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ABSTRACT

A biologicalorganism's ability to senseandadaptto its en-
vironmentis essentialto its survival. Likewise,environmen-
tally awarecomputingsystemsavail themselvesto a longer
operationallife anda wider rangeof applicationsthantra-
ditional systems.In this paper, we proposea novel circuit
designmethodologythat allows parameterizablehardware
to self-regulateits temperature.We applythis methodology
to animagerecognitionsystemonanXilinx Virtex 4 FX100
�eld programmablegatearray(FPGA).Theimagerecogni-
tion systemsustainsa safeoperationaltemperatureby au-
tomaticallyadjustingits frequency andoutputquality. The
circuit sacri�cesoutputperformanceandquality to lower its
internal temperatureas the ambienttemperatureincreases,
andcan leveragecooler temperaturesby increasingoutput
performanceandquality. Furthermore,thecircuit will shut-
down if the ambienttemperaturebecomestoo hot for the
device to function properly. A performanceevaluationof
our adaptive circuit undervariousthermalconditionsshows
up to a 4x factor increasein performanceand a 2x factor
increasein quality over a systemwithout dynamicthermal
control.

1. INTRODUCTION

Developersof highperformancecomputersconstantlystrive
tobuild ef�cient systemsthatobtainthehighestperformance
perarea.As transistorsshrink in sizeandaremoredensely
packed, oneof the biggestconcernsfor systemdevelopers
todayis systemtemperaturemanagement.As the ambient
temperaturerises,the heatgeneratedby circuits cancause
devicesto becomeunstableor damageddueto internaltem-
peraturesrisingabove maximumoperatingthresholds.

A growing numberof embeddedcomputingsystemsare
usedoutsideof environmentallycontrolledlocations.In lo-
cationssuchasremotepartsof deserts,deepocean�oors,
andouterspace,it is not only dif�cult to predictenviron-

mentaleffectson a system,they alsoallow very limited ac-
cessonceasystemis deployed.Therefore,it is oftenneces-
saryfor systemparametersto be over provisionedto guar-
anteecorrectfunctionality underworst caseenvironmental
conditions.This oftenleadsto anendsystemthat is subop-
timal for typical conditions.

Our work attemptsto overcomethe performanceloss
in such systemsdue to over-provisioning. In this paper,
we presentan adaptive mechanismthat automaticallyad-
justssystemoperatingparametersto yield the bestperfor-
mancefor the given environmentalconditions. Real-time
feedbackfrom sensorsis usedto tuneour circuits to run at
near-optimalperformance.

1.1. Contrib utions

Our earlierwork [1] describedhow a designusinga ther-
mally adaptive frequency mechanismcould operatefaster
than a �x ed designby a factor of 2.4. In this paper, we
successfullyapply two new ideasto our thermallyadaptive
system.First, theadaptivenessof thecircuit is extendedto
allow the systemto make an applicationspeci�c tradeoff
betweenoutputquality andgeneratedheat.We evaluatethe
performanceto quantifythedifferencebetweenouradaptive
systemand a static systemunderdifferent environmental
conditions.Second,we show how to overcometheproblem
of supplyvoltagevariationassociatedwith theuseof ring-
oscillatorsasanembeddedtemperaturesensor. Thekey idea
behindoursolutionis to timemultiplex thesystembetween
runningtheapplicationandmakinga temperaturemeasure-
ment. This allows the ring oscillator to sampletempera-
turewithout interferencefrom applicationdependentsupply
voltagevariations.

1.2. Overview

In the following section,we discussrelatedresearchfrom
theareasof power andtemperaturemeasurementandman-



agement.Section 3 thendescribesour adaptive self regu-
lating architecture.First a genericarchitectureis described,
followed by examplesof applicationsthat bene�t from the
useof adaption.Section4 givesimplementationdetailsof
our work. Section5 presentsa performanceevaluationthat
comparesour adaptive systemto a staticsystemunderdif-
ferentthermalconditions.Section6 concludesthispaper.

