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Abstract

Managingenegy consumptiorhas becomevitally im-
portantto batteryopeiatedportableandembeddedystems.
Adynamicvoltagescaling(DVS)tecniquereduceghepro-
cessors dynamicpowerconsumptiorguadmatically at the
expenseof linearly deceasingthe performance Reducing
enepgy usingDVSin thecontet of real-timesystemshould
considerthis tradeof. In this paper we introducea novel
collaborativeappmoad betweernthe compilerandthe oper
ating systen{OS)that usesfine-grinedinformationabout
the executiontimesof a real-timeapplicationto reduceen-
ergy consumption. We use the compiler to annotatean
application’ssouice codewith path-dependenbformation
called power managementints (PMHs). Thisinformation
captuesthe tempoal behaviorof the application, which
variesby executingdifferentpaths.During programexecu-
tion, the OSperiodicallychangeghe processots frequency
andvoltagebasedon thetempoal informationprovidedby
the PMHs. Thesespeedadaptationpointsare called power
managemerpoints(PMPs).We evaluateour schemeusing
two embedde@pplications: a videodecoderand an auto-
matictargetrecognitionapplication.Our shemeshowsan
enegy reductionof up to 79% overno powermanagement
andupto 50%overa staticpowermanagemergdheme

1 Intr oduction

Theincreasean userdemandgor mobileandembedded
systemgechnologyrequiresan equivalentincreasen pro-
cessolperformancewhich causesanincreaseof the power
consumptiorof thesedevices. Managingenegy consump-
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tion, especiallyin devices that are battery operated,in-

creaseghe numberof applicationghat canrun on the de-
vice andextendsthedevice's batterylifetime. With efficient
power managemengnincreasdan missiondurationanda
decreaseén both device weight andtotal costof manufac-
turingandoperationcanbe achieved.

Mary of the emeging real-time applicationsdesigned
for batteryoperateddevices suchaswirelesscommunica-
tion, audio and video processingend to consumea con-
siderableamountof enegy. A currentresearctdirection
thathasprovenits efficieng in real-timesystemsachieves
atradeof betweerenegy andperformanceaisingdynamic
voltagescaling(DVS). In a DVS equippedorocessaqrsuch
as Transmeta& Crusoeand Intel's XScale processorsthe
CPUvoltageandfrequeng canbechangean-the-flyto ac-
commodaterocessoworkload. DVS achieveslow enegy
consumptiorby exploiting the quadraticrelation between
enegy and performance. That is, decreasinghe perfor
mance(CPU speed)inearly reduceghe enegy consump-
tion quadratically Thegoalis to satisfythetime constraints
of areal-timeapplicationwhile consumingheleastamount
of enegy.

Dynamically changingthe speedin real-time applica-
tionsis cat@orizedasinter-taskor intra-taskvoltagescal-
ing [6]. Inter-task schedulespeedchangesat eachtask
boundaryto meet a deadlineassociatedwith eachtask,
while intra-taskschedulespeedchangeswithin a single
task.In this papeywe introducea novel collaborative com-
piler and operatingsystem(OS) intra-taskapproachthat
usesfine-grainedinformation about an applications exe-
cution time to reduceenegy consumption. We use the
compilerto annotatenapplicationssourcecodewith tem-
poral information called power managementints (PMH).
Thesehintscapturghedynamicbehaior of theapplication,
which mayvary by executingdifferentpathswith different
executiontimes. During programexecution,the operating
system(OS) periodicallyinvokesan interrupt servicerou-



tine (ISR) thatadaptghe processos frequenyg andvoltage
basedon the temporalinformationprovided by the PMHSs.

Thesespeedadaptationpoints are called power manage-
mentpoints(PMPSs).

We extendthe OSandthe compilerto collaboraten im-
plementinga DVS techniquethatusesthe strengthof each
of them.Thecompilercorveys path-specificun-timeinfor-
mationabouta programs progresdo the operatingsystem.
Throughthe periodicityof thelSR executingPMPs the OS
controlsthe numberof speedchangesiuring the applica-
tion execution,aimingto controlthe overheadf DVS. We
evaluateour schemeon popularreal-timeapplicationsjn-
cludinga MPEG decoderandautomatictargetrecognition
(ATR). We shav areductionin enegy consumptiorof up
to 79% over no power managemenandup to 50% over a
staticpower managemergcheme.

