethe applicationof interestis normal-
ized to 1. The power consumptionof a new machinewith more
hardware(namely, four-issue,four ALUs, onebranch,four mem-
ory units,2 KB of I-cacheandD-cacheunits)is higherthanthatof
thebaselinemachine.But sincethenew machinecanexecutethe
applicationmuch fasterwith fewer operations,we canuseeither
shutdown or voltagescalingtechniqueto reducepower consump-
tion while meetingtheperformancelevel of thebaselinemachine.
Assumethatthepowerconsumptionof thenew machinewith shut-
down techniqueis 0.8. Thenthenew machinecanexecutetheap-
plicationwith a fractionof thebaselinemachineenergy whenthe



Configuration Cycles
Supply
Voltage

Cycle
Time

Run
Time Power

Area
( ����� )

(1, 1, 1, 1, 0.5,0.5) 600 3 1 1 1 14.01
(4, 4, 1, 4, 2, 2) 200 3 1 1/3 0.8 43.28
(4, 4, 1, 4, 2, 2) 200 1 3 1 0.2 43.28

Table 1: An illustrative power dissipationexample: a machine
configurationconsistsof (issuewidth, numberof ALUs, num-
ber of branchunits, numberof memoryunits, sizeof instruction
cache(KB),sizeof datacache(KB))

voltagescalingtechniqueis applied.

3 Related Works and Our Contributions
Sincepower optimizationhasbeenseparatelypursuedin bothar-
chitectureandcomputer-aideddesigncommunities,webrieflysum-
marizerelatedworksin bothcommunities.

Kalavadeand Lee [18] proposeda framework that addresses
theneedfor managingcomplex system-level designenvironment.
Singhet al. [28] presenteda goodsurvey on workson computer-
aideddesignof low power systemsacrossall level of designab-
straction.Chandrakasanet al. [3] showed significantpower opti-
mizationby usingtransformationson many computation-intensive
DSPapplications.Methodsto explore trade-offs betweenvoltage
scaling,throughput,andpower arereportedin [11, 27]. A power
reductionschemetargetedat fully hardwireddesignby minimiz-
ing switchingactivities is presentedin [6]. Many power minimiza-
tion techniquestargetedat programmableplatformshave beenin-
troduced[4, 30].

We adopta methodologyof systemsynthesiscombiningthe
key paradigmsof computeraideddesignandarchitecturecommu-
nities.Followingthetraditionof CAD field,wedevelopanaccurate
powerestimateandaggressive optimizationalgorithms.Wefollow
thetraditionof thearchitecturefield by usingcomprehensive real-
life benchmarksandproductionqualitycompilationandsimulation
tools.Thiscombinationenablesusto build a uniqueframework of
system-level synthesisandto gain valuableinsightsaboutdesign
anduseof application-specificprogrammableprocessorsfor mod-
ernapplications.

Unlike previous works, we usea setof completeapplications
written in a high-level languageasbenchmarks.The framework
is basedon theobservation that ILP compilerscanfind significant
parallelismin typicalmediaapplicationswrittenin ahighlevel lan-
guage.Combinedwith architecturalenhancementssuchasVLIW
andsuperscalarschemes,theILP canbeexploitedto thebenefitof
designingpower optimizedASPPs. We incorporateinto the ma-
chinemodel the impactof cachememoryunits in low power de-
sign,which,with therealisticbenchmarks,makesthemodelmore
realistic.

Using the developedframework we conductan extensive ex-
plorationof the low power ASPPdesignspacein the faceof area
limits. It is clearthat thereis usefulILP in the typical mediaand
communicationapplications[21]. The framework addressesthe
needfor the low power ASPPdesignby exploiting the ILP found
in mediaapplicationsby ILP compilersthat targetVLIW andsu-
perscalarmachines.

The experimentspresentedin this paperare focusedon how
many machineconfigurationsshouldbe selectedin order to re-
ducepower consumptionacrossall thebenchmarksundervarious
areaconstraints.Theobjectiveis minimizationof selectedmachine
configurations,therebymaximizingthenumberof benchmarksthat
canberun on a processorin a power optimizedfashionasthough
it is optimizedfor eachindividualbenchmark.

Wefind thattheframework introducedin thispapercanbevery

valuablein makingearly low power designdecisionssuchasar-
chitecturalconfigurationtrade-offs including the cacheand issue
width trade-off underareaconstraint,and the numberof branch
unitsandissuewidth.

