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ABSTRACT

A biological organisms ability to senseandadaptto its en-
vironmentis essentiato its survival. Likewise,ervironmen-
tally avarecomputingsystemsavail themselesto alonger
operationalife anda wider rangeof applicationsthantra-
ditional systems.In this paper we proposea novel circuit
designmethodologythat allows parameterizabléardware
to self-regulateits temperatureWe apply this methodology
to animagerecognitionsystemonanXilinx Virtex 4 FX100
eld programmablgatearray(FPGA).Theimagerecogni-
tion systemsustainsa safeoperationatemperatureoy au-
tomaticallyadjustingits frequeng andoutputquality. The
circuit sacri cesoutputperformancendquality to lowerits
internaltemperatureas the ambienttemperaturencreases,
and canleveragecoolertemperature®y increasingoutput
performancendquality. Furthermorethecircuit will shut-
down if the ambienttemperaturedbecomegoo hot for the
device to function properly A performanceevaluation of
our adaptve circuit undervariousthermalconditionsshavs
up to a 4x factorincreasein performanceand a 2x factor
increasdn quality over a systemwithout dynamicthermal
control.

1. INTRODUCTION

Developerf high performanceomputersonstantlystrive
to build ef cient systemghatobtainthehighesiperformance
perarea.As transistorshrinkin sizeandaremoredensely
pacled, one of the biggestconcerndor systemdevelopers
todayis systemtemperaturananagementAs the ambient
temperatureises,the heatgeneratedy circuits cancause
devicesto becomeunstableor damagedlueto internaltem-
peraturesising abose maximumoperatingthresholds.

A growing numberof embedded¢omputingsystemsare
usedoutsideof ervironmentallycontrolledlocations.In lo-
cationssuchasremotepartsof desertsdeepocean oors,
and outer space,it is not only dif cult to predictenviron-

mentaleffectson a systemthey alsoallow very limited ac-
cessonceasystemis deplojed. Thereforejt is oftenneces-
saryfor systemparameterso be over provisionedto guar
anteecorrectfunctionality underworst caseernvironmental
conditions.This oftenleadsto anendsystenmthatis subop-
timal for typical conditions.

Our work attemptsto overcomethe performanceoss
in such systemsdue to overprovisioning. In this paper
we presentan adaptve mechanisnthat automaticallyad-
justs systemoperatingparametergo yield the bestperfor
mancefor the given ervironmentalconditions. Real-time
feedbackirom sensorgs usedto tuneour circuitsto run at
nearoptimalperformance.

1.1. Contributions

Our earlierwork [1] describedhow a designusing a ther
mally adaptve frequeny mechanismcould operatefaster
thana x ed designby a factor of 2.4. In this paper we
successfullyapply two new ideasto our thermallyadaptve
system.First, the adaptvenesf the circuit is extendedto
allow the systemto make an applicationspeci c trade off
betweerputputquality andgeneratedheat. We evaluatethe
performancédo quantifythedifferencebetweerouradaptve
systemand a static systemunder different environmental
conditions.Secondwe shav how to overcomethe problem
of supplyvoltagevariationassociateavith the useof ring-
oscillatorsasanembeddedemperatursensorThekey idea
behindour solutionis to time multiplex the systembetween
runningthe applicationandmakinga temperatureneasure-
ment. This allows the ring oscillatorto sampletempera-
turewithoutinterferencdrom applicationdependensupply
voltagevariations.

1.2. Overview

In the following section,we discussrelatedresearchrom
the areasof power andtemperaturaneasuremerandman-



agement.Section 3 thendescribesour adaptve self regu-
lating architecture First a genericarchitecturas described,
followed by examplesof applicationsthat bene t from the
useof adaption. Section4 givesimplementatiordetailsof
our work. Section5 presents performancevaluationthat
compareour adaptve systemto a static systemunderdif-
ferentthermalconditions.Section6 concludeghis paper

2. RELATED WORK

Researcthasbeenconductedin several areasthat are es-
sentialbuilding blocks for our work. We divide thesere-

latedworksinto threegroups. First, we discusswork from

the eld of temperatureneasurementNext, we discussly-

namicthermalmanagementDTM) techniquedor embed-
ded computingsystems.Thenwe summarizeour previous
work, uponwhich this work builds.

