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Abstract

We presenta framework for rapidly exploring the designspaceof
low power application-specifiprogrammablgrocessor¢ASPP),
in particularmediaprocessorsa/NVe focuson a category of proces-
sorsthat are programmableyet optimizedto reducepower con-
sumptionfor a specificsetof applications.

The key component®f the framavork presentedn this paper
arearetagetablenstructionlevel parallelism(ILP) compiler pro-
cessosimulatorsasetof completemediaapplicationswrittenin a
highlevel languageandanarchitecturacomponenselectioralgo-
rithm. Thefundamentaldeabehindthe framevork is thatwith the
aid of a retagetablelLP compilerandsimulatorsit is possibleto
arrangearchitecturaparameterge.g.,the issuewidth, the size of
cachememoryunits, the numberof executionunits, etc.) to meet
low power designgoalsunderareaconstraints.

1 Introduction

Traditionally low power designand synthesisf applicationspe-
cific programmablgrocessorhasbeendonein the contet of a
given numberof operationgequiredto completea task. Recently
HongandPotlonjak[14] presentedlow power synthesispproach
basedn theminimizationof the numberof operations.

Advancesin compiler technologyfor instruction-leel paral-
lelism (ILP) have significantlyincreasedhe ability of a micropro-
cessolto exploit the opportunitiesfor parallelexecutionthat exist
in variousprogramswritten in high-level languages State-of-the-
artILP compilertechnologiesrein the procesof migratingfrom
researchiabsto productgroups[1, 8, 15, 23, 24]. At the same
time, a numberof new microprocessoarchitecturefhiaving hard-
warestructureghatarewell matchedo mostILP compilershave
beenintroduced Architecturalenhancement®undin commercial
productdncludepredicatednstructionexecution,VLIW execution
andsplit registerfiles [7, 31]. Multi-gaugearithmetic(or variable-
width SIMD) is foundin thefamily of MPACT architecturerom
Chromatid17] andthedesigngrom MicroUnity [12]. Mostof the
multimediaextensionof programmabl@rocessoralsoadoptthis
architecturabnhancemerj22, 26).

We investigateanapproacho rapidly explorethedesignspace
of low powerapplication-specifiprogrammabl@rocessor6ASPP),
in particularmediaprocessorda/NVe focuson a category of proces-
sorsthataregeneral-purpos@rogrammablebut optimizedto re-
ducepower consumptiorfor a specificsetof applications.

The key component®f the framavork presentedn this paper
area retagetablelLP compiler instructionlevel simulators,a set
of completemediaapplicationswrittenin ahighlevel languageand
an architecturacomponenselectionalgorithm. The fundamental
idea behindthe framevork is that with the aid of a retagetable
ILP compilerandsimulatorsit is possibleto arrangearchitectural

parameterge.g.,theissuewidth, the size of cachememoryunits,
thenumberof executionunits,etc.)to meetlow powerdesigngoals
andsatisfyareaconstraints.

In thefollowing sectionweillustratethekey ideasonwhichthis
work is basedisingasimpleexample.Wediscusgherelatedworks
andour contritution in Section3. Section4 presentghe prelimi-
nary materialsincluding the power and areamodel, benchmarks,
experimentplatform suchastools and examplesetof resultsob-
tainedusingthetools. Our approacthin this projectis explainedin
Sectiorbin detail. Section6 formulateshesearctproblemdefined
in the previous sectionin formal terms. The solutionspaceexplo-
ration stratgy andalgorithmis describedn Section7. Extensve
experimentaresultsof thetoolsandalgorithmswe developfor the
system-lgel synthesisof application-specifiprogrammablepro-
cessorarereportedin Section8. Finally, Section9 dravs conclu-
sions.

2 A Motivational Example

Averagepower consumptionin CMOS circuitsis givenby P =
aCLV2 f, wheref is the systemclock frequeng, Vyq is the sup-
ply voltage,C’ is theload capacitanc@andc is the probability of
switchingactvity (the probabilityof a0 — 1 transitionduringa
clock cycle) [3]. The mosteffective meansto reducepower con-
sumptionof a processoiis to lower the supply voltagesincethe
power consumptioris quadraticfunction of the voltage[2]. The
voltagereductioncomeswith the dravbackthat the circuit delay
is increasedrequiring a longer cycle time. Another power opti-
mizationtechniques systemshutdevn [29], whichis usuallyless
effective thanvoltagereduction.