In the next section,we introducethe DVS andapplica-
tion modelsusedin our work. In Section3 we describehe
collaborationbetweenthe OS and the compilet detailing
the differentphasesof the algorithmfor managingpower
consumption. Section4 shaws the requiredsupportfrom
the OS and the compiler for power management.Evalu-
ation of the schemeis discussedn Section5. Section6
briefly describegelatedwork and Section7 concludeghe
paper

2 Real-Time Application and DVS Models

Application Model: A real-timeapplicationhasa dead-
line, d, by which it shouldfinish execution. However, if
thereareseveralapplicationsn thesystemtheallottedtime
d comesfrom CPUresenationsin real-timeoperatingsys-
tems(OSs)or from engineeringreal-timeembeddedys-
tems. Eachapplicationis characterizedy its worst-case
executiontime (WCET). If d > WCET (i.e., theallotted
time exceedsthe WCET), the time differenceis known as
static slack. During actualexecution,an applicationruns
for actualexecutiontime (ACET), which is smallerthanor
equalto WCET. ThedifferencebetweenVCET andACET
is calleddynamicslad, which usuallycomesrom datade-
pendenciethatcausehe programinstanceso executedif-
ferentpaths.Sincein a DVS systemthetime takento exe-
cutean applicationvarieswith the speedat which the pro-
cessolis operating the executionof an applicationshould
beexpressedn cyclesratherthantime units. Thus,it is safe
to represenanapplicationdurationby its worstcasecycles
(WCC), whereWCET is the time spentexecutingWCC at
maximumfrequeng. Similarly, ACC is the actualnumber
of cyclesspentexecutinganapplication.

We considerthe generalform of real-timeapplications
that may consistof sequentialcode, branches]oopsand
proceduresA programis representelly apathgraph(PG),
which is anextendedcontmol flow graph (CFG) (CFGsare

usedas an intermediaterepresentatiofin compilers). PG
megesadjacentnodesin a CFG, known as basic blodks
to simplify the taskof collectingthe temporalinformation
aswell asthe PMH placement.More detailsaboutthe PG
constructiorarefoundin [2]. In our schemeywe divide an
applications PG into regions. At the startof eachregion
i, the worst caseremainingcycles, wer;, to theendof the
applicationis known throughprofiling or softwaretiming
analysis.

Energy Model: In CMOScircuits,poweris directly pro-

portionalto the squareof the input voltage: P o CV2,f,

where( is theswitchedcapacitancel/;, is thesupplyvolt-

age,and f is the operatingfrequeng. Hence,reducing
the voltagereduceshe power consumptionquadratically
However, becausehe processoclock frequeng is depen-
denton the input voltage,reducingV,,; causes program
to run slower. The enegy consumedy an applicationis

E = Pt, wheret is the time takento run an application
with an averagepower P. Thus,runninga programwith

reducedVy; andfrequeny leadsto enegy savings.

ProcessorModel: Several commercially available pro-
cessorshave recentlyincluded DVS capabilitiesto make
trade-ofs betweenperformanceand enegy consumption.
The TransmetaCrusoeTM5400[19] has16 voltagelevels
thatrangefrom 1.1V to 1.65V operatingat200MHz to 700
MHz, respectiely. Eachspeedstepis around33MHz. The
Intel X-scale[17] hasfewer levels and larger steps. The
voltagesrangefrom 0.75V to 1.8V (150 MHz to 1 GHz
with first a250MHz stepthen200MHz steps).

Overhead Model: When computingand changingCPU

frequeng and voltage, several sourcesof overheadmay
be encountered. In this paper we refer to changingthe
voltage/frequengc and speedchangeinterchangeablybut

we differentiatethe principal sourcef overheadbetween
(1) computinga new speedusinga dynamicspeedsetting
schemeand (2) settingthe speedthrougha voltagetran-
sition in the processos DC-DC regulator (resultingin a

processofrequeng change)andthe clock generatar The
speedsettingoverheachasbeenmeasuredndrangesrom

150u secto 254 secandconsumesip to 4y J[13, 9]. Our

measurementshaov thatit is reasonabléo assumehatthe
time T;.; andtheenegy consumed,.; for voltagesetting
areconstantdor all the power level transitions.The over

headof computingthe speedbothin time (7:.,) andin

enegy (E.omp) dependson the CPU operatingfrequenyg

duringsuchcomputation.
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Figure 1. Phases of the collaborative power management scheme .