2. RELATED WORK

Researchhasbeenconductedin several areasthat are es-
sentialbuilding blocks for our work. We divide thesere-
latedworks into threegroups.First, we discusswork from
the�eld of temperaturemeasurement.Next, we discussdy-
namicthermalmanagement(DTM) techniquesfor embed-
dedcomputingsystems.Thenwe summarizeour previous
work, uponwhich thiswork builds.

2.1. Temperature MeasurementSchemes

Theability to dynamicallymanagetemperatureof a device
is only aseffective asthespeedandaccuracy of its temper-
aturemeasurementsensor. Lopez-Buedo[2] surveyedsev-
eral techniquesfor measuringtemperature.Thermalcou-
ples,thermalimagingcameras,embeddedsensediodes,and
ring oscillatorswerediscussed.

On many of today's FPGAs,an embeddedsensediode
is built on to the die. Therefore,temperaturecanbe deter-
minedby measuringcurrentbetweentheanodeandcathode
of thisdiode.Mostof thesesensorsrequireanexternalana-
log to digital converterchip to make useof this datafor re-
active control. However, the latestfamily of FPGAsfrom
Xilinx (Virtex 5 series)hasa built-in temperaturesensing
diodethatcanbereaddirectlyby theFPGAlogic [3].

Lopez-Buedopresenteda novel temperaturemeasure-
menttechniquewithout usingspecialsensors.Ring oscilla-
torswereimplementedusingavailablerecon�gurablelogic,
to infer device temperaturefrom changesin signaloscilla-
tion frequencies.This work with ring oscillatorsis laterex-
tendedin [4] usingarraysof suchoscillatorsto detecthot
spotsandthermalgradientsin FPGAs.

2.2. Dynamic Thermal Management

Microprocessorshavebeenbuilt thatallow theirvoltageand
frequency to be scaledto extendthe batterylife of mobile
computers.CompaniesthatincludeIntel andAMD haveex-
tendedthisconceptto managetheheatdissipatedby servers
[5]. By introducingpower managementfeatures,software
runningontheCPUcanscalevoltageandfrequency to lower
powerusagebeforethedeviceoverheats.This technologyis
critical for servers locatedin large datacentersthat house
hundredsor thousandsof computationnodes.

Low-power embeddedprocessorslike the Intel Xscale
[6] have hooksthat allow voltageandfrequency scalingto
managepower. Work presentedby Wirth in [7] makesuse
of thesefeaturesto presenta DTM systemthat scalespro-
cessorfrequency in responseto temperaturereadingsfrom
anexternalthermalcouple.

Shangperformedpower measurementexperimentson
the Xilinx Virtex-II FPGA to determinethe distribution of
dynamicpower [8]. For the applicationsanalyzed,it was
found that as much as 22% of dynamic power was con-
sumedby clock resources.This result implies that manag-
ing clockresourcescouldresultin signi�cant powersavings.
The Virtex-II, andlater Xilinx FPGAs,have entitiescalled
BUFGMUXs [9] thatcanshutdown partof a clock treeor
switchthedevice to a low frequency duringidle times[10].
Mengshoweda 25%power savingsthroughlow-level sim-
ulationof aWirelessChannelEstimatorapplicationmapped
to a Virtex-II, by disablingtheclock for portionsof theap-
plicationnot in use[11].

Chow [12] presenteda dynamicvoltagescalingmecha-
nismthatusesgatedelayfeedbackto minimize thevoltage
suppliedto internal FPGA logic, therebyreducingpower
consumption.Themainideaof this work wasto supplythe
minimumvoltageto theFPGAthatstill allowedthecritical
path of an applicationto meettiming. Sincethe gate de-
laysof acircuit aredependentondevice temperature,asec-
ondarybene�t of this methodwasthatvoltagewould scale
with changesin temperature.

Peddersen[13] usedestimationsof power as feedback
to adaptthe compressionratio of an imageprocessingap-
plicationsothatit would operatewithin a givenpower bud-
get. Eventssuchascachemisseswerecountedandusedto
estimatethe power consumptionof the application. It was
shown in simulationthatthismethodcouldsuccessfullytake
advantageof theobservation that thepower neededto pro-
cessimagesvariedfrom imageto image,even if they were
of the samesizeandresolution.By adaptingthe compres-
sionratioof theinputimage,theapplicationcouldmaximize
imagequality for agivenpowerbudget.