We illustratethe key ideasof our approactusinga simpleex-
ample. Considerthat we have a numberof architecturalchoices
in designinglow powver mediaprocessorsuchas the numberof
functionalunits, issuewidth, cachesizes,etc. A retagetablelLP
compilergenerate®ptimizedcodesfor a machineconfiguration.
Tablel shavs abaselinenachinen thefirst row andanoptimized
machinein the secondandthird rows. The numberof cyclesto
completeataskon eachmachinds shavn in the seconccolumnof
thetable. The Enegy savingsof a processoconfigurationwith re-
spectto abaselinemachinearein thesixth column.An application
we areinterestedn has600 operationson the baselinemachine.
The baselinemachineis a single-issuemachinewith one branch
unit, one executionunit, onememoryunit, 0.5 KB of I-cacheand
D-cacheunits. The supplyvoltageof the baselinemachineis 3V
andcycle time is normalizedto 1. The powver consumptiorof the
baselinemachineto executethe applicationof interestis normal-
izedto 1. The power consumptiorof a nev machinewith more
hardware (namely four-issue four ALUs, onebranch,four mem-
ory units,2 KB of I-cacheandD-cacheunits)is higherthanthatof
the baselinemachine.But sincethe nev machinecanexecutethe
applicationmuchfasterwith fewer operationswe canuseeither
shutdaevn or voltagescalingtechniqueto reducepower consump-
tion while meetingthe performancdevel of the baselinemachine.
Assumehatthe power consumptiorof thenen machinewith shut-
down techniques 0.8. Thenthe new machinecanexecutethe ap-
plicationwith afraction of the baselinemachineenegy whenthe



Supply | Cycle | Run Area

Configuration H Cycles | Voltage | Time | Time | Power | (mm?)
(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, size of instruction
cache(KB)sizeof datacache(KB))

voltagescalingtechniquds applied.

3 Related Worksand Our Contributions

Sincepower optimizationhasbeenseparatelyursuedn both ar
chitectureandcomputeraideddesigncommunitiesyve briefly sum-
marizerelatedworksin bothcommunities.

Kalavade and Lee [18] proposeda framewvork that addresses
the needfor managingcomplex system-lgel designervironment.
Singhetal. [28] presentedh goodsurney on works on computer
aideddesignof low power systemsacrossall level of designab-
straction. Chandrakasaat al. [3] shaved significantpower opti-
mizationby usingtransformation®n mary computation-intenge
DSPapplications.Methodsto explore trade-ofs betweervoltage
scaling,throughputandpower arereportedin [11, 27]. A power
reductionschemetamgetedat fully hardwireddesignby minimiz-
ing switchingactuities is presentedh [6]. Marny powver minimiza-
tion techniquegargetedat programmableglatformshave beenin-
troduced4, 30].

We adopta methodologyof systemsynthesiscombiningthe
key paradigmsf computeraideddesignandarchitecturecommu-
nities. Following thetraditionof CAD field, wedevelopanaccurate
power estimateandaggressie optimizationalgorithms.We follow
thetradition of the architecturdield by usingcomprehense real-
life benchmarkandproductionquality compilationandsimulation
tools. This combinatiorenablesusto build a uniqueframevork of
system-lgel synthesisandto gain valuableinsightsaboutdesign
anduseof application-specifiprogrammablgrocessor$or mod-
ernapplications.

Unlike previous works, we usea setof completeapplications
written in a high-level languageas benchmarks.The framewvork
is basedon the obserationthatILP compilerscanfind significant
parallelismin typicalmediaapplicationswrittenin ahighlevel lan-
guage.Combinedwith architecturabnhancementsuchasVLIW
andsuperscalaschemesthe ILP canbe exploitedto the benefitof
designingpower optimized ASPPs. We incorporateinto the ma-
chinemodelthe impactof cachememoryunitsin low power de-
sign,which, with therealisticbenchmarksmalesthe modelmore
realistic.