4 Experiment Platform
WeuseStrongArmSA-110asthebaselinearchitecturefor theanal-
ysis [25]. The device is a single-issueprocessorwith the classic
five stagepipeline. The SA-110hasan instructionissueunit, in-
tegerexecutionunit, integermultiplier, memorymanagementunit
for dataandinstructions,cachestructuresfor dataandinstructions,
andsomeotherunitssuchasphaselockedloop(PLL). Wesimulate
thepower consumptionmodelbasedon thepower dissipationdata
givenin [25]. It is fabricatedin a0.35-� � three-metalCMOSpro-
cesswith 0.35Vthresholdsand2V nominalsupplyvoltage.When
it runsDhrystone2.1at2V nominalsupplyvoltage,thetotalpower
is 3.3mW/MHz(528mW at160MHz).

We develop a simpleareamodelbasedon SA-110. The area
of the chip is 49.92�!� � (7.8�"�$# 6.4�"� ) an approximately
25%of thedie areais devotedto thecore(12.48�"� � ). Theissue
unit andbranchunit occupiesapproximately20% of the die area
(2.50�!� � ). TheintegerALU andload/storeunit consumeroughly
20%of thediearea(2.50�!� � ). TheDMMU andIMMU (dataand
instructionMMU) occupiesabout40% (5�!� � ) of the area.The
restof thecoreareais usedby otherunitssuchasthewrite buffers
andbus interfacecontroller. We assumethat theareaof miscella-
neousunits is relatively stablein thesensethat it doesnot change
asweincreasetheissuewidth or cachesizes.Weusedifferentcore
modelsfor the VLIW andsuperscalarmachineconfigurationsfor
the experiment. The differencecomesmainly from the different
complexity of the issueunits found in superscalarmachinesand
VLIW machines.We estimatethe areaof superscalarissueunits
basedon the areacomplexity %'&)( �+* sincethe complexity of de-
pendency checkingalgorithmis %'&)( � * . Whena VLIW machine
is considered,the issueunit areais generallyof complexity %'&)( *
or sub-linear. Theareaof anarbitrarilyconfiguredsuperscalarma-
chineis givenby
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, J 243 G aretheissuewidth, thebaselineissueunit area,

the numberof ALUs, the areaof a single ALU, the numberof
branchunits,thebranchunit area,thenumberof memoryunits,the
areaof singlememoryunit andmiscellaneousarea,respectively.

We did not include floating-pointunits in any machinecon-
figurationsbecausethe applicationswe usedhave mostly integer
operations.Cacheareais calculatedusingtheCacheDesignTools
[9]. A setof exampleareaestimatesfor superscalarmachineswith
differentcacheandcoreconfigurationsareshown in Table2. In the
restof thepaperwe describea machineconfigurationby a 6-tuple
asshown in Table2.

Therearefivecomponentsin thecorepower dissipationmodel
we used:power dissipationby theissueunit, integerALU, branch
unit, memoryunit, and other miscellaneouspower consumption
suchasclock generator. The power dissipationmodel for super-
scalarmachinesis givenby

M G7N�B 8 � ( �243537608 M 2935356:8 ; ( = 
?> M = 
@> ; (2)
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@> ,

M = 
@> , (OAIBED+F0G5H , M ACBED+F:GEH , ( J 8 J ,M J 8 J and
M J 243 G arethe issuewidth, the baselineissueunit en-

ergy, thenumberof ALUs, theenergy of a singleALU, thenum-
berof branchunits,thebranchunit energy, thenumberof memory



Configuration Issue IALU Branch Mem Cache Total

(1, 1, 1, 1, .5, .5) 1.25 2.5 1.25 5.0 1.53 14.01
(2, 2, 1, 2, 1, 1) 5.0 5.0 1.25 10.0 2.54 26.27
(4, 4, 1, 4, 2, 2) 20.0 10.0 1.25 20.0 4.55 58.28
(8, 8, 1, 8, 4, 4) 80.0 20.0 1.25 40.0 8.56 152.29
(4, 4, 2, 4, 8, 8) 20.0 10.0 2.5 20.0 16.55 71.53
(8, 8, 2, 8, 4, 4) 80.0 20.0 2.5 40.0 8.56 153.54
(8, 8, 4, 8, 8, 8) 80.0 20.0 5.0 40.0 16.55 164.03

Table 2: Superscalarmachineconfigurationexamplesand their
areaestimates( �!� � ): a machineconfigurationconsistsof (issue
width, numberof ALUs, numberof branchunits,numberof mem-
ory units,sizeof instructioncache(KB),sizeof datacache(KB))

units,theenergy of singlememoryunit andmiscellaneousenergy,
respectively.