TheDTM approachusedin this casestudybuilds upon
work by Jones[1], in which a maximumoperatingtemper-
atureis associatedwith anapplication.A temperaturefeed-
back mechanismadaptively scalesthe clock frequency of
theapplication.Thegoalwasto maximumapplicationper-
formanceunderchangingthermalconditions.

2.3. Our PreviousWork

While pro�ling the thermalbehavior of the FPGA on our
recon�gurableplatform, we discovered an opportunity to
make use of the relatively fast measurementsof junction
temperatureascomparedto the rateof changein tempera-
ture.A relatively largeamountof timeis availableto operate
acircuit atahighfrequency while thepackageslowly warms



ascomparedto the periodat which the platform performs
computationon data [14]. Seeingthis as an opportunity
to improve theperformanceof our recon�gurablehardware
platformin transientconditions,wedevisedanovel scheme
thatdynamicallyadjuststheoperationof therecon�gurable
logic device betweentwo clock frequenciesusing an up-
perandlower temperaturethreshold.This mechanismgen-
eratesa thermally-adaptive frequency that maximizesthe
computationalthroughputfor a speci�ed maximumappli-
cation temperature,which we refer to in this paperas the
application's thermalbudget [1].

Themain ideaof this approachis to modulatetheduty
cycle at which theapplicationrunswith a givenbaseclock
anda fast(e.g. 4x) clock. As theexternalthermalenviron-
mentchanges,thedutycyclewill automaticallyadjustkeep-
ing theapplicationtemperaturebetweentheupperandlower
bounds.By selectingthresholdsappropriatelyandswitch-
ing quickly betweenmodes,theapplicationcanmaintaina
targetaveragetemperaturewithin tight bounds.Theobjec-
tive is to achieve maximumcomputationalperformancefor
a giventhermalbudgetby adaptively adjustingtheduty cy-
cleasthethermaloperatingenvironmentchanges.

Weachievedupto a2.4xfactorimprovementin through-
put over usinga thermallysafe�x edfrequency by applying
thismechanismto animageprocessingapplication[1]. This
work wasfurtherextendedto beworkloadaware,andeval-
uatedunderburstyworkloadconditions.Resultsshowedup
to a 2x factorimprovementin latency andup to a 32%sav-
ing in powerunderhighly burstyconditions[15].

Ourcurrentwork extendsonourpreviouswork by addi-
tionally enablingtheimageprocessingapplicationto trade-
off quality of computationso asto gracefullydegradesys-
temperformanceasthermalconditionsdegrade.Thismech-
anismallowsthesystemto successfullyoperateoverawider
rangeof thermalconditions,thanour previous work. The
current adaptive systemis implementedon a single chip
(Virtex-4 FX100).

3. ADAPTIVE CIRCUIT DESIGN

Thissection�rst presentsageneralmodelfor dynamicadap-
tion of applicationparametersusingsensorfeedback.This
is followedby ashortdiscussionof someapplicationclasses
thatbene�t from theuseof adaptation.

3.1. GeneralAr chitecture

Adaptive systemscanbe describedgenericallyassystems
that take feedbackfrom their externalandinternalenviron-
ment. Thenbasedoff of this feedbackusea policy for ad-
justingtheir behavior throughtheuseof actuators.Figure1
illustratesthisconcept.

Startingfrom the top of this �gure, feedbackfrom the
platform(e.g. platformtemperature,power usage),andex-
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Fig. 1. Regulatingoperationalconditionsby adjustingap-
plicationparametersandclock frequency

ternalenvironmentalconditions(e.g. ambienttemperature,
atmosphericpressure)aremeasuredby sensors.Thesemea-
surementsare then usedas inputs into control logic that
decidehow to adjustsystemparametersin order to main-
tain/regulatesystemattributeswithin aspeci�edrange.Fig-
ure1 separatessystemparametersinto two subgroups;(1)
Platform(i.e. applicationindependent)parameterssuchas
platforminput frequency andsupplyvoltages,and(2) appli-
cationspeci�c parameters,suchasmodeof operation,and
numberof concurrentexecutionengines.Thesesystempa-
rameterscanbe thoughtof asactuatorsfor controlling at-
tributesof the system(e.g. power consumption,tempera-
ture). Changesin systemattributescanthenbedetectedby
sensors,therebyclosingthecontrolloop.