2.1. Temperature MeasurementSchemes

The ability to dynamicallymanaggemperaturef a device
is only aseffective asthe speedandaccurag of its temper
aturemeasuremergensor Lopez-Buedd?2] suneyed sev-
eral techniquesor measuringtemperature. Thermal cou-
ples,thermalimagingcamerasembeddedensealiodes,and
ring oscillatorswerediscussed.

On mary of today's FPGAs,an embeddedensediode
is built on to the die. Therefore temperature&anbe deter
minedby measuringurrentbetweertheanodeandcathode
of this diode.Most of thesesensorsequireanexternalana-
log to digital corverterchip to make useof this datafor re-
active control. However, the latestfamily of FPGAsfrom
Xilinx (Virtex 5 series)hasa huilt-in temperaturesensing
diodethatcanbereaddirectly by the FPGAlogic [3].

Lopez-Buedopresenteca novel temperaturaneasure-
menttechniquewithout usingspecialsensorsRing oscilla-
torswereimplementedisingavailablerecon gurablelogic,
to infer device temperaturdrom changesn signaloscilla-
tion frequenciesThis work with ring oscillatorsis later ex-
tendedin [4] usingarraysof suchoscillatorsto detecthot
spotsandthermalgradientsn FPGAs.

2.2. Dynamic Thermal Management

Microprocessorbave beenbuilt thatallow theirvoltageand
frequeny to be scaledto extendthe batterylife of mobile
computersCompanieshatincludelntelandAMD have ex-

tendeahis concepto manageheheatdissipatedy seners
[5]. By introducingpower managemenfeatures software
runningontheCPUcanscalevoltageandfrequeng to lower
power usagebeforethedevice overheatsThistechnologyis

critical for senerslocatedin large datacentersthat house
hundredor thousand®f computatiomodes.

Low-powver embeddedrocessordik e the Intel Xscale
[6] have hooksthatallow voltageandfrequeng scalingto
managepower. Work presentedy Wirth in [7] makesuse
of thesefeaturesto presenta DTM systemthat scalespro-
cessorfrequeny in responseo temperatureeadingsfrom
anexternalthermalcouple.

Shangperformedpower measuremenéxperimentson
the Xilinx Virtex-Il FPGAto determinethe distribution of
dynamicpower [8]. For the applicationsanalyzed,t was
found that as much as 22% of dynamic power was con-
sumedby clock resourcesThis resultimplies that manag-
ing clockresourcesouldresultin signi cant powersavings.
The Virtex-1l, andlater Xilinx FPGAs,have entitiescalled
BUFGMUXs [9] thatcanshutdown partof a clock treeor
switchthe device to alow frequeny duringidle times[10].
Mengshaved a 25% power savingsthroughlow-level sim-
ulationof a WirelessChanneEstimatorapplicationmapped
to a Virtex-Il, by disablingthe clock for portionsof the ap-
plicationnotin use[1].

Chow [12] presentec dynamicvoltagescalingmecha-
nismthatusesgate delayfeedbacko minimize the voltage
suppliedto internal FPGA logic, therebyreducingpower
consumptionThe mainideaof this work wasto supplythe
minimumvoltageto the FPGAthatstill allowedthecritical
path of an applicationto meettiming. Sincethe gate de-
laysof a circuit aredependentdn device temperaturea sec-
ondarybene t of this methodwasthat voltagewould scale
with changesn temperature.

Pedderselfil3] usedestimationsof power asfeedback
to adaptthe compressiorratio of animage processingap-
plicationsothatit would operatewithin a givenpower bud-
get. Eventssuchascachemisseswverecountedandusedto
estimatethe power consumptiorof the application. It was
shawn in simulationthatthis methodcouldsuccessfullyake
adwantageof the obsenation thatthe power neededo pro-
cessimagesvariedfrom imageto image,evenif they were
of the samesize andresolution. By adaptingthe compres-
sionratioof theinputimage theapplicationcouldmaximize
imagequality for agivenpower budget.