3 0OS-Compiler Collaboration Scheme

Consideringthe generalform of ary real-timeapplica-
tion code,automaticallydecidingon the properlocationto
invokePMPsusinganintra-taskDVS schedulings nottriv-
ial. Oneproblemis how frequentlyone shouldchangethe
speed. Ideally, the more voltage scalinginvocations,the
moretheapplicationcanexploit dynamicslack,andfurther
reduceenegy. However, in practicewe do not have this
freedom,asthereis enegy andtime overheadassociated
with eachspeedadjustments discussedn Section2. In
[1] we studieda specialcasein which we consideronly se-
guentialcode. Our goal thenwasto determinehow mary
PMPsshouldbe insertedin the codeto minimize enegy
consumptionwhile taking into accountthe overheadof a
PMP. We presentedh theoreticalsolution that determines
how far apart(in cycles)ary two PMPsshouldbe placed.
Beyondthatpreliminarywork (i.e.,in realapplications)the
problemis harderdueto the presenceof branches]oops
and procedurecalls that eliminatethe determinismof the
executedpath comparedo sequentiatode. In this work,
we investigatehow to dealwith theseprogramstructures.

To controlthe numberof speedchangesiuring the ex-
ecutionof an application,we usea collaboratve compiler
OStechnique.Figure1 shaws that our schemds divided
into offline andrun-time phases.nitially, sometiming in-
formationis collectedabouta programs executionbeha-
ior. During the offline phasesthis informationis usedin
computingthe ISR interval lengthin away thatminimizes
thenumberof PMPsexecutedn anapplicationyetachieves
alow enegy consumption.Next, the compilerinsertsin-
strumentatiortode(PMH) thatis capableof computingthe
worst-case@emainingcycles (wcr) of the applicationstart-
ing from eachhint location. Thevalueof wcr atthesdoca-
tionsmayvarydynamicallybasedntheexecutedpath. For
example,awcr at a hint insidea procedurebody is depen-
dentonthepaththis procedurenstances calledfrom. Dur-
ing run-time,a PMH computesand passeslynamictiming
information(i.e., wcr) to the OSin a predeterminednem-
ory locationnamedW C'R,.. Periodically a timer interrupt
invokestheoperatingsystento executeaninterruptservice
routine(ISR) thatdoesthe PMPjob; thatis, the ISR adjusts
theprocessospeediasednthelatestivV C' R, value.

Figure2 shavs how PMHsandPMPswork together An
ISR is periodicallyinvoked (the large bars)to adjustpro-

cessospeethasedn WC R, (WC R, carriesthemostre-
centvalueof theestimatedvorstcaseremainingcycles).In
the compiler the PMH placemenglgorithm(1) dividesan
applicationcodeinto sggmentssuchthatthe worstcaseex-
ecutioncycles of ead sggment(wcc) doesnot exceedthe
ISR interval length (in cycles)and(2) insertsa PMH (the
shortbars)aftereachsegment. EachP M H; computeghe
worstcaseremainingcycles(wer;) andstorest in WCR,..
A PM H; is guaranteedo executeat somepoint beforea
PMPto updatethe W C R, with thevalueof wer; basedn
apathof execution.Basedontheactualexecutioncyclesof
eachsgment(whichis lessthanor equalwcc), morethan
aPMH canbeinsertedn asingleinterval, whichimproves
the estimationof W C'R, (by increasingthe probability of
executinga hint within avery smalltime beforeanISR oc-
currence).

PMHs inserted by
the compiler

WCR =wcf_3 WCR =wcf_, WCR = wcy WCR = wcf,q

Time along
single execution pa

OS interrupt invoked
for executing PMPs

Figure 2. Invocations of PMHs and PMPs for
a specific path.

Our schemecaptureghe strengthsof both the OS and
thecompilerin directingthe DVS in contrasto anOS-only
or compileronly DVS direction. The compiler estimates
thewer; of theapplicationwhile the OS controlsthe num-
ber of executedPMPs. On the otherhand,in a solely OS
directedschemethe OSis unavareof the applicationexe-
cutionprogressandits worstcaseremainingcycles,while a
solely compilerdirectedschemecannot controlhow often
PMPswill be called(dueto the non-determinisnin which
pathis executed)andthusthereis no upperboundon the
overhead.

