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Abstract

Thekey to maximizingenegy efficiencyof systemss un-
derstandingand systematicalijharnessinghe tremendous
opefmtional diversity they exhibit. \We definethe power
awarenessof a systemas its ability to minimize enegy
consumptiorby adaptingto changesin its opefating point.
Thesechangesoccurasaresultof variationsin input statis-
tics, desied outputquality, tolerable latencyand through-
put. Thekey objectiveof this paperis to unambiguouslyle-
fine the notion of powerawarenessdistinguishit from the
betterundeistoodconceptof low-power to proposea sys-
tematic methodolgy that enhancepowerawarenessand
finally to illustrate the impact of sudh re-engineering By
applying powerawarenessformalismsto systemganging
frommultipliers to variable voltage processos, we demon-
strateincreasesn enegy efficiencyof 60%-200%.

1. Intr oduction

A systemparadigmthat hasbeengatheringmomentum
recentlyis that of enegy-scalableor power-aware design
[1]. While theterm“power-aware”is oftenascribedo ary
systemwhosedesignhasbeensensitve to enegy consider
ations,its connotatiorin recentwork hasbeen:

e The systemallows its clients to adjustthe expected
guality andalsothe tolerablelateng/throughputcon-
straints.

¢ When such adjustmentsare made, the enegy con-
sumptionis expectedto vary accordinglyi.e. higher
enegy dissipationis toleratedby clients for higher
quality (or lower latengy) andvice-vesa This prop-
erty is often called enegy-quality scalability where
quality denoteshe overall quality-of-service hot just
the outputquality [1].

e Thesystemis sensitveto inputstatisticsandtheirvari-
ation. Insteadof blindly processingheinput, the sys-
temadaptdtself to minimizeits processingneny.

It is easyto seethat an enegy-constrainedsystemex-
hibiting this behavior hasthe potentialof achierzing alonger
lifetime thana power-unavaresystem- aninvaluablechar
acterisiticat a time when battery-operatedportableelec-
tronic deviceshave becomeubiquitous. Several otherfac-
tors are contributing to the emegenceof power-awareness
asa systemdesignparadigm.Perhapghe mostsignificant
of theseis the widespreadealizationthat systemsare de-
signedwith the worst caseoperatingpoint in mind while
typical operationalprofiles shov a preponderancef non-
worstcaseoperation.As we shallseein this paper resolv-
ing this mismatcheadsto significantenegy savings. Next,
Quality-of-Service(QoS) scalability has becomeincreas-
ingly importantin the context of systemdesignand simi-
lar conceptsare being appliedto enegy-quality tradeofs.
Thus, moreandmore userswill expectto be ableto trade
someperformancemetric (outputquality, tolerablelatengy,
desiredthroughputetc.) for enegy [2]. A power-aware
multimediaterminal,for example,would allow the userto
reducethevideofidelity in exchangdor longerbatterylife-
time[3]. Thethird factorwhichhasledto interestin power-
awaresystemss thefocusonthehugeoperationativersity
or “operationalscenarios’that even the simplestsystems
exhibit. If a systemis to be enegy efficient, it follows that
it mustconsumeonly asmuchenegy asneededwhile in
ary particularscenarioi.e. it mustbe powerawarein the
senseof the third heuristicabore. Hence,evenin the ab-
senceof userintervention, the power-awarenesparadigm
offersnon-trivial opportunitiedor enegy reduction.

In this paperour objectiveis to developformalismsthat
allow oneto systematicallygquantify and enhancepower-
awarenessln thelatterhalf of the paper we illustratethese
formalismsby applyingthemto real-world circuitsandsys-
tems.



2. Power-Awarenesd~ormalisms

Formalizing the notion of power-awarenesntailsfor-
malizing notionsof “operatingscenarios’and“perfect en-
ergy adaptationto thesescenariosln thecontext of power-
awarenessary systemattribute which affectsenepy dissi-
pationis a dimensionin the spaceof scenarios.The five
key dimensionsare inputs, desiredoutput quality, lateng
and throughputconstraints,ambientenvironmentand the
internalstateof the system.Given an application,the two
key choicesn characterizingperatingscenariogrethedi-
mensionghat areincludedin the characterizatiorandthe
detail in which they are captured. Considey as an exam-
ple, a 16x16-bitmultiplier (say H). The simplestscenario
characterizatiomvould be a scalark definedthus:

k = maz(precision(X|[n]), precision(Y[n]))

wheren is simply the discrete-timeindex and X and
Y are the multiplier inputs. At ary specifiedtime, the
multiplier would be in one of 16 scenariosdependingon
whetherit wascarryingout 1x1, 2x2, ... 16x16bit multi-
plications. A naturalrefinementwould be to include pre-
cision of both operandsratherthan taking the greaterof
the two. Hence,the scenariowould be the unorderedu-
ple, (m,n) = (precision(X[n]),precision(Y[n])) lead-
ing to 120 scenarios.By distinguishingbetweenmxn-bit
andnxm-bit multiplications,we would have 256 scenarios.
It is clearthatwe cancharacterizéheinput dimensionwith
increasingdetail. Anotherexampleof a scenariccharacter
izationthatincludesinput andstateinformationis,

< k,s >=< maz(precision(X[n]), precision(Y [n])),
maz (precision(X[n — 1), precision(Y[n — 1])) >

Thus,for example,a multiplier residedn a <16,2> sce-
nariowhenit executesa 16x16bit multiplication preceded
by a 2x2 bit multiplication. It is not difficult to extendsuch
characterizatiorto include desiredoutput quality and la-
teng/ constraints. The next abstractiorthat follows natu-
rally from scenarioss thatof anenegy curvewhichis sim-
ply the plot of theenegy consumedy a systemagainsthe
scenariosn which asystenresides Theenegy curvefor a
16-bit multiplier is shavn in figure 1. To obtainthe curve,
input vectorswere generatedising a uniform distribution
andthe resultantenegy dissipationfor eachscenariowas
measuretl Note that we have usedthe simplestscenario
characterizatioherei.e. thereare16 scenariogorrespond-
ing to the maximumprecisionof the input operands.It is
interestingto obsene thata normal 16x16 bit multiplier is
remarkablyaware of its input precision. This is expected
since, to a first order smallerprecisionoperanddead to
lesserswitchedcapacitance.

Examinationof the enegy curve naturally leadsto the
centralquestion:

1Al multiplier enegy curveswereobtainedby Power MillT™ sim-
ulationsof actualSPICEnetlistsin a 0.35« process.
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Figure 1. Multiplier energy as a function of input
precision

How powerawatre is the multiplier? Equivalently how
well is the multiplier’s enegy dissipationtradking scenar
i0s?

We answetthis questiorby first proposinghe definition
of aperfectlypower-awaresystem:

A systemH is perfectlypoweraware if and only if its
enegy dissipationin any scenariois no greater than the
minimumpossiblefor that scenario.

To constructa realistic bound on the efficiency with
whicha systemcantrackscenariacchangesye take thefol-
lowing approach.Considerthe multiplier's enegy dissipa-
tion in a particularscenariosays;. We now constructthe
mostenengy efficientsystenthatwe can,sayH,,, dedicated
to executingthis andonly this scenarioThis exerciseis re-
peatedfor all scenarios.We call theseH,, s point systems
anddenotethe setof point systemsy P. We now propose
areviseddefinitionof the perfectlypower-awaresystem:

A systemH is perfectlypoweraware if and only if its
enegy dissipationin scenarios; is no greaterthanthat of
the dedicatedsystemH,,, constructedo executescenario
s; asefficientlyaspossible

If we denotethe 16 scenariosin the multiplier exam-
ple by s1, sg, ..., s16 thenH,, is simply a dedicatedkxk-
bit multiplier. We call the enegy curve obtainedby plot-
ting theenegiesof thepointsystemgorrespondingo each
scenaricasthe perfectenegy-curve (denoteddy Eper fect).
Figure2 comparegheenegy curve to the perfectcurve.