The DTM approachusedin this casestudybuilds upon
work by Joneq1], in which a maximumoperatingtemper
atureis associatedavith anapplication.A temperaturdeed-
back mechanismadaptvely scalesthe clock frequeng of
theapplication. The goalwasto maximumapplicationper
formanceunderchanginghermalconditions.

2.3. Our Previous Work

While pro ling the thermalbehaior of the FPGA on our
recon gurable platform, we discovered an opportunity to
malke use of the relatively fast measurementsf junction
temperatureas comparedo the rate of changein tempera-
ture. A relatively largeamountof timeis availableto operate
acircuitatahighfrequeng while thepackageslowly warms



ascomparedo the period at which the platform performs
computationon data[14]. Seeingthis as an opportunity
to improve the performanceof our recon gurablehardware

platformin transientconditions we deviseda novel scheme
thatdynamicallyadjuststhe operationof therecon gurable
logic device betweentwo clock frequenciesusing an up-

perandlower temperaturehreshold.This mechanisngen-

eratesa thermally-adaptie frequeng that maximizesthe

computationathroughputfor a speci ed maximumappli-

cation temperatureyhich we referto in this paperasthe

applications thermalbudget[1].

The mainideaof this approachs to modulatethe duty
cycle at which the applicationrunswith a givenbaseclock
andafast(e.g. 4x) clock. As the externalthermalenviron-
mentchangestheduty cyclewill automaticallyadjustkeep-
ing theapplicationtemperaturdetweertheupperandlower
bounds. By selectingthresholdsappropriatelyand switch-
ing quickly betweemrmodes the applicationcanmaintaina
tamget averagetemperaturavithin tight bounds.The objec-
tive is to achieve maximumcomputationaperformancedor
a giventhermalbudgetby adaptvely adjustingthe duty cy-
cle asthethermaloperatingervironmentchanges.

We achievedupto a2.4xfactorimprovementin through-
putover usinga thermallysafe x edfrequeng by applying
thismechanisnto animageprocessin@pplication1]. This
work wasfurtherextendedto be workloadaware,andeval-
uatedunderburstyworkloadconditions.Resultsshaved up
to a 2x factorimprovementin lateng andup to a 32% sav-
ing in power underhighly bursty conditions[15].

Our currentwork extendson our previouswork by addi-
tionally enablingthe imageprocessingpplicationto trade-
off quality of computationso asto gracefullydegradesys-
temperformanceasthermalconditionsdegrade.This mech-
anismallowsthesystento successfullypperateoverawider
rangeof thermalconditions,than our previous work. The
currentadaptve systemis implementedon a single chip
(Virtex-4 FX100).

3. ADAPTIVE CIRCUIT DESIGN

Thissectionrst presentgageneramodelfor dynamicadap-
tion of applicationparametersisingsensorfeedback.This

is followedby ashortdiscussiorof someapplicationclasses
thatbene t from the useof adaptation.

3.1. General Ar chitecture

Adaptive systemscan be describedgenericallyas systems
thattake feedbackfrom their externalandinternalerviron-
ment. Thenbasedoff of this feedbackusea policy for ad-
justingtheir behaior throughthe useof actuatorsFigurel
illustratesthis concept.

Startingfrom the top of this gure, feedbackfrom the
platform (e.g. platformtemperaturepower usage) and ex-
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Fig. 1. Regulatingoperationalconditionsby adjustingap-
plicationparameterandclock frequeny

ternalenvironmentalconditions(e.g. ambienttemperature,
atmospheripressurearemeasuredby sensorsThesemea-
surementsare then usedas inputs into control logic that
decidehow to adjustsystemparametersn orderto main-
tain/regulatesystemattributeswithin aspeci edrange.Fig-
ure 1 separatesystemparameterénto two subgroups;(1)
Platform (i.e. applicationindependentparametersuchas
platforminputfrequeng andsupplyvoltagesand(2) appli-
cationspeci ¢ parameterssuchas modeof operation,and
numberof concurrenixecutionengines.Thesesystempa-
rameterscan be thoughtof asactuatorsfor controlling at-
tributesof the system(e.g. power consumptiontempera-
ture). Changesn systemattributescanthenbe detectedy
sensorstherebyclosingthe controlloop.