Using the developedframenork we conductan extensve ex-
plorationof the low powver ASPPdesignspacen the faceof area
limits. It is clearthatthereis useful ILP in the typical mediaand
communicationapplications[21]. The framevork addresseshe
needfor the low powver ASPPdesignby exploiting the ILP found
in mediaapplicationsby ILP compilersthattarget VLIW andsu-
perscalamachines.

The experimentspresentedn this paperare focusedon how
mary machineconfigurationsshould be selectedin orderto re-
ducepower consumptioracrossall the benchmarksindervarious
areaconstraintsTheobjective is minimizationof selectednachine
configurationstherebymaximizingthenumberof benchmarkshat
canberun on a processoin a power optimizedfashionasthough
it is optimizedfor eachindividual benchmark.

We find thattheframework introducedn this papercanbevery

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

4 Experiment Platform

We useStrongArmSA-110asthebaselinerchitecturdor theanal-
ysis[25]. The device is a single-issueprocessomith the classic
five stagepipeline. The SA-110hasan instructionissueunit, in-
teger executionunit, integer multiplier, memorymanagementnit
for dataandinstructionscachestructuresor dataandinstructions,
andsomeotherunitssuchasphasdockedloop (PLL). We simulate
the powver consumptiormodelbasedn the power dissipationdata
givenin [25]. It is fabricatedn a0.35um three-metaCMOSpro-
cesswith 0.35Vthresholdsaand2V nominalsupplyvoltage.When
it runsDhrystone2.1at2V nominalsupplyvoltage thetotal power
is 3.3mW/MHz(528 mW at 160MHz).

We develop a simpleareamodelbasedon SA-110. The area
of the chip is 49.92nm? (7.8mm x 6.4mm) an approximately
25%of the die areais devotedto the core(12.48nm?). Theissue
unit and branchunit occupiesapproximately20% of the die area
(2.50nm?). TheintegerALU andload/storaunit consumeoughly
20%of thediearea(2.50nm?). TheDMMU andIMMU (dataand
instructionMMU) occupiesabout40% (5mm?) of the area. The
restof the coreareais usedby otherunits suchasthewrite buffers
andbusinterfacecontroller We assumehatthe areaof miscella-
neousunitsis relatively stablein the sensethatit doesnot change
aswe increasaheissuewidth or cachesizes. We usedifferentcore
modelsfor the VLIW andsuperscalamachineconfigurationsor
the experiment. The differencecomesmainly from the different
compleity of the issueunits found in superscalamachinesand
VLIW machines.We estimatethe areaof superscalaissueunits
basedon the areacompleity O(n?) sincethe compleity of de-
pendeng checkingalgorithmis O(n?). Whena VLIW machine
is consideredthe issueunit areais generallyof compleity O(n)
or sub-linear Theareaof anarbitrarily configuredsuperscalama-
chineis givenby

Area = nlgueAissue +NaLvAarLu + 1

nbranchAbranch + nmemAmem + Amisc

Theterms{nissue: Aissueu MALU, AALU: Nbranch Abranch: Nmem
Anem and A,,isc aretheissuewidth, the baselindssueunit area,
the numberof ALUs, the areaof a single ALU, the numberof
branchunits,the branchunit areathe numberof memoryunits,the
areaof singlememoryunit andmiscellaneousrearespectiely.

We did not include floating-pointunits in ary machinecon-
figurationshecausehe applicationswe usedhave mostly integer
operationsCacheareais calculatedusingthe CacheDesignTools
[9]. A setof exampleareaestimategor superscalamachineswith
differentcacheandcoreconfigurationgreshavn in Table2. In the
restof the paperwe describea machineconfigurationby a 6-tuple
asshavn in Table2.