The advantageof usinga collaboratve schemethat in-
cludesboth PMHs andPMPsover a schemehatusesonly
PMPsis that timing information can be collectedwithout



actually performinga speedchangeandincurring its high
overhead. Sincethe overheadof executinga PMH (set-
ting a register or writing to memory)is much lessthan
executinga PMP (computingand settinga new frequeny
and adjustingthe supply voltage),we have more freedom
to add PMHs in the code as often as necessaryo accu-
rately updatethe WC R,.. For example,considerthe case
of aloop bodythatcontainamainly two exclusive branches
(e.g.,i f -t hen- el se statement)suchthatthewccof the
first branch(t hen part)is muchlargerthenthe seconcne
(el se part). Considera schemehat utilizes PMPsalone
(the locationof the PMPsin the codeare statically deter
mined)and placesa PMP inside the loop body beforethe
branch.This schemeavould hurt the enegy consumptiorif
thesmallerbranch(el se part)is executedmoreoftenthan
the large branch(t hen part). Thisis becausewith each
loop iteration the schemepaysthe overheadof the speed
changeindependenbf the branch/pathvisited. However
in our scheme by replacingthe PMP in the loop with a
PMH, wereducetheoverheadnducedin eachiterationand
theactualspeedchanggPMP)is scheduledftera“reason-
able” amountof work done,suchthatthe potentialenegy
gainfrom DVS justifiesthe enegy overheadexertedby the
PMP The samescenaricappliesfor all programconstructs
thathave variabledynamicexecutiontimes.

The strengthof our collaboratve schemelies in three
properties.First, a separaté®’MH placemenalgorithmcan
bedevisedto supplythe OSwith thenecessartiming infor-
mationaboutanapplicationatarateproportionalto theISR
(PMP)invocation.Secondthe actualspeedchanggwhich
hasexpensve overhead)s doneseldomenoughby the OS
at pre-computedime intervals to keepthe overheadlow.
Thisinterval is tailoredto anapplications executionbeha-
ior in away thatguaranteeminimumenegy consumption
while meetingdeadlines Finally, by giving the OS control
to changespeed,our schemecontrolsthe numberof exe-
cutedPMPsbasedon the length of executionratherthan
basedon a specificpath of execution. In the next section
we describehedynamicspeedsettingschemesisedto test
our power managemenalgorithm, followed by a detailed
descriptionof thedifferentphasesn this scheme.

3.1 Dynamic SpeedSetting

In this work, we usetwo schemedrom [7] asexamples
to demonstratdhow to include the speedsettingschemes
in the OS-ISR.We selectedthe (1) Proportionaland (2)
Greedy dynamic schemes. We further incorporatedthe
overheadin the speedcomputationin theseschemes.To
guaranteemeetingthe deadline the total time overheadof
computingandchanginghe speeds deductedrom there-
mainingtime beforedeadline.This time overheads com-
posedof changingthe speedoncein the currentISR inter-

val (Teomp (feurr) + Tse:) andoncefor potentiallychang-
ing the speedafterthe next interval to the maximumspeed
(Teomp (frest) + Tset) if the schedulerequiresso. Theto-

tal time overheadis expressedas Tiotai(feurrs frest) =

Tcomp (fcurr) + Tcomp (fnext) + 2Tset-

The Proportional scheme In this scheme, reclaimed
slackis uniformly distributedto all remainingintervalspro-

portional to their worst-caseexecutiontimes. Our main

concerrhereis to computethe exacttime left for theappli-

cationto executebeforethedeadline.Theprocessog speed
atthestartof aninterval, f, .., is computedasfollows: the

executiontimes for the remainingtasksare stretchedout

basedntheremainingtime to thedeadline(d — ¢t) minus
possibletime spendswitchingthe speedr;,:,; Wherect is

currenttime at the beginning of the interval. While taking

into consideratiorihe overheadof changingthe speedthis

schemecomputes new speeds:

WCR,
d — ct — Tiotat (feurrs frext)

1)

fnext =

The Greedyscheme In thisschemall theavailableslack
is allocatedfor the next interval. As aresult,the scheme
tendsto scheduldhefirst few intervalsat a low speedand
graduallyincreasdt afterconsumingslack. Thefrequeny
for sggment: is computedas:

wcee
fnez‘t = —
d—ct — w - Crtotal(fcur‘ra fnext)

ax

(2)

where f,,q. is the maximumfrequeng the processoican
operateon and wce equals WCC//numberof intenals.
Similar to what we did for the proportionalscheme sub-
tractingthe overheadcomponentgrom the remainingtime
afteraccountingor the executiontime of theremainingin-
tenals (excludingthe currentone)runningat f,, 4 -

3.2 Offline Phases

The compilerplaysa majorrole in the offline phase.lIt
computeghe interruptinterval lengthandthen placesthe
PMHsin the applications sourcecodebasedon timing in-
formationcollectedin pre-processing.