3.2. Environment SensorFeedback

Many applicationscanandhave bene ted from the useof
feedbackio adaptto changingconditions. Threeclassef
suchapplicationsareautonomousehicles sensonetworks
andDTM.

Autonomousvehiclesmake extensive use of feedback
for navigation andinteractingwith the externalworld. One
well-knovn exampleis the Mars rovers. Theseroverscan
autonomouslyxecutecomplex commandsentfrom Earth.
Traveling from pointA to point B navigatingthroughobsta-
clesis oneexample.During navigation, videoinputis used
to helpdetectandavoid hazardsTherover alsohastemper
aturesensorgo help maintaina temperaturef -40to 40 C
for electronicdevices[16].

Therearea numberof sensometwork applicationghat
usefeedbacko adjustthe behaior of a distributedsystem.
For exampleWang[17] exploredtheuseof sensomnetworks
to helpstabilizebuildingsduringearthquaks. A network of
motion sensorsveredistributed throughouta structure. In
the event of an emulatedearthquak thesesensorgletected
the motion of the structure,and sentthis informationto a
controllerthatcomputedchow to move actuatorsn orderto



helpreducethe effect of this motion.

DTM usesfeedbackfrom internal and external condi-
tions to regulatetemperaturend/orpower consumptiorof
asystem.Section2.2 givesseveralexamplesof DTM.

4. IMPLEMENT ATION

This sectionrst introducesthe developmentplatformused
in this work. Next, detailson the implementationof tem-
peraturemeasuremerdre provided. This is followed by a
descriptionof animageprocessingpplicationusedfor the
casestudyevaluation.This sectionconcludeswith adiscus-
sionof theadaptionpolicy usedby the system.

4.1. Recon gurable DevelopmentPlatform

In this work we useda Virtex-4 100FX baseddevelopment
boardavailablefrom High TechGlobal[18]. Thethermally
self-regulating systemis completely containedwithin the
Virtex-4. Figure2 shows the threemain component®f the
system.The ThermalManagelis responsibldor measuring
the FPGA temperature.The Frequeng and Quality Con-
troller implementsthe policy for adaptingthe application.
Finally the applicationimplementedor this work is anim-
agerecognitionapplication.

Temperature | Frequency & Quality
Controller

Frequenc Quality
mode mode

Thermal Manager

Pause

Application

Fig. 2. SystemArchitecture

4.2. Temperature Measurement

A ring oscillatorthermometewasimplementedo measure
theinternaltemperaturef the FPGA. As notedin [2], ring
oscillatorsaresensitve to changesn supplyvoltage.If the
supplyvoltagedrifts, so doesthe periodof thering oscilla-
tor. In this work it wasobsenred thatwhenour application
madea suddenchangein its modesof operation,the sup-
ply voltagevaried. Thoughthesevariationswererelatively
small(.001V) ascomparedo the corevoltage(1.2V), this
causedhering oscillatorthermometeto give measurements
thatwereunusableFigure3 illustratesthis behaior. In this
examplethe FPGAIs at 60 C. Dependingf the application
isin modeA, B, or Cthethermometewill giveawiderange
of countvalues.This madetrackingthe FPGAtemperature
infeasible.
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Fig. 4. Samplemodestabilizesemperaturgeadings

This problemwas solved by usingthe obsenation that
changeén powerconsumptiormodesoccurinstantaneously
relative to thechangesn the FPGAtemperaturée.g.in mi-
crosecondys. milliseconds). Basedon this obseration,
we useda specialtemperaturesamplemodeto periodically
measuréhe FPGAtemperatureThisallowedthering oscil-
lator sensoroutputto be readwhile in a electricallyconsis-
tentstate(i.e. constansupplyvoltage).Duringthetempera-
turesamplemode theapplicationis effectively pausedFig-
ure 4 shaws stabletemperatureneasurementafter imple-
mentingthetemperatursamplemode.Eventhoughthe ap-
plicationis cycling throughdifferentmodes having a tem-
peraturesamplemode removes the unstablethermometer
behaior.