Themodelfor thecachepower dissipationis givenby

M G7DPGEH 8 � M A 29Q ; MSR N�B � ; M N 6:Q9T+6:Q@; M D 2 F T+6:Q (3)

The terms
M A 29Q is the energy dissipatedby the bit lines due to

precharging,readoutandwrites,
MSR N�B � theenergy dissipatedin the

word lines,
M N 60Q9TL6:Q the energy dissipatedin the dataandaddress

outputlines,and
M D 2 F TL60Q theenergy dissipatedon theaddressin-

put lines.For furtherdescriptionsof eachcomponentof themodel,
referto [19, 20].

Thesetof benchmarksusedin this experimentis composedof
completeapplicationswhich arepublically availableandcodedin
a high-level language.The collectionhas21 applicationsculled
from available imageprocessing,communications,cryptography
andDSPapplications.Detaileddescriptionsof thebenchmarkscan
befoundin [21].

We usetheIMPACT tool suit [5] to collectperformanceinfor-
mationof benchmarksonvariousmachineconfigurations.TheIM-
PACT C compileris aretargetablecompilerwith codeoptimization
componentsespeciallydevelopedfor multiple-instruction-issuepro-
cessors.The target machinefor the IMPACT C canbe described
using the high-level machinedescriptionlanguage(HMDES). A
high-level machinedescriptionsuppliedby a useris compiledby
theIMPACT machinedescriptionlanguagecompiler.

IMPACT providescycle-level simulationof boththeprocessor
architectureandimplementation.Theoptimizedcodeis consumed
by theLsim simulator. At simulationtime,Lsim takescachestruc-
tureinformationprovidedby auser.

5 Approach
We collectedrun-times(expressedasa numberof cycles)of the
benchmarkson175differentmachineconfigurations(25cachecon-
figurationsfor 7 processorconfigurations).Firstwe build executa-
blesof thebenchmarkson seven differentarchitectures.They are
machineswith asinglebranchunit andoneof theone-,two-, four-,
andeight-issueunits, machineswith two branchunits andoneof
thefour- andeight-issueunits,andmachineswith four branchunits
anda eight-issueunit. The IMPACT compilergeneratesaggres-
sively optimizedcodeto increaseILP for eacharchitecture.The
optimizedcodeis consumedby the Lsim simulator. We simulate
thebenchmarksfor anumberof differentcacheconfigurations.For
eachexecutableof a benchmark,we simulate25 combinationsof
instructionanddatacachesrangingfrom 512bytesto 8 KB.

Measuredrun-timesof benchmarksthroughsimulationsareused
to computetheenergy basedonthepowermodeldescribedin Sec-
tion 4. Thepowerdissipationnumbersarenormalizedwith respect
to a baselinemachinepower dissipation. We selectedasa base-
line configurationa machinewith onebranchunit, one-issueunit,

512 bytesof instructioncache,and512 bytesof datacache. We
take theinverseof thenormalizedenergy to get thepower savings
factor. The power savings factoris usedin the machineselection
algorithm.

After all thesimulationsarecompletedandall thepower sav-
ings factorsfor all applicationson all machineconfigurationsare
obtained,we run a searchalgorithmto selectmachineconfigura-
tion setsundervariousareaconstraints.For eachareaconstraint,
we eliminateall machinesthatdo not satisfythearearequirement.
Fromthemachinesthatsatisfythearearequirement,we eliminate
all the dominatedmachines.By dominated,we meana machine
dissipatespower morethanor equalto thatof anothermachinefor
all benchmarks.Finally, we perform U -selectionalgorithm(see
Section6) to selecta setof machineconfigurationsthat runsthe
benchmarksetwith minimumpower dissipation.

6 Selection Problem Formulation
Informally, the problemcanbe statedas follows. Given an area
constraintandpower savings factorsof benchmarkson machines
that fit into the given area,we selecta subsetof the machinesin
suchawaythatthegeometricmeanof powersavingsfactorsacross
all thebenchmarkis maximizedandthesubsetsizeis keptsmall.