Therearefive componentsn thecorepower dissipatiormodel
we used:power dissipationby theissueunit, integer ALU, branch
unit, memory unit, and other miscellaneougpower consumption
suchasclock generatar The power dissipationmodelfor super
scalamachiness givenby

Nissue Bissue + narv Earv + 2

nbranchEbranch + Nmem Emem + Emisc

Eeore =

Thetermsnissuea Eissuey NALU, EALU1 Nbranch, Ebrancha Nmem
Emem and E,,;s. aretheissuewidth, the baselineissueunit en-
ey, the numberof ALUs, the enegy of a single ALU, the num-
berof branchunits, the branchunit enegy, the numberof memory



[ Configuration [ Issue ] IALU [ Branch| Mem | Cache]| Total |
(1,1,1,1,5,.5) 1.25 25 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 | 455 58.28
(8,8,1,8,4,4) 80.0 | 20.0 1.25 40.0 8.56
(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
(8,8,4,8,8,8) 80.0 | 20.0 5.0 40.0 | 16.55

Table 2: Superscalamachineconfigurationexamplesand their
areaestimategmm?): a machineconfigurationconsistsof (issue
width, numberof ALUs, numberof branchunits,numberof mem-
ory units,sizeof instructioncache(KB) sizeof datacache(KB))

units, the enegy of singlememoryunit andmiscellaneougneny,
respectiely.
Themodelfor the cachepower dissipations givenby

Ecache = Ebit + Eword + Eoutput + Eainput (3)

The terms Ey;; is the enegy dissipatedby the bit lines due to
prechaging, readouandwrites, E,,.-4 theenegy dissipatedn the
word lines, Eq+put the enegy dissipatedn the dataandaddress
outputlines,and Eq;nput the enegy dissipatedn the addressn-
putlines. For furtherdescription®f eachcomponenbf themodel,
referto [19, 20].

The setof benchmarksisedin this experimentis composeaf
completeapplicationswvhich arepublically availableandcodedin
a high-level language. The collectionhas?21 applicationsculled
from available image processingcommunicationsgryptography
andDSPapplicationsDetaileddescription®f thebenchmarksan
befoundin [21].

We usethe IMPACT tool suit[5] to collectperformancenfor-
mationof benchmarkenvariousmachineconfigurationsThelM-
PACT C compileris aretagetablecompilerwith codeoptimization
componentgspeciallydevelopedfor multiple-instruction-issupro-
cessors.The tamget machinefor the IMPACT C canbe described
using the high-level machinedescriptionlanguage(HMDES). A
high-level machinedescriptionsuppliedby a useris compiledby
theIMPACT machinedescriptionanguagecompiler

IMPACT providescycle-level simulationof boththe processor
architectureandimplementationThe optimizedcodeis consumed
by the Lsim simulator At simulationtime, Lsim takescachestruc-
tureinformationprovidedby auser

5 Approach

We collectedrun-times(expressedas a numberof cycles) of the
benchmarken 175differentmachineconfigurationg25cachecon-
figurationsfor 7 processoconfigurations) Firstwe build executa-
blesof the benchmark®n seven differentarchitecturesThey are
machinesvith asinglebranchunit andoneof theone-,two-, four-,
and eight-issueaunits, machineswith two branchunits andone of
thefour- andeight-issuainits,andmachinesith four branchunits
and a eight-issueunit. The IMPACT compiler generatesggres-
sively optimizedcodeto increaseLP for eacharchitecture.The
optimizedcodeis consumeddy the Lsim simulator We simulate
thebenchmark$or anumberof differentcacheconfigurationsFor
eachexecutableof a benchmarkwe simulate25 combinationsof
instructionanddatacachegangingfrom 512 bytesto 8 KB.
Measuredun-timesof benchmarkghroughsimulationsareused
to computetheenegy basednthe pover modeldescribedn Sec-
tion 4. Thepower dissipatiommumbersarenormalizedwith respect
to a baselinemachinepower dissipation. We selectedas a base-
line configurationa machinewith onebranchunit, one-issuaunit,

512 bytesof instructioncache,and 512 bytesof datacache. We
take theinverseof the normalizedenegy to getthe pover sarzings
factor The power savingsfactoris usedin the machineselection
algorithm.