Settingthe interrupt interval:  Determiningtheinterval
for invoking PMPsis basedon the averageandworst case
executiontimes of a programand the overheadof PMPs.
We usethe formulation of speedcomputationfor sequen-
tial codeto determingheinterruptinterval lengthin cycles.
This approachis basedon our prior work [1] that devised
atheoreticaformulationof speedcomputatiorfor sequen-
tial codewith perfectexecutionbehaior (i.e.,theWwCCand
ACC areknown andfixed). With the overheadf the speed



computatiorandvoltagechangeconsideredwe find the av-
eragenumberof PMPsthatshouldbe executedto consume
minimumenegy. By dividing theaveragenumberof cycles
for executingan applicationby this numbey we getthe in-
tenal size. Notethat, this division is just anapproximation
thatyieldsto a sub-optimakolution.

Placementof PMHs:  The goal of the PMH placement
algorithmis to ensurehatthereexits atleastonePMH exe-
cutedduring eachISR interval. We assumehat we have
an estimatefor the worst-casdiming for eachbranchin
theapplicationscode(from pre-processinggitherthrough
profiling or static/dynamicanalysis[15, 14]. This timing
informationis usedin the PMH placementalgorithmsand
in conveying the remainingtime to the operatingsystem.
The PMH placementalgorithm traversesthe PG and, for
eachpath,it usesa cycle counterac thatis incrementedy
theworstcasecyclesof eachtraversedregion of the PG. A
hint is insertedbeforethe counterexceedsthe ISR interval
length. The counteris resetafterary hintinsertion.In case
of branchesyc is propagatedbo all branchesAfter ary join,
themaximumcounteramongall joinedbranchess takenas
the new valuefor ac. In morecomple programstructures
asin loopsand procedurecalls, PMHs are insertedin the
loopandprocedurdodiesf thebodysizeexceedgheinter-
val length. More detailson the PMH placemenglgorithm
areexplainedin [2, 3].

3.3 Run-Time Phases

During run-time, visited PMHs compute and update
WCR,. At eachlSR invocation,the OS evaluatesa new
speedbasedon WCR,. After eachISR, control then
switchesbackto the applicationduring which more PMHs
areexecuted.Executioncontinuesn this way until the pro-
gramterminates.

PMH computation of wer:  Thecompilerinsertsoffline
aninstrumentationn theapplications codeto estimatehe
dynamicwer; ateachP M H;. Thesevaluesarecomputed
basedon the execution path followed during runtime es-
pecially in caseof procedurecalls and loops. In loops,
wer; insidea loop body is dependenbn the loop iteration
counter Estimationof wer; insideloopsarebasednwork
presentedn [14]. On the other hand,the worst casere-
maining cyclesat eachprocedurenstanceis basedon the
executionpathit is calledfrom. To estimatethe dynamic
wer; ateachprocedurecall (for eachprocedurecontaining
hints), an entry is insertedat run-timein a dynamictable
that storesthe worst caseremainingcycles for this proce-
dureinstance.Estimationof wer; ateachP M H; insidea
procedurebody is basedon the storedvaluein table that
correspondso this specificprocedurenstance.

Table 1. ISR pseudocode

1 ¢t =readcurrenttime
2 feurr = readcurrentfrequeng
3 fnew = computespeedalgo.,ct, d, we, WCR,)
4 if (fnew S fmzn ) fnew = fmzn
5 elseif (fnew Z fmaz‘ ) fnew = fmaz
6 elseforeachpowerlevel Pl; (i = 1..k)
7 if (fnew > Pl;.freq)
8 frew = Pli_1.freq
9 break
10 if (fnew ;é fcurr)
11 setspeed frew )
12 interval_time = interval_cycles/ fpew
13 rti
where:

Pl;. freq is operatingfrequeng for powerlevel Pl;,
k is numberof powerlevels,suchthat: Ply.. freq = fiin,

Plo.freq = fmaz, andPl;. freq > Pli11.freq

ISR executionof PMP:  In our schemethe OSvirtually

dividestheprograminto equalintervalsby invokingthelSR

(for executinga PMP) periodically With theknowledgeof

the estimatedd C'R, at eachinterval, dynamicspeedset-
ting schemegancomputethe desiredoperatingfrequeng

for thenext interval (usingEquationsl or 2). Thenit issues
a speedchangerequestf needed.The pseudocodef the

ISRis listedin Tablel. ThelSRreadghemostrecentime,

frequeny andW ' R,., andcomputesa new speed.It then
selectsanappropriatdrequeng andissuesa speecchange
if theselectedrequeny is differentthanthe currentone.