A systemwith theperfectenegy curveis calledthe per
fect system.The perfectsystemcanbevisualizedasshavn
in figure 3. If we take the enegy costsof scenariodetec-
tion andinterconnecto be zero,then Hy,, ¢+ would lead
t0 Eperfect. Sincethisis not possiblein realworld realiza-
tions, Hperfect IS ONly anabstractiorwhich, aswe shallsee
later, aidsusin composingsystemswith enhancegower
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Figure 2. Comparing the 16x16 multiplier curve to
the "perf ect" curve

awareness. Notice how the (hypothetical)perfectsystem
senesasa naturalboundon the ability of a real systemto
trackscenariocchangesn anenegy efficient mannermoti-
vatingthefollowing definition of power-awareness,

¢ = ZScenarios E(HPETfecta 54)d;
ZScenarios E(H7 sl)dl

whered is the scenariodistribution i.e. d; is the prob-
ability that the systemwill residein a particularscenario
s;. Somethoughtshaws that power-awarenessas defined
in eqn. (1) is simply the expectedvalue of the lifetime of
systemH normalizedo thelifetime of theperfectlypower-
aNaresystemeerfectz. Hence,a power-awarenes®f 0.5
meanghatthe systemwill only lasthalf aslong asthe per
fectsystem.

1)

3. Enhancing Power-AwarenessVia Ensemble
Construction

We now consider the task of enhancing power-
awarenessIf we replacea monolithic systemby onethat
mimicstheconstructiorof the perfectsystem(figure 3), the
resultingenegy curve will not be perfectdueto non-zero
scenariodetectionand interconnectenegy. The trade-of
in constructingensemblesf pointsystemss clear- adding
more point systemsallows oneto reducethe enegy dissi-
patedin executinga scenariobut increaseshe enegy dis-
sipatedin assemblinghesesystems.Clearly, for a speci-
fied scenariadistribution, theremustbe an optimal ensem-
ble of point systemswhich strikes the right balance. For
themultiplier example,figure 4 shovs anensembleof four

2Weignoresecondrdereffectssuchasdependencef batterycapacity
ondischage patterns
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Figure 3. The Perfect System (Hperfect) Viewed as
an ensemb le of point systems

multipliers- 16x16,14x14,11x11and9x9 which wasengi-
neeredor the scenariadistribution shovn in figure 5. This
precisiondistributionis exhibited by multipliersusedin the
speecHiltering applicationreportedn [4]. Intheensemble,
asimplezerodetectioncircuit determineghe requiredpre-
cision androutesdatato the correctmultiplier. While the
monolithic multiplier hasan awarenesof about0.57, the
4-pointensemblédasanawarenessf 0.9whichwouldlead
to alifetime increaseof about60%.
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Figure 4. The 4-point ensemb le multiplier system.

It turnsout thatfinding the optimal ensemblas a com-
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Figure 5. Multiplier scenario distrib ution.

putationallyhard problem. If we restrictvalid ensembles
to thosewith no repeatecpoint systemghe solutionspace
is simply the powersetof P. For a specifiedscenario-
distribution, d, preciselyone of thesesolutionsis optimal
(ignoringties). We believe thateventhe morerelaxed prob-
lemof “Doesthereexistanensemblavith power-awareness
greatethang,?” is computationallyhardi.e. unlikely to be
in the classof polynomial-timealgorithms[5]. Hence,we
generallyresortto heuristicsto searchthe combinatorially
explosive solutionspaceof ensemblesAs we shall seein
thefollowing examplestheseheuristicsvork well.

4. Practical lllustrations

In this section,we illustrate the techniqueof ensemble
constructiorusingregisterfiles, digital filters andvariable-
voltageprocessors.

4.1 Power-Aware RegisterFiles

ArchitectureandVLSI technologyrendspointin thedi-
rection of increasingenegy budgetsfor registerfiles [6].
Thekey to enhancinghe power-awarenes®f registerfiles
is the obsenation that microprocessorsypically accessa
small group of registersrepeatedlyratherthanthe entire
register file. This locality of accessis demonstratedy
twentystandardenchmarkshatwererunonaMIPSRISC
processoffig. 6). Thesebenchmarkshawv that morethan
75% of thetime, no morethan 16 distinctregistersareac-
cessedn a 60-instructionwindow. Equally importantly
thereis stronglocality from window to window - in more
than90% cases|essthan6 registerschangefrom the cur-
rentwindow to the next.