After all the simulationsarecompletedandall the powver sav-
ings factorsfor all applicationson all machineconfigurationsare
obtained,we run a searchalgorithmto selectmachineconfigura-
tion setsundervariousareaconstraints.For eachareaconstraint,
we eliminateall machineghatdo not satisfythe arearequirement.
Fromthe machineghat satisfythe arearequirementye eliminate
all the dominatedmachines.By dominatedwe meana machine
dissipatepower morethanor equalto thatof anothemachinefor
all benchmarks.Finally, we perform K-selectionalgorithm (see
Section6) to selecta setof machineconfigurationghat runsthe
benchmarlsetwith minimumpower dissipation.

6 Sedlection Problem Formulation

Informally, the problemcanbe statedas follows. Given an area
constraintand power savings factorsof benchmark®n machines
thatfit into the given area,we selecta subsetf the machinesn
suchaway thatthegeometrianeanof power savingsfactorsacross
all thebenchmarks maximizedandthe subsesizeis keptsmall.

We normailzethe enegy with respectto a baselinesincewe
arenot interestedn the sumof enegy [16]. The sumof enegy
doesnotreflectthe power dissipatioreffect of smallerbenchmarks
(onesthatinherentlydissipatdesspower) in thepresencef bigger
benchmarkgonesthatconsumesnorepowerthanothers).In some
casesabenchmarkhattakesalongtimeto completedueto its big
data,thusconsumesnuchenegy, dominateghe sumof enepy.

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

We definethe problemusingmore formal Gare/-Johnsorfor-
mat[10].

Selection problem

Instance: Givenasetof n benchmarksg;, i = 1,2, ..., n, k ma-
chineconfigurationsm;, j = 1,2, ..., k, the power savings
factorsE;; of thebenchmarks;, i = 1,2,...,n onthema-
chinesm;, j = 1,2, ..., k with respecto abaselinenachine
andconstantd andC,

Question: IsthereasetM of K machineconfigurationse,, p =
1,2,..., K, suchthat 7/ H?:l maxjenm Ei; < C?

To determinethe constantK™ we divide the probleminto two
sub-problemsnamely w-selectiorproblemand K -selectiorprob-
lem. Startingfromw = 1 weiteratively increaseav until thebenefit
of increasingw is lessthana giventhresholdp. Formally the sub-
problemsarestatedasfollows.

w-selectiomproblem: Givenasetof n benchmarksy;,i = 1,2, ...,
n, k machineconfigurationsm;, j = 1,2, ..., k, the power
savingsfactorsE;; of thebenchmarks;, ¢ = 1,2,...,n 0on
themachinesn;, j = 1,2, ..., k with respecto a baseline
machineandconstantsv,

Maximize :

4

whereP is the selectednachinesetof sizew.

Thesizeof themachinesetis determinedy aniterative test
of comparingD,, andD,, +1. Sincethe D is monotonicwe
continueto evaluateD andcomparehemusingEquation5



for a setof machineconfigurations{
for asetof benchmarkg
generat@nexecutableof abenchmarkor thetargetmachine;
measurespeed-uactorswith respecto thebaselinemachine;
}
}

eliminateall machineghatdont satisfyareaconstraint;
eliminateall machineghataredominatedby atleastoneothermachine;
R=1;
i =1,
D;_1=1;
while ((R > p) && (i < k)) {
D; =branch-and-boundD; _1,i);

Di—Dj_1.

R = %,

D;_1 = Ds;

it +;
}
branch-and-boundD; _1,w) {
Stacks;
Nodec;

Dpest = Di—1;

Generatenew_nodes(C, Dyest, S);
while(sis notempty) {
c =takeanodeoutof s;
if( bound()== FALSE ) thencontinue;
else{
if thenumberof selectednachiness lessthanw then
Generatenev_nodes(, s);
else{
D=7 /H:.L=1 maxjep Fij;

if( D > Dyest ) thenDyesy = D;
}
}

return Dy e ;

Generatenev_nodes(C, s) {
for asetof possiblechoices{
est = estimate(, choice);
insertthe new choiceandsorts basedn est;

}

Figurel: System-lgel synthesisof powver optimizedapplication-
specificprogrammablenachines

until we reacha point wherethe benefitof the setsizein-
creasaliminishegto a certaindegree.