4 Support for OS-Compiler Interaction

In this sectionwe describethe supportneededrom the
compilerandthe operatingsystem.

OS support:  The operatingsystemis equippedwith an
ISRfor settingthespeedandtwo systemcallsto communi-
catewith theapplicationto transferthetiming information.

e Setlnterval systemcall: Settingthe ISR interval (in
cycles)requiresa systencall thatis calledonly once
at the startof the program. Although the numberof
cyclesin theinterval is constanthroughouthe appli-
cation execution, the time interval variesdue to fre-
gueny changes.The ISR computeghetime interval
for triggeringthe next ISR.

e SetWerLocation systemcall: Settingan addressof
a memorylocationthat storesthe valueof WCR, is
donethrougha systemcall that is called only once
at the start of the program. At run-time hints store



the worst caseremaininginformationin this address.
Wheneer a PMPis invoked,the ISR loadsthis infor-
mationandusesit to computethe speedfor the next
interval.

e Interrupt service routine: The ISR definesa se-
lecteddynamicspeedsettingschemeor computinga
new operatingrequeng, thenit selectsanappropriate
powerlevel to operateon. Whenworkingwith discrete
power levels, for a real-time applicationto meetits
deadline we chooseto operateon the smallestpower
level largerthanor equalto the desiredfrequeng ob-
tainedfrom the speedsettingscheme.

e Preemptionsupport: In casemorethanoneapplica-
tion runningin a systemallowing procesgpreemption,
the OS shouldkeeptrack of how long eachapplica-
tion was running with respectto the currentinterval
time. At eachcontext switch,the elapsednterval time
is storedas part of the statusof the departingprocess
(application)andreplacedby the correspondingalue
of the newly dispatchedrocess.Similarly, the inter-
val time andthe operatingfrequeny becomepart of
theapplicationcontext.

Compiler support:  To supportour proposedschemethe
compilerinsertsPMHs in the applicationcode. For com-
putingtheremainingtime dynamically thecompilerinstru-
mentsthe PMHs in a way to collect the applications dy-
namicbehaior information.

To keeptrack of theremainingtime at eachhint located
insidea procedurethe remainingtime at the startof each
procedurénstanceé (p_wer;) shouldbestoredandretrieved
at run time. The compilerallocatesandmanagesnemory
spacdor atablethatstoregp_wcr; updatedby PMHs. Each
entryin this tableis deletedat the terminationof a proce-
dureinstancethat correspondso this entry From our ex-
perimentsthis tablesizedoesnot exceedfive entries. That
is, thereare no morethanfive active procedureghathave
hintsat thesametime. Hints insidetheseactive procedures
retrieve p_wer; from the table andcomputethe remaining
time basednthisvalue.

5 Evaluation

To evaluateour schemewe extendedthe sim-outoder
simulatorfrom SimpleScalaf16] by addinga modulethat
computesthe enegy of the running applicationbasedon
the number of cycles C' spentat eachvoltage level V
(F = CV?%). C includescycles for executingthe appli-
cation,the overheadcycles of PMHs andthe overheadcy-
clesof computingthe speedn PMPs.We alsoconsideithe

1Thep_wc1’j valuesarestoredfor only procedureshatinclude hints
insidetheir bodies.

enegy overheadconsumedn settingthe speed.We exper
imentedwith the modelsof TransmetaCrusoeandthelntel
XScaleprocessorgseeSection2) and shav the effect of
our algorithmfor theseprocessors.We briefly describea
few differencesn theresultsbetweerthe two processors.

We alsoimplementedn SimpleScalaanISR thatcom-
putesat eachinterval a new frequeng, andthen setsthe
correspondingoltage. To computethe speedwe usethe
Greedyand Proportionaldynamicschemes.We compare
thesetwo schemesvith no power managemeniNPM) (ex-
ecuteall intervalsat f,,,,.;) anda staticpower management
(slow CPU down basedon only static slack). Currently
instrumentatiorof hintsin the applicationcodeis inserted
manually Implementatiorof thePMH placemenglgorithm
in realcompileris underdevelopment.

In this paperwe shov resultsfor two real-timeapplica-
tions:anMPEG2decodef18], andautomatedargetrecog-
nition (ATR) [8]. We shaw the effect of our schemeon en-
ey consumptionand performance. We also discussthe
effect of the overheadassociateavith eachapproach.The
experimentsdo not considemultiple runningapplications
in the systemasit is not supportedy the simulatorused.