3.2. Envir onmentSensorFeedback

Many applicationscanandhave bene�ted from the useof
feedbackto adaptto changingconditions.Threeclassesof
suchapplicationsareautonomousvehicles,sensornetworks
andDTM.

Autonomousvehiclesmake extensive useof feedback
for navigationandinteractingwith theexternalworld. One
well-known exampleis the Mars rovers. Theseroverscan
autonomouslyexecutecomplex commandssentfrom Earth.
Traveling from pointA to pointB navigatingthroughobsta-
clesis oneexample.During navigation,videoinput is used
to helpdetectandavoid hazards.Theroveralsohastemper-
aturesensorsto helpmaintaina temperatureof -40 to 40 C
for electronicdevices[16].

Therearea numberof sensornetwork applicationsthat
usefeedbackto adjustthebehavior of a distributedsystem.
For exampleWang[17] exploredtheuseof sensornetworks
to helpstabilizebuildingsduringearthquakes.A network of
motion sensorsweredistributedthroughouta structure. In
theeventof anemulatedearthquake thesesensorsdetected
the motion of the structure,andsentthis information to a
controllerthatcomputedhow to move actuatorsin orderto



helpreducetheeffectof thismotion.
DTM usesfeedbackfrom internal and external condi-

tions to regulatetemperatureand/orpower consumptionof
asystem.Section2.2givesseveralexamplesof DTM.

4. IMPLEMENT ATION

This section�rst introducesthedevelopmentplatformused
in this work. Next, detailson the implementationof tem-
peraturemeasurementareprovided. This is followed by a
descriptionof an imageprocessingapplicationusedfor the
casestudyevaluation.Thissectionconcludeswith adiscus-
sionof theadaptionpolicy usedby thesystem.

4.1. Recon�gurable DevelopmentPlatform

In this work we useda Virtex-4 100FXbaseddevelopment
boardavailablefrom High TechGlobal[18]. Thethermally
self-regulating systemis completelycontainedwithin the
Virtex-4. Figure2 shows thethreemaincomponentsof the
system.TheThermalManageris responsiblefor measuring
the FPGA temperature.The Frequency and Quality Con-
troller implementsthe policy for adaptingthe application.
Finally theapplicationimplementedfor this work is anim-
agerecognitionapplication.
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4.2. Temperature Measurement

A ring oscillatorthermometerwasimplementedto measure
the internaltemperatureof theFPGA.As notedin [2], ring
oscillatorsaresensitive to changesin supplyvoltage.If the
supplyvoltagedrifts, sodoestheperiodof thering oscilla-
tor. In this work it wasobserved thatwhenour application
madea suddenchangein its modesof operation,the sup-
ply voltagevaried. Thoughthesevariationswererelatively
small(.001V) ascomparedto thecorevoltage(1.2V), this
causedtheringoscillatorthermometertogivemeasurements
thatwereunusable.Figure3 illustratesthisbehavior. In this
exampletheFPGAis at 60 C. Dependingif theapplication
is in modeA, B, or C thethermometerwill giveawiderange
of countvalues.This madetrackingtheFPGAtemperature
infeasible.
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Fig. 4. Samplemodestabilizestemperaturereadings

This problemwassolved by usingthe observation that
changesin powerconsumptionmodesoccurinstantaneously
relative to thechangesin theFPGAtemperature(e.g.in mi-
crosecondsvs. milliseconds). Basedon this observation,
we useda specialtemperaturesamplemodeto periodically
measuretheFPGAtemperature.Thisallowedthering oscil-
lator sensoroutputto bereadwhile in a electricallyconsis-
tentstate(i.e. constantsupplyvoltage).Duringthetempera-
turesamplemode,theapplicationis effectively paused.Fig-
ure 4 shows stabletemperaturemeasurementsafter imple-
mentingthetemperaturesamplemode.Eventhoughtheap-
plication is cycling throughdifferentmodes,having a tem-
peraturesamplemode removes the unstablethermometer
behavior.