K-selectionproblem:

min{w|p < w,w=l,2,...k—l}, (5)

whereD,, is givenby Equatiord andp is a cut-of ratio.

7 Solution Space Exploration: Strategy and Algo-

rithms

Thealgorithmfor system-lgel synthesi®f application-specifipro-
grammableorocessois givenin Figurel. In generalthe size of
thesearclproblemis dramaticallyreduceddy eliminatingmachine
configurationghatdo not satisfya given areaconstraintandthose
thataredominatedyy at leastone othermachine.Consequentjya
smallernumberof machinesieedgo be considered.

Sincethesimulationtakesvery longtime (morethanaweekon
a SFARCS5 machine) we try to comeup with optimumsolutions.
Unlessthe optimal algorithm takes unreasonablyong time, it is
worth to obtainoptimumsolutions. The searchfor optimumsolu-
tion is organizedusinganimplicit enumeratiomethod.In partic-
ular, we adopta branch-and-boundlgorithmshavn in Figurel to
speedup the selection.The algorithmcompletedessthan3 hours
ona SRARC5for arangeof areaconstraints.

The branch-and-boundlgorithm consistsof two major com-
ponents:branchingandevaluation. The branchingsteptakesthe
currentstateof selection(a nodein the searchtree)andgenerates
anumberof new nodeshy addinganavailable(still notconsidered
in particularsearchpathof the searchtree)machineto the current
stateof selection As shavnin Figurel, it examinego seef adding
amachineto the currentstateof selectioncanresultin a betterso-
lution thanthe currentbestsolution found. Initially, the current
bestsolutionis setto the previous bestsolution. The previous best
solutionis thebestsolutionfoundfor themachinesetsizelessthan
the currentsearchsize by one. The branchingis boundedby the
boundingfunction. The boundingfunction compareshe current
nodeanda candidatgrocessowith thebestnodeof the samesize
found. The nodesizeis the numberof processorslf the current
nodeandthe candidatearedominatedy the bestnodethenwe cut
the pathoff from search We computethe lower boundof thegeo-
metricmeanof themaximumspeed-ugactorsof eachbenchmark.
Thelowerboundis obtainedby usinga steepestiescentlgorithm.
The steepestlescentlgorithmselectsmachinesn the orderthat
thebiggestimprovementcanbeachieved. If theestimatds greater
or equalto the currentbestsolution, we have an opportunityto
find a bettersolutionthanthecurrentbestsolutionby exploring the
searchpath. Otherwise thereis lesschanceof obtaininga better
solution. We sortthe searchorderbasedon the lower boundsoto
increaseheboundingrate.

8 Experimental Results

We evaluatethe tools andalgorithmsby running extensve exper
imentsrangingfrom the areaconstraintof 30mm? to 200mm?.
Theimplementatiortechnologyis assumedo be 0.35:. For each
areaconstraintwe obtainthe optimumsetof machineconfigura-
tionsfor cut-of values0.1,0.05,0.01,and0.005. The cut-of val-
uesarep’sasdefinedin Equation5.

We conductedwo setsof experimentsisingmachineshutdevn
andvoltagescaling. For eachsetof experimentswe usetwo ma-
chineareaand power models,namely superscalamachineswith
quadraticcompleity issueunits and VLIW machineswith linear
compleity issueunits. We foundthatthetwo modelsexhibit quite
differentbehaiors in termsof pover consumption.

Figure2 andFigure 3 shav resultsfrom the power shutdevn
method.We candraw threeconclusiongrom theresults.First,em-
pirically, the cut-of value0.1is goodenoughfor mostcasesince
smallercut-off valuesdo notresultin morepower sasingsasshavn
in Figure2(b) andFigure 3(b). Secondwhenonly the shutdevn
techniques available,thereis no compellingreasorto have more
thanonearchitecturerom the powver minimizationpoint of view
regardlesf theareaandpownver modelused.Sincewe canusethe
cut-of value0.1withoutbeingtoo conserative, the numberof se-
lectedmachinesat the cut-of value0.1, shawn in Figure2(a)and
Figure3(a), is onethroughoutthe entireareaconstraints.Finally,
it is clearthatthe shutdevn techniquds ineffective to usewith our
framawork. In otherwords, usingthis techniquejt is impossible
to exploit individual characteristicsf applicationgo reducepower
consumption.