The impactof the samplemodeon applicationperfor
manceis dependenbn the ratio betweenthe rate at which
temperatureneasurementremade andtheamountof time
neededo make a measurement-or ourimplementationit
was found that .5 ms was neededo make a reliable mea-
surementandtheperiodbetweermeasurementwas50 ms.
This ratio resultsin a 1% decreasen applicationperfor
mance.
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Figure 5 shavs a high level view of the logic usedto
implementthe periodicsamplecircuit. The Event Counter
signalsan eventevery 50 ms. On detectionof aneventthe
SampleMode Controllerissuesa signalto pausethe appli-
cation,therebyplacingthe FPGA in a consistenelectrical
state.Theapplicationremainspausedintil 3 measurements
have beermadeby thethermomete(< .5ms),atwhich point
the measuredemperatureés deemedstable. This measure-
mentis thenpassedo the Frequeng andQuality Controller
andtheapplicationcontinues.
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Fig. 6. Ring OscillatorThermometeArchitecture

Figure6 shavsthestructuralayoutof thering oscillator
thermometerThethermallydependenperiodof thering os-
cillator is usedastheclockinputto a 12-bitincrementerAs
the periodof the ring oscillatorchangesthis is re ectedin
theamountof time it takesthe 12-bitincrementeto countto
its maximumvalue. An incrementemwith a x edfrequeng
is usedto preciselycountthethermallydependenperiodof
the12-bitincrementerThisis doneby storing,thenreseting
thecountvalueof the x edfrequeng incrementeeachtime
the mostsigni cant bit (MSB) of the thermally dependent
incrementetransitionfrom 1 to 0, usinga negative edgede-
tector The resourceutilization and othercharacteristicef
thering oscillatorbasedhermometeareshovnin gure 7.

Invertersareusedto constructhering oscillatorportion
of the thermometer Theseinverterswere manuallyplaced

Thermometer | Ring oscillator [Oscillation| Incrementer [ Temperature

size size period |Cycle Period| resolution
~100 LUTs 48 LUTs ~40 ns ~.16 ms .1°C/Acount
(47 NOT + 1 OR) (40ns * 4096) Or

.1°C/A20ns

Fig. 7. Ring OscillatorBasedThermometeCharacteristics

using relative location attributes (RLOCs). Thesemanual
constraintareusedto helpmaintaina consistenbscillation
periodbetweerdifferentinstantiationf the application.

4.3. Image RecognitionApplication

Image
Buffer

| l l l

Image Processor| |Image Processor| |Image Processor| |Image Processor|
Core 1 Core 2 Core 3 Core 4

Fig. 8. High-level Application Architecture

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

Ourimagerecognitionapplicatiorusedour parallelfeature-
basedimage processors.Eachprocessoiscansfor up to 2
featurestherebyallowing the systemto scanan imagefor
up to 8 featuresat a time. A block diagramof the basic
imagerecognitionapplicationis shovn in gure 8, andthe
resourceutilization of this applicationis givenin Figure9.

Eachimageprocessingcoreimplementsan imagepro-
cessingalgorithm. A 64x64 bit-mask pattern(eachmask
correspondso a feature)is scannedver incomingimages.
A scoreis computedor eachpossibleoffsetof the pattern.
Thisscoreis the sumof the productof eachbit of thepattern
with a correspondingpixel value. Figure 10 illustratesthis
algorithm. TemplateT scandmagel from left to right and
from top to bottom.