We normailzethe energy with respectto a baselinesincewe
arenot interestedin the sumof energy [16]. The sumof energy
doesnot reflectthepowerdissipationeffectof smallerbenchmarks
(onesthatinherentlydissipatelesspower) in thepresenceof bigger
benchmarks(onesthatconsumesmorepowerthanothers).In some
cases,abenchmarkthattakesa longtimeto completedueto its big
data,thusconsumesmuchenergy, dominatesthesumof energy.

We usegeometricmeanto summarizethe power savings fac-
torsof theselectedmachinessincewenormalizethemeasurements
[13].

We definethe problemusingmoreformal Garey-Johnsonfor-
mat[10].

Selection problem
Instance: Givena setof ( benchmarks,

1 2 , V<�W�0X�YZXL[\[\[\XK( , ] ma-
chineconfigurations,�'^ , _`�a��X�YbX+[\[9[\X�] , thepower savings
factors

M 2 ^ of thebenchmarks
1 2 , V<�W��XKYZX+[\[\[9XK( on thema-

chines� ^ , _c�d��XKYZX+[\[\[9X�] with respectto abaselinemachine
andconstantsU and � ,

Question: Is therea set e of U machineconfigurations,f T , gh���X�YbX+[9[\[\X�U , suchthat ij k F24lnmporq:s ^+tbu M 2 ^wv � ?

To determinethe constantU we divide the probleminto two
sub-problems,namely, x -selectionproblemand U -selectionprob-
lem. Startingfrom xy�d� weiteratively increasex until thebenefit
of increasingx is lessthana giventhresholdz . Formally thesub-
problemsarestatedasfollows.

x -selectionproblem: Givenasetof ( benchmarks,
1 2 , V{�|�0X�YZXL[\[\[\X( , ] machineconfigurations,�}^ , _"�a�0X�YZXL[\[\[\X�] , thepower

savingsfactors
M 2 ^ of thebenchmarks

1 2 , V~���0X�YZX+[\[\[\XK( on
the machines� ^ , _����0X�YZXL[\[\[\X�] with respectto a baseline
machineandconstantsx ,

�d�p�����������`�
� R � i

���� F�
24lnm orq:s^�t�� M 2 ^ZX (4)

where� is theselectedmachinesetof size x .
Thesizeof themachinesetis determinedby aniterative test
of comparing

� R
and

� R� m . Sincethe
�

is monotonic,we
continueto evaluate

�
andcomparethemusingEquation5



for asetof machineconfigurations�
for asetof benchmarks�

generateanexecutableof a benchmarkfor thetargetmachine;
measurespeed-upfactorswith respectto thebaselinemachine;��

eliminateall machinesthatdon’t satisfyareaconstraint;
eliminateall machinesthataredominatedby at leastoneothermachine;�

= 1;�����
;� �¢¡�£ �¤�

;
while ( (

��¥"¦
) §¨§ (

�©"ª
) ) �� �

= branch-and-bound(
� �¢¡�£

, i );� �¬« � ¡ « �)¡�£« � ;� �)¡�£ � �~�
;��r

;�
branch-and-bound(

� �¢¡�£
, w ) �

Stacks;
Nodec;��®¢¯7°I± � � �)¡�£

;
Generatenew nodes(c,

��®¢¯7°C±
, s );

while( s is notempty) �
c = take anodeoutof s;
if( bound()== FALSE ) thencontinue;
else �
if thenumberof selectedmachinesis lessthan ² then

Generatenew nodes(c, s );
else �� � i ³ ´ i�4µ@£Z¶�·�¸+¹Eº:»½¼ � ¹ ;

if(
�¿¾!� ®I¯C°C±

) then
��®¢¯7°I± � �

;���
return

��®¢¯C°C±
;�

Generatenew nodes(c, s ) �
for asetof possiblechoices�ÀKÁ5Â = estimate(c, choice);

insertthenew choiceandsortsbasedon ÀKÁEÂ ;��
Figure1: System-level synthesisof power optimizedapplication-
specificprogrammablemachines

until we reacha point wherethe benefitof the setsize in-
creasediminishesto acertaindegree.U -selectionproblem:

o}Ã\Ä@Å xcÆ z v � R� m<Ç � R� R XExy�|��X�YbX+[\[9[ ] Ç �:È�X (5)

where
� R

is givenby Equation4 and z is acut-off ratio.