The impactof the samplemodeon applicationperfor-
manceis dependenton the ratio betweenthe rateat which
temperaturemeasurementsaremade,andtheamountof time
neededto make a measurement.For our implementation,it
was found that .5 ms wasneededto make a reliablemea-
surement,andtheperiodbetweenmeasurementswas50ms.
This ratio resultsin a 1% decreasein applicationperfor-
mance.
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Figure 5 shows a high level view of the logic usedto
implementthe periodicsamplecircuit. The Event Counter
signalsaneventevery 50 ms. On detectionof anevent the
SampleModeControllerissuesa signalto pausetheappli-
cation,therebyplacingthe FPGA in a consistentelectrical
state.Theapplicationremainspauseduntil 3 measurements
havebeenmadeby thethermometer(< .5ms),atwhichpoint
themeasuredtemperatureis deemedstable.This measure-
mentis thenpassedto theFrequency andQualityController
andtheapplicationcontinues.
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Figure6 showsthestructurallayoutof thering oscillator
thermometer. Thethermallydependentperiodof theringos-
cillator is usedastheclock input to a12-bit incrementer. As
theperiodof thering oscillatorchanges,this is re�ected in
theamountof timeit takesthe12-bit incrementerto countto
its maximumvalue.An incrementerwith a �x edfrequency
is usedto preciselycountthethermallydependentperiodof
the12-bit incrementer. This is doneby storing,thenreseting
thecountvalueof the�x edfrequency incrementereachtime
the mostsigni�cant bit (MSB) of the thermallydependent
incrementertransitionfrom 1 to 0, usinganegativeedgede-
tector. The resourceutilization andothercharacteristicsof
thering oscillatorbasedthermometerareshown in �gure 7.

Invertersareusedto constructthering oscillatorportion
of the thermometer. Theseinvertersweremanuallyplaced
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Fig. 7. RingOscillatorBasedThermometerCharacteristics

using relative location attributes(RLOCs). Thesemanual
constraintsareusedto helpmaintainaconsistentoscillation
periodbetweendifferentinstantiationsof theapplication.

4.3. ImageRecognitionApplication
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Fig. 8. High-level ApplicationArchitecture

Imagerecognitionis an applicationthat is well-suited
for hardware implementation[19]. It is a highly parallel
applicationthat allows multiple imageprocessingcoresto
run simultaneouslyusingthe sameimagedata. We utilize
an imagerecognitionapplicationwith multiple processing
enginesto evaluateour thermallyadaptive techniques.

Ourimagerecognitionapplicationusesfourparallelfeature-
basedimageprocessors.Eachprocessorscansfor up to 2
features,therebyallowing the systemto scanan imagefor
up to 8 featuresat a time. A block diagramof the basic
imagerecognitionapplicationis shown in �gure 8, andthe
resourceutilizationof thisapplicationis givenin Figure9.

Eachimageprocessingcoreimplementsan imagepro-
cessingalgorithm. A 64x64 bit-maskpattern(eachmask
correspondsto a feature)is scannedover incomingimages.
A scoreis computedfor eachpossibleoffsetof thepattern.
Thisscoreis thesumof theproductof eachbit of thepattern
with a correspondingpixel value. Figure10 illustratesthis
algorithm. TemplateT scansimageI from left to right and
from top to bottom.

4.4. Adaption Policy

Underoptimalthermalconditions,theimagerecognitionap-
plicationprocessesimagesat themaximumfrequency using
bothfeaturepatternsfor all four imageprocessingcores.As
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the FPGA heatsup and thermalconditionsbecomemore
adverse,the applicationparameterschangeto prevent the
FPGAfrom overheating.