We seeno benefitat all of using superscalamachinesas a
power reductionscheme.Figure 3(b) indicatesthatassoonaswe
includemultiple-issudssueunitsinto the superscalamodel(ma-
chinesbigger than 45mm?), which possibly boostperformance
thus canreducepower, the power consumptionof the issueunit
overwhelmsotherbenefits.

Theresultsfor voltagescalingareshavn in Figure4 and5. In
this setof results,we obtaingreatempower consumptiorimprove-
ment,which is consistentvith the factthatvoltagescalingis gen-
erally moreeffective thanshutdavn. Theresultsagreewith those
of theshutdevn casej.e., the cut-of valueof 0.1is agoodchoice
sincethe powerimprovementfactorsof differentcut-of valuesare
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Figure 2: VLIW (linear compleity issueunit area)model: Se-
lected processorconfigurationsand power improvementfactors
correspondingo selectionswhen the shutdevn techniqueis ap-
plied

almostthesame Also, theresultsindicatethatthe VLIW machines
with voltagescalingarebestcandidateshatcanexploit thecapabil-
ity of our framavork. We obsere thatup to 100mm?, we getsig-
nificantpower savings by increasinghardwareresourceslt is evi-
dentthatundertheschemewe canbetterutilize ILP in applications
to the benefitof enegy reductionto the extentthata ILP compiler
canfind. We found that thereare more architecturalchoicesand
decisiongo male for differentapplicationavhenlessareais avail-
able. Onthe otherhand,althoughit performsbetterthanthe shut-
down case the superscalamachineswith voltagescalingshaved
disappointingesults.It providedmoderatémprovementaupto the
factorof 3 ataround60mm? of area.Thecurwe is identicalto that
of shutdevn caseexceptthatit is alittle shiftedforward.

As shawn in Figure4(b), the enegy improvementdiminishes
after 100mm?2. This canbe dueto oneor both of the following
limitations. The mediaapplicationswe usedis likely to have in-
herentlLP upperbounds.It is alsopossiblethatthe currentupper
boundrevealedin this experimenthasa lot to do with the current
ILP compilertechnology

Interestinglytheresultsfrom VLIW machineshavn in Figure
4 shaw thatup to 100mm? of area,morethanone machinesare
requiredto maximize power savings. This is consistentwith the
factthatspecificof individual applicationshouldbe usedto fully
utilize limited amountof resourcesIn this experiment,we found
that100mm? of areais enoughto fit in ageneral-purposmachine
to runall thebenchmarkén a power efficientmanner

9 Conclusion

Theavailability of productionquality ILP compilersandcommer

cial DSPswith architecturaénhancementg.g. predicatednstruc-
tion execution,VLIW execution splitregisterfilesandmulti-gauge
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arithmetic (or variable-widthSIMD)) stimulatedthe idea of pro-
grammableprocessorshataretunedto specificapplications.

The key componentof the framevork presentedn this pa-
perarearetagetableinstructionlevel parallelism(ILP) compiler
instructionlevel simulators,a setof completemediaapplications
written in a high level languageand an architecturalcomponent
selectionalgorithm.

We conductedanextensve explorationof thelow pover ASPP
designspaceunderareaconstraintslt is clearthatthereis enough
ILP in the typical mediaand communicationapplications. The
framevork addressethe needfor the low powver ASPPdesignby
exploiting the ILP found in mediaapplicationsby ILP compilers
thattargetVLIW andsuperscalamachines.

We found that the framework introducedin this papercanbe
very valuablein making early designdecisionssuchas areaand
architecturakonfigurationtrade-of, cacheandissuewidth trade-
off underareaconstraintandthe numberof branchunitsandissue
width.
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