If we think of thenumberof distinctregistersthe proces-
soraccessesver aninstructionwindow asa scenariothe
cunvesin figure 6 aresimply scenariadistributions. When
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Figure 6. Register file access statistics

aprocessousesn registersover awindow, we would want
the file to behave asif it were a n-register (i.e. n-word)
file. This would leadto a registerfile architecturewhich
is significantlymore power-awvarethanonewherethefiles
alwaysbehaesasa 32-rgyisterfile. The reasorfor this of
courseis that smallerfiles have lower costsof accesde-
causehe switchedbit-line capacitancés lower. We model
the problemof increasingthe power-awarenes®f register
files usingtheterminologydevelopedearlier:

1. Setof scenarioqS): We usethe numberof registers
accesseith aninstructionwindow of length60to char
acterizescenarios. Picking larger windows destrys
intra-window locality while smalleronesdestry inter-
window locality (andalsoleadto higheroverheadn
determiningandmappingscenarios).

2. PointSystem®vailable(P): We assuméheavailabil-
ity of 1, 2, 4, ... 2" word X m-bit registerfiles.

3. Scenaridistributions(d): Theregisterfile accesglis-
tributionsshavn in figure 6 form thescenariaistribu-
tions.

4. Enegy andoverheadAll registerfile resultswereob-
tained by generatinglayouts using a custom-written
program, extracting the layoutsinto SPICE netlists,
andsimulatingthenetlistsin Power MillT™ with test
vectors.

The power-awarenessf amonolithic32-wordfile varies
between0.25 and 0.3 for the 20 distributions. Using a
(16,8,4,4ensemblasshovnin figure7 we increaseware-
nesgo betweerD.5and0.75for thegivendistributions. The
enegy curvesof the 32-word file andthe 4-pointensemble
areplottedin figure 8. Interpretedn termsof lifetime in-
creasethenon-uniform4-pointensembléncreasesfetime
by 2-3timesfor thedistributionsused.
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aware regqister files.

4.2 Power Aware Filters

There are significant motivations for investigating
power-awarefilters. As an example,considerthe adaptve
equalizationfilters that are ubiquitousin communications
ASICs. Thefiltering quality requirementslependstrongly
on the channelconditions(line lengths,noiseandinterfer
ence),the stateof the system(training, continuousadapta-
tion, freezeetc.),thestandardliictatedspecificationgndthe
quality of service(QoS)desired. All theseconsiderations
leadto tremendouscenariadiversitywhich a power-aware
filtering systemcanexploit [7]. We now posethe problem
formally:

1. Functionto berealized:

Numberof Taps
yln] = > hk]zn — k]
k=1

We have chosera 64-tap,24-bitfilter.

2. Setof scenariogS): We usethe basis<Numberof
taps, Precision> to characterizehe operationalstate
thatthe systemis in. The precisionrefersto boththe
dataandcoeficients.

3. PointSystemdvailable(P): We assuméheavailabil-
ity of all possible< Numberoftaps,Precision> filters.
We pick distributedarithmetic(DA) filtersasdescribed
in [8] becausehey allow theenepgy to scalewith both
tapsanddesiredprecision.

4. ScenarioDistributions (d): We modelthe desiredfil-
tering quality using a syntheticdistribution centered
arounda <16-taps,8-bit- scenario. Sucha distribu-
tion will prevall, for instance whenthe systemis in
the freezemode with a high line quality and/orlow
SNRrequirements.

Probability (d)

20 Precision (bits)

Figure 9. Example probability distrib ution of antic-
ipated filter quality .

5. Enegy andoverheadWe parametricallynodelthefil-
tersdescribedsincethe natureof the DA architecture
lendsitself to areasonablyaccurateesnegy model[4].
Note that while enegy scalesaboutlinearly with the
numberof taps,it scalesin a quadraticmannerwith
precision.This is becausef thefactthatlower preci-
sionfilters canscaletheir voltage.

It turns out that for the distribution illustrated above,
the power-awarenessof a single 64-tap, 24-bit filter is
only 0.17. To find more optimal ensembles,we pro-
grammeda brute-force exhaustive searchalgorithm that



couldfind thebest4-pointensemblavhich turnedoutto be
((64,24), (64,15), (58,20), (51,10)) 2 asshawvn in figure
10.
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Figure 10. The optimal 4-point filter ensemb le.

The 4-point ensemblehasa power-awarenesof 0.52,
which is over threetimes betterthan the single point en-
semble.