Theimagerecognitionapplicationparametersaremod-
i�ed in two ways. The �rst methoddecreasesthe temper-
atureof the FPGAby decreasingthe clock frequency. De-
creasingtheclock frequency decreasestheamountof work
performedby thechip, thusloweringits temperature.Since
someimagerecognitionapplicationsmayrequirethatsome
minimum numberof framesbe processedper second,we
assumethat thereis a minimum frequency that the circuit
mustoperateabove. If thecircuit is alreadyoperatingat its
minimumfrequency andthethermalconditionscontinueto
degrade,otherparametersof theapplicationaremodi�ed.

In feature-basedimagerecognitionapplications,some
featuresmayhaveahigherpriority thanothers.If this is the
case,thenfeaturesof theimagerecognitionapplicationcan
be run in orderof their priority andwe selectively disable
processingunits to decreasetheamountof work performed
by the FPGA andhencelower its temperature.Figure11
illustratesthepriority of featuresthatneedto beprocessed.
Lowerpriority featuresaredisabled�rst, followedby higher
priority featuresasthermalconditionsdegrade.In �gure 11,
bothmask1 andmask2 of imageprocessingcore4 aredis-

able,effectively disablingthis imageprocessingcore.Mask
2 of imageprocessingcore3 is alsodisabled.
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It is well known that thetemperatureof a device is pro-
portionalto thepowerit consumes,andpowercanberelated
to theclock frequency, activity rate,switchingcapacitance,
andsupplyvoltageof adeviceby therelation:
Power � (activ ity r ate) � CV 2F
This relation presentsfour fundamentalparametersof the
FPGA that canbe adjustedin orderto regulateits temper-
ature. Our adaptionpolicy usesthreeof thesefour param-
eters;clock frequency, activity rate,andswitchingcapaci-
tance.

First, the frequency is adjustedby our adaptionpolicy.
Second,switchingcapacitanceis controlledby the activa-
tion anddeactivationof imageprocessingcores,whichmod-
i�es theactive circuit size. Finally a time sharingapproach
wasusedto implementmultiple masksperprocessingcore.
The removal of a single maskfrom a processingcore re-
ducestheactivity rateof thecorrespondingcore.

5. EXPERIMENT ATION

This section�rst describesthe experimentalsetupusedto
evaluatetheadaptive imageprocessingapplication.This is
followedby ananalysisof theexperimentalresults.

5.1. TestSetup

TheimagerecognitionapplicationwasdeployedontheVirtex-
4 FX100 FPGA of our developmentplatform. This plat-
form wasinstalledinto a 3U rackmountcase,shown in �g-
ure 12. The caseis equippedwith 2 fans that eachsup-
ply approximately250 Linear Feetper Minute (LFM) of
air �o w. During the executionof an experiment,the top
of the casewasclosedanda thermallyisolatingcover was
placedover thecaseto isolatethethermalconditionsinside
thecasefrom theexternallaboratoryconditions.An exter-
nal heatsourcewasusedto raiseambienttemperaturesin-
sidethecasegreaterthanthatof the laboratory. A temper-
atureprobewasinstalledto monitor the temperatureinside



thecase.This enabledtheus to verify that the temperature
insidethecasewascorrectlymaintainedduringeachexper-
iment.
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Fig. 12. ExperimentSetup

Experimentswereconductedtocomparetheperformance
of theadaptive imageprocessingapplicationto a staticver-
sion of the sameapplication. Theseexperimentswereex-
ecutedundersix differentthermalconditions,listed in �g-
ure13. Theclockfrequency andnumberof processingcores
usedfor the staticapplicationweredeterminedby �nding
the frequency andnumberof cores,underworst casether-
mal conditions(scenarioS1),for a thermalbudgetof 65C.

For this circuit the frequency wasfoundto be50 MHz,
and the numberof coreswas found to be two. This will
be referredto asthe thermallysafestaticcon�guration for
the imageprocessingapplication. The adaptive versionof
the applicationusesa thermally controlledfrequency that
canswitch between50 MHz and200 MHz. The adaptive
applicationcanalsouseup to four processingcores.
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Fig. 13. Thermalconditionsusedfor evaluation