7 Solution Space Exploration: Strategy and Algo-
rithms

Thealgorithmfor system-level synthesisof application-specificpro-
grammableprocessoris given in Figure1. In general,the sizeof
thesearchproblemis dramaticallyreducedby eliminatingmachine
configurationsthatdo not satisfya givenareaconstraintandthose
thataredominatedby at leastoneothermachine.Consequently, a
smallernumberof machinesneedsto beconsidered.

Sincethesimulationtakesvery longtime(morethanaweekon
a SPARC5 machine),we try to comeup with optimumsolutions.
Unlessthe optimal algorithmtakes unreasonablylong time, it is
worth to obtainoptimumsolutions.Thesearchfor optimumsolu-
tion is organizedusinganimplicit enumerationmethod.In partic-
ular, weadoptabranch-and-boundalgorithmshown in Figure1 to
speedup theselection.Thealgorithmcompleteslessthan3 hours
on aSPARC5for a rangeof areaconstraints.

The branch-and-boundalgorithmconsistsof two major com-
ponents:branchingandevaluation. The branchingsteptakesthe
currentstateof selection(a nodein thesearchtree)andgenerates
anumberof new nodesby addinganavailable(still notconsidered
in particularsearchpathof thesearchtree)machineto thecurrent
stateof selection.Asshown in Figure1, it examinesto seeif adding
a machineto thecurrentstateof selectioncanresultin a betterso-
lution than the currentbestsolution found. Initially, the current
bestsolutionis setto thepreviousbestsolution.Thepreviousbest
solutionis thebestsolutionfoundfor themachinesetsizelessthan
the currentsearchsizeby one. The branchingis boundedby the
boundingfunction. The boundingfunction comparesthe current
nodeandacandidateprocessorwith thebestnodeof thesamesize
found. The nodesizeis the numberof processors.If the current
nodeandthecandidatearedominatedby thebestnodethenwecut
thepathoff from search.We computethelower boundof thegeo-
metricmeanof themaximumspeed-upfactorsof eachbenchmark.
Thelowerboundis obtainedby usingasteepestdescentalgorithm.
The steepestdescentalgorithmselectsmachinesin the orderthat
thebiggestimprovementcanbeachieved. If theestimateis greater
or equal to the currentbestsolution, we have an opportunityto
find abettersolutionthanthecurrentbestsolutionby exploringthe
searchpath. Otherwise,thereis lesschanceof obtaininga better
solution. We sort thesearchorderbasedon the lower boundsoto
increasetheboundingrate.

8 Experimental Results
We evaluatethe tools andalgorithmsby runningextensive exper-
imentsrangingfrom the areaconstraintof 30�"� � to 200�"� � .
The implementationtechnologyis assumedto be0.35� . For each
areaconstraint,we obtainthe optimumsetof machineconfigura-
tionsfor cut-off values0.1,0.05,0.01,and0.005.Thecut-off val-
uesare z ’sasdefinedin Equation5.

Weconductedtwosetsof experimentsusingmachineshutdown
andvoltagescaling.For eachsetof experiments,we usetwo ma-
chineareaandpower models,namely, superscalarmachineswith
quadraticcomplexity issueunits andVLIW machineswith linear
complexity issueunits.Wefoundthatthetwo modelsexhibit quite
differentbehaviors in termsof power consumption.

Figure2 andFigure3 show resultsfrom the power shutdown
method.Wecandraw threeconclusionsfrom theresults.First,em-
pirically, thecut-off value0.1 is goodenoughfor mostcasessince
smallercut-off valuesdonotresultin morepowersavingsasshown
in Figure2(b) andFigure3(b). Second,whenonly the shutdown
techniqueis available,thereis no compellingreasonto have more
thanonearchitecturefrom the power minimizationpoint of view
regardlessof theareaandpower modelused.Sincewecanusethe
cut-off value0.1withoutbeingtooconservative, thenumberof se-
lectedmachinesat thecut-off value0.1, shown in Figure2(a)and
Figure3(a), is onethroughouttheentireareaconstraints.Finally,
it is clearthattheshutdown techniqueis ineffective to usewith our
framework. In otherwords,usingthis technique,it is impossible
to exploit individualcharacteristicsof applicationsto reducepower
consumption.