5.1 Impact on energyand performance

A generabbsenationin all the presentedesultsis that,
asthetime allottedto anapplicationto executeis increased,
lessenegy is consumed- relative to NPM — dueto thein-
troductionof more(static)slackthatcanbe usedto reduce
the processos speed/eltage. Also, whenthe deadlineis
verylarge,all theschemesendto run ontheminimumvolt-
agelevel dueto theahundanceof slack;thatis, they usually
converge to singlelow enegy consumption. In the Cru-
soecase the normalizedenegy consumptiorconvergesto
ahigherlevelthanin thecaseof the XScale.Thisis because
the ratio betweenthe minimum and maximumvoltagesin
the Crusoeis largerthanin XScale,and hence therewas
lessopportunityfor percentagsavingsin Crusoe.

Automatic target recognition(ATR): TheATR applica-
tion? doespatternmatchingof tamgetsin imageframes.We
experimentedwith 190 frames. The numberof target de-
tectionsin eachframevariesfrom zeroto eightdetections.
Frameprocessindime is proportionalto the numberof de-
tectionswithin a frame. In Figure 3, greedyand propor
tional consumdessenegy thanthe staticschemebecause
of dynamicslackreclamation Notethatall framesmettheir
deadlines. Since Crusoehasmore power levels than XS-
cale, the static schemefor Crusoehad more speedtransi-
tions asthe deadlinechanges Eachtransitioncorresponds
to operatingat a differentspeedevel.

2The original codeanddatafor this applicationwere providedby in-
dustrialresearcipartners.



At atight deadlineof 10 msec,Crusoeworkson a full
loadin caseof the staticscheménottruewith proportional
andgreedybecausef dynamicslackreclamation).Onthe
otherhand,the sameworkloadconstitutenly about80%
of the XScaleprocessoftoaddueto a higher f, ..

In the XScale case,the static schemeoutperformsthe
greedyschemédor 18-20msecdeadlines By knowing that
the smallesttwo speedlevels are 150 and 400 MHz, and
mostof the speedsomputedn theintervalsin the greedy
schemerequire a speedslightly higherthan 150MHz but
canonly operateon 400MHz (whichis thesameoperating
frequeng for thestaticin thisrange).Hencebothschemes
run with almostthe samepower but becauseof the over
headincorporatedwith the dynamicschemesthe greedy
consumesnoreenegy thanthe staticscheme.

MPEG video decoder: We collectedtiming information
aboutthe MPEG2 decoderusing a training dataset of six
files and testedit on a differentsetof 20 datafiles. An

importantaspecof MPEGdecodings the existenceof dif-

ferenttypesof frames(l, P and B) thatvary in their exe-
cutiontimes. Moreover, thereis alsoa variationin execu-
tion timesamongframesof the sametype. We insertedthe
PMHs in the decoders codebasedon profile information
aboutframes(i.e., independenbf their types)for all train-
ing movies. We ran experimentsfor four differentframe
rates:15, 30,45 and60 frames/sethatcorrespondo dead-
lines of 66, 33, 22, and 16 msec. Deadlinesare set per
frame. For all the movies, the deadlinewasmetfor each
of the decodedrames. Figure 4 shovs the resultsof the
enegy consumptionfor three of the test movies for XS-

caleand Crusoe. Similar to the ATR results,the dynamic
schemegonsumdessenegy thanthe staticscheme Also

our schemeshaved betterresultsin mostcasesvhencom-
paredto a semanticstaticapproachwhich setsa different
speedor eachframebasecdnits type[2].

Similar to the ATR on XScaleat low power levels, for
deadline33 msec,all the schemesapproachthe sameen-
ergy consumptior{mostof theintervalsoperateat400MHz
ratherthan at a lower speed). As the deadlineincreases
(i.e., at 66 msec),the static schemedoesnot corveme to
thelowestpowerlevel becausé& cannotoperatdowerthan
400MHz dueto the lack of sufficient staticslack. The be-
havior is similar for all moviesin this set.

5.2 Overheadof the collaborative scheme
Our schemeintroduces overhead due to PMPs and

PMHs. Herewe furtherinvestigatethe impactof eachon
overall performancénumbersof cyclesandinstructions).