5.2. Resultsand Analysis

Figure14 givesa summaryof theresultsobtainedfrom ex-
perimentsfor scenariosS1-S6.Theadaptive versionof the
applicationreducesits frequency andnumberof coresin or-
der to operatesafely underworst casethermalconditions
(S1). As thermalconditionsimprove, theadaptive applica-
tion takesadvantageof theseconditionsby �rst increasing

the numberof coresto improve the quality of the applica-
tion, thenby increasingtheeffective frequency. Underbest
casethermalconditions(S6), the adaptive applicationcan
operateat 200 MHz which is 4 timesthe frequency of the
staticapplicationandit scanstwice thenumberof features.
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Fig. 14. a.) Effective Frequency, b.) QualityLevel

Weachieveasigni�cant improvementoverourprevious
work that only adaptedthe frequency. Using our previous
approach,the applicationwould have still operateda 200
MHz underbestcaseconditions.However in orderto safely
operateunderworstcaseconditions,our previousapproach
would have beenlimited to using2 cores,sincethenumber
of coreswasa �x ed parameter. By enablingthe quality of
the applicationto adapt,our new circuit allows a factorof
2x increasein qualityover ourpreviousapproach.
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Fig. 15. Thermalbudgetef�ciency

Figure 15 and 16 shows further analysisof the exper-
imental data. In �gure 15, it can be seenthat as thermal
conditionsimprove, the adaptive versionof the application
increasesperformanceto make bestusethethermalbudget.
The gap in ef�ciency betweenthe adaptive and �x ed ver-
sionof theapplicationincreasesasconditionsimprove. The
only thermalconditionfor which theadaptiveversionof the
applicationcannot make full useof the thermalbudgetis
thermalcondition(S6). For this case,the applicationper-
formanceis limited by its maximumoperatingfrequency of
200MHz.

For conditionsS1-S6, �gure 16 shows the changein



junction temperatureas eachof the four processingcores
areactivated. The changein temperatureper coreis about
2 C for S1-S4.While for conditionsS5andS6,thechange
in temperatureis about1.4 C and1.2 C respectively. The
signi�canceof this is thattheincreasein thermalenergy per
core is fairly independentof changesin ambienttempera-
ture whenthereis no air�o w (S1-S4),but changesquickly
for a constantambienttemperaturewith changingair�o w
(S4-S6). This behavior may be due to the fact that when
thereis no air�o w, the FPGA can heatthe air in its local
area,therebydecreasingthedependency of thermalenergy
percoreon ambienttemperature.Whenthereis air�o w, the
air heatedby theFPGAis replacedby ambientair, thereby
allowing the ambienttemperatureto have a greaterimpact
on thermalenergy percore.

It is also worth noting that the changein temperature
percorebeingin the rangeof 1 - 2C is lessthanexpected.
This is most likely dueto the fact that a global clock was
usedto drive all four cores.Thereforewhena coreis deac-
tivated,the clock driving that core is still dissipatingheat.
Thechangein temperaturepercorewould increaseif each
corewasdrivenby aseparateclock thatcouldbedisabled.
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Fig. 16. Changein temperatureperprocessingunit

6. CONCLUSION

This paperexploredwaysto build a single-chipsystemthat
obtainsnear-optimal performancewhile deployed in envi-
ronmentsthat areunpredictable.We applieda numberof
techniquesto adaptanimagerecognitionapplicationimple-
mentedon anFPGA.This allowedtheapplicationto adap-
tively reactto changingenvironmentalconditionsto obtain
the highestpossibleperformancewhile maintaininga safe
temperature.

The thermallyadaptive circuit outperformsa staticver-
sionof theapplicationby a factorof 4x in throughput,and
by a factorof 2x for imageprocessingquality (i.e. number
of featuresthatcanbeprocessedper image). Comparedto

our previous approach,which only useda thermallyadap-
tive frequency, application-speci�cadaptionallowedamore
ef�cient useof thethermalbudget.

Throughthis work we alsodevelopeda methodthaten-
suresa consistentsupplyvoltageto our ring-oscillatordur-
ing temperaturemeasurements.This wasaccomplishedby
timemultiplexingapplicationexecutionandtemperaturemea-
surementsinto different time slices. This eliminatedthe
voltagevariationscausedby theapplicationchangingmodes
during temperaturereadings,therebyproviding consistent
readings.
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