We seeno benefitat all of using superscalarmachinesas a
power reductionscheme.Figure3(b) indicatesthatassoonaswe
includemultiple-issueissueunits into thesuperscalarmodel(ma-
chinesbigger than 45�"� � ), which possiblyboostperformance
thus can reducepower, the power consumptionof the issueunit
overwhelmsotherbenefits.

Theresultsfor voltagescalingareshown in Figure4 and5. In
this setof results,we obtaingreaterpower consumptionimprove-
ment,which is consistentwith thefact thatvoltagescalingis gen-
erally moreeffective thanshutdown. Theresultsagreewith those
of theshutdown case,i.e., thecut-off valueof 0.1 is agoodchoice
sincethepower improvementfactorsof differentcut-off valuesare
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Figure 2: VLIW (linear complexity issueunit area)model: Se-
lected processorconfigurationsand power improvement factors
correspondingto selectionswhen the shutdown techniqueis ap-
plied

almostthesame.Also, theresultsindicatethattheVLIW machines
with voltagescalingarebestcandidatesthatcanexploit thecapabil-
ity of our framework. We observe thatup to 100�!� � , we getsig-
nificantpower savingsby increasinghardwareresources.It is evi-
dentthatunderthescheme,wecanbetterutilize ILP in applications
to thebenefitof energy reductionto theextentthata ILP compiler
canfind. We found that therearemorearchitecturalchoicesand
decisionsto make for differentapplicationswhenlessareais avail-
able.On theotherhand,althoughit performsbetterthantheshut-
down case,thesuperscalarmachineswith voltagescalingshowed
disappointingresults.It providedmoderateimprovementsupto the
factorof 3 at around60�!� � of area.Thecurve is identicalto that
of shutdown caseexceptthatit is a little shiftedforward.

As shown in Figure4(b), the energy improvementdiminishes
after 100�"� � . This canbe dueto oneor both of the following
limitations. The mediaapplicationswe usedis likely to have in-
herentILP upperbounds.It is alsopossiblethat thecurrentupper
boundrevealedin this experimenthasa lot to do with thecurrent
ILP compilertechnology.

Interestingly, theresultsfrom VLIW machinesshown in Figure
4 show that up to 100�"� � of area,morethanonemachinesare
requiredto maximizepower savings. This is consistentwith the
factthatspecificsof individualapplicationsshouldbeusedto fully
utilize limited amountof resources.In this experiment,we found
that100�"� � of areais enoughto fit in ageneral-purposemachine
to runall thebenchmarksin apower efficientmanner.

9 Conclusion
Theavailability of productionquality ILP compilersandcommer-
cialDSPswith architecturalenhancements(e.g.,predicatedinstruc-
tion execution,VLIW execution,split registerfilesandmulti-gauge
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Figure3: Superscalar(quadraticcomplexity issueunit area)model:
Selectedprocessorconfigurationsandpower improvementfactors
correspondingto selectionswhen the shutdown techniqueis ap-
plied
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Figure 4: VLIW (linear complexity issueunit area)model: Se-
lected processorconfigurationsand power improvement factors
correspondingto selectionswhenthevoltagescalingis used
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Figure5: Superscalar(quadraticcomplexity issueunit area)model:
Selectedprocessorconfigurationsandpower improvementfactors
correspondingto selectionswhenthevoltagescalingis used

arithmetic(or variable-widthSIMD)) stimulatedthe ideaof pro-
grammableprocessorsthataretunedto specificapplications.

The key componentsof the framework presentedin this pa-
per area retargetableinstructionlevel parallelism(ILP) compiler,
instructionlevel simulators,a setof completemediaapplications
written in a high level languageand an architecturalcomponent
selectionalgorithm.

Weconductedanextensiveexplorationof thelow powerASPP
designspaceunderareaconstraints.It is clearthatthereis enough
ILP in the typical mediaand communicationapplications. The
framework addressestheneedfor the low power ASPPdesignby
exploiting the ILP found in mediaapplicationsby ILP compilers
thattargetVLIW andsuperscalarmachines.

We found that the framework introducedin this papercanbe
very valuablein makingearly designdecisionssuchasareaand
architecturalconfigurationtrade-off, cacheandissuewidth trade-
off underareaconstraint,andthenumberof branchunitsandissue
width.
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