4.3. Power-Aware Processors

Having looked at three examplesof power-aware sub-
systems(multipliers, register files and digital filters), we
illustrate power-awarenessat the next level of the system
hierarchy- a power-aware processothat scalesits enegy
with workload. Unlike previous examples,however, this
oneillustrateshow anensembleanberealizedin a purely
tempoal ratherthan a spatialmanner It is well known
that processomworkloads can vary significantly and it is
highly desirabldor theprocessoto scaleits enegy with the
workload. A powerful techniquethat allows suchpower
awarenesss dynamicfrequeny and voltage scaling [9].
Thebasicideais to reduceenegy in non-worst-casavork-
loadsby extendingthemto useall availabletime, ratherthan
simply computingatthemaximumclock speedandthengo-
inginto anidle state.Thisis becaus@singall availabletime
allows oneto lowerthefrequeng of theprocessowhichin
turn allows scalingdown the voltageleadingto significant
enegy savings[9, 10, 11]. In termsof the powerawareness
frameawork that we have developed,a scenariowould be
characterizedy the workload. The point systemswould
be processorslesignedo managea specificworkload. As
the workload changeswe would ideally want the proces-
sor designedor the instantaneousvorkloadto executeit.
It is clearthatimplementingsuchan ensemblespatiallyis
meaninglessindmustbe donetemporallyusinga dynamic
voltagescalingsystem. Before we look at sucha system,
we statethe problemmoreconcisely

3(64,24)standsfor 64-tap,24-bit precisionetc.

1. Setof scenariogS): We usethe workload € [0,1]
to characterizescenariogwith 0 for no workload to
1 for a completelyutilized processor).Note that the
workloadrequiremenhasa one-onemappingto afre-
gueng andvoltagerequirement.

2. Point SystemsAvailable (P): A point systemin this
casewould refer to the SA-1100designedor a spe-
cific workload. Sincewe are interestedn achieving
power avarenesghroughvoltage scaling, this corre-
spondgo a SA-1100with a dedicatedroltageandfre-
queny (both setto the minimum possibleto manage
theworkload). Also, dueto aninfinite numberof sce-
narios,thereareinfinite numberof point systems one
for every workloadbetweerD and1.

3. Scenariodistribution (d): We assumefor simplicity,
that all workloadsare equally probable. As we see
belown, suchan assumptioris pessimisticandin real
applicationsyve canexpectto seeevenbetternumbers
for power-awareness.

4. Enegy overhead: The enegy dissipatedby the SA-
1100wasphysicallymeasured.

We now analyzean actually constructedsystemthat
recentlydemonstratedhis power-awarenessoncept[10].
The overall setupis summarizedn figure 11 adaptedrom
[10]. A micro-operatingystem(u-OS)runningonthe SA-
1100determineshecurrentworkload,scaleghefrequeny
accordinglyandtheninstructsa switchedregulatorsupply
to scalethe voltageaccordingly The readeris referredto
[10Q] for thedetailsof the setupandthe dynamicvoltagecir-
cuitry etc. The DVS systermusesatempoal ensemblef 32
point systemswith voltagelevelsuniformly distributedbe-
tween0 andV3%®. The enegy-curvesof a non-avarei.e.
fixedvoltagesystemandtheimplementeddynamicvoltage
systemareplottedin figure 12. For uniform workloaddis-
tributions,power-awarenessmprovesfrom 0.63for afixed
voltagesystemto 1.0for theimplementeddynamicvoltage
system.Notethatalthoughthe 32-pointensemblés by no
meansperfect,it was chosenas a referenceto definethe
power-awarenessgsincetheratio of the power-awarenessf
one systemto the otheris independentf the perfectsys-
tem). Hence,for uniform load distributions, DVS leadsto
batterylifetime increase®f about60%.

5. Conclusions

It is clearfrom the precedingapplicationexamplesthat
power-aware designcansignificantly enhancesystemlife-
time of enegy-constrainedbatteryoperatedsystems.Un-
derstandingcharacterizingandharnessinghe tremendous
diversity in system operation forms the cornerstoneof
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power-awaredesign. As we have showvn in this paperit is
possibleto rigorously quantify power-awarenessand then
enhancet usingthe techniqueof composingensemblesf
point systems.We hopethat the proposedrameavork will
be enabledesignergo engineerhighly power-aware sys-
temswith significantlylongerbatterylifetimes.
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