Number of instructions: Increasingthe numberof in-
sertedinstructionscould have a nggative effect on (1) the

cachemiss rate and (2) the total numberof executedin-
structions Both of themcoulddegradeperformanceln our
schemetheeffectof increasinghecodesizeontheinstruc-
tion cachemissrateis minimal sincetheinsertechint code
is simpleandconcise.A PMH takes12 instructionsto ex-
ecute,while theISR takes130instructionsto computeand
selecta speed(excluding the actualvoltage change). On
the otherhand,the numberof executedinstructionsis kept
minimalby (1) invokingthe ISR atrelatively largeintervals
(rangesrom 250to 580 Kcyclesin the presentedpplica-
tions)and(2) avoidingtheexcessie insertionof PMHs. For
example,in the ATR applicationfor eachinterruptinterval,
only anextra 533 instructionsareexecutedon average(in-
cludingall executedPMHsandaPMPin thisinterval). The
totalincreasan the numberof executedinstructionsdueto
theoverheads about0.05%for ATR and0.25%for MPEG.

Number of cycles: The extra insertedcode (PMHs and
PMPs)increaseshe numberof cyclestakento executean
application. The averageexecution of eachPMH takes
38 cycles and PMP takes165 cyclesto execute. The to-
tal increasdn the numberof cyclesrangesdetweer0.19%
to 0.4%for ATR and0.4%to 1.7%for MPEG. The total
overheadcycles decreasdy decreasinghe processofre-
gueng. This is dueto relatively decreasinghe memory
lateny comparedo the CPUfrequeng.

6 RelatedWork

Therehave beena numberof researctprojectsthatuse
DVS schemego reducethe processos enegy consump-
tion. Someresearchergroposedmplementation$or intra-
taskvoltageschedulinghatis manageckitheron the com-
piler/applicationor the OSlevel. Onthe OSlevel, [5] de-
terminesavoltageschedulinghatchangeshespeedvithin
the sametask/applicatiorbasedon task’s statisticalbeha-
ior. [10] modifiedthe EDF andRMS in RT-Linux to incor-
poratevoltagescheduling.

Referencefl2] and[4] applyacompilercontrolledDVS
in real-timeapplications.In [4] the compilerinsertscheck-
points at the startof eachbranch,loop, function call, and
normal segment. Informationaboutthe checkpointsalong
with profile informationareusedto estimatethe remaining
cycle countandhencecomputea new frequeng. Runtime
overheadof updatingdata structuresand settingthe new
voltagesare relatively high especiallyon the constructed
nodesgranularity(almostevery basicblock). In [12], each
basicblock in the constructedCFG is augmentedvith its
worst-casesxecution along with the remainingWCC till
the end of the program. “Branchesin CFG that drop the
remainingworst casecyclesfasterthanthe executionrates
areselectedaslocationsto insertthe speedchangeproce-
dure”. Authorsdid not mentionhow to dealwith procedure
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Figure 4. Average energy consumption normalized to the no power management scheme for the
MPEG2 decoder employing (a) Transmeta Crusoe and (b) Intel XScale models.



calls especiallywhenthey are calledfrom differentpaths;
the remainingWCC of theseproceduresvould be depen-
denton the paththey arecalledfrom.

In [6], a performanceanalysisfor a setof DVS schemes
waspresenteéimingto find thestrengthanddravbacksof
the schemedeingtestedon a unified DVS simulationen-
vironment.A coupleof intra-DVS offline scalingdecisions
[12, 5] were studied. It was shavn that the performance
of thesetwo schemesverequitedifferentdependingpnthe
availableslacktimes.

Thereareseveralstaticanddynamiccompilertechniques
for estimatingthe bestand worst caseexecutiontimes of
programs. A review of differenttools for estimatingthe
WCET is presentedn [11]. Someof thesetoolsusestatic
analysisto producea discreteWCET bound. On the other
hand,parametricanalysisfor computingWCET asin [14]
evaluatesxpressionsn termsof parametevariablescarry-
ing informationaboutsomeprogramsegmentsg.g.,WCET
of loopsis presentedby symbolicformulasevaluatedatrun-
time whenthe numberof loop iterationsis determined.

7 Conclusion

This paperpresentedh novel intra-taskDVS algorithm
achievedthroughthe collaborationof the operatingsystem
andthe compiler This collaborationsucceedeth reducing
the enegy consumptionby transferringthe dynamicexe-
cution behaior of the application— throughcompilerin-
sertednstrumentation- to the operatingsystemwho is re-
sponsiblefor schedulingspeedchanges. Consideringthe
relatively expensve overheadof a voltage/speedhange,
our schemeaeduceghe enegy consumptiorby controlling
the numberof speedchangesdasedon applicationbeha-
ior. Resultsshavedthatwhile meetingall theapplications
deadlinespur schemereducesnegy up to 79% and50%
over no power managemenrdndstaticpower management,
respectiely.
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