4.4, Adaption Policy

Underoptimalthermalconditionstheimagerecognitionap-
plicationprocessesnagesatthe maximumfrequeng using
bothfeaturepatterndor all four imageprocessingores.As



Virtex-4 100FX Resource Utilization

Lookup Tables D Flip Flops Occupied Block Max
(LUTSs) (DFFs) Slices RAM Frequency
57,461 (68%) 49,148 (58%) | 32,868 (77%) | 44 (11%) 200 MHz
a)

Image Correlation Characteristics

Image Processing Rate
(Frames per second)

Image Size

. Pixel Resolution | # of Features
(# pixels)

320x480 8-bit (grey scale) 1-8 40.6 (at 200 MHz)

b.)
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the FPGA heatsup and thermal conditionsbecomemore
adwerse,the applicationparametershangeto prevent the
FPGAfrom overheating.

Theimagerecognitionapplicationparameteraremod-
ied in two ways. The rst methoddecreasethe temper
atureof the FPGA by decreasindhe clock frequeng. De-
creasinghe clock frequeny decreasethe amountof work
performedby the chip, thusloweringits temperatureSince
someimagerecognitionapplicationamayrequirethatsome
minimum numberof framesbe processeger second,we
assumethat thereis a minimum frequeng that the circuit
mustoperateabove. If thecircuit is alreadyoperatingat its
minimum frequeny andthe thermalconditionscontinueto
degrade otherparametersf the applicationaremodi ed.

In feature-basedmage recognitionapplications,some
featuresnayhave a higherpriority thanothers.If thisis the
casethenfeaturesof theimagerecognitionapplicationcan
be run in orderof their priority andwe selectvely disable
processingunitsto decreas¢he amountof work performed
by the FPGA and hencelower its temperature.Figure 11

illustratesthe priority of featureghatneedto be processed.

Lower priority featuresaredisabledrst, followedby higher
priority featuresasthermalconditionsdegrade.ln gure 11,
bothmaskl andmask?2 of imageprocessingore4 aredis-

able,effectively disablingthisimageprocessingore.Mask
2 of imageprocessingore3 is alsodisabled.
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Buffer

|
| l l ]

Image Processor| |Image Processor| (Image Processor| |Image Processor|
Core 1 Core 2 Core 3 Core 4
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Fig. 11. Application AdaptionExample

It is well known thatthetemperaturef a device is pro-
portionalto thepowerit consumesandpower canberelated
to the clock frequeng, actiity rate,switchingcapacitance,
andsupplyvoltageof a device by therelation:

Power (activity rate) CV?2F

This relation presentdour fundamentalparameterof the
FPGA thatcanbe adjustedin orderto regulateits temper
ature. Our adaptionpolicy usesthreeof thesefour param-
eters;clock frequeng, actiity rate,and switching capaci-
tance.

First, the frequeny is adjustedby our adaptionpolicy.
Second,switching capacitanceas controlledby the activa-
tion anddeactvationof imageprocessingoreswhich mod-
i es theactive circuit size. Finally atime sharingapproach
wasusedto implementmultiple masksperprocessingore.
The removal of a single maskfrom a processingcore re-
ducegtheactvity rateof thecorrespondingore.

5. EXPERIMENT ATION

This section rst describeghe experimentalsetupusedto
evaluatethe adaptve imageprocessingapplication. This is
followed by ananalysisof the experimentakesults.

5.1. TestSetup

Theimagerecognitionapplicationwasdeplog/edontheVirtex-
4 FX100 FPGA of our developmentplatform. This plat-
form wasinstalledinto a 3U rackmountcase shovn in g-
ure 12. The caseis equippedwith 2 fansthat eachsup-
ply approximately250 Linear Feetper Minute (LFM) of
air ow. During the executionof an experiment,the top
of the casewasclosedanda thermallyisolating cover was
placedover the caseto isolatethe thermalconditionsinside
the casefrom the externallaboratoryconditions. An exter-
nal heatsourcewasusedto raiseambienttemperaturen-
sidethe casegreaterthanthat of the laboratory A temper
atureprobewasinstalledto monitor the temperaturenside



the case.This enabledhe usto verify thatthe temperature
insidethe casewascorrectlymaintainedduring eachexper
iment.

-~
Virtex-4
FPGA

Temperature
Probe

Fig. 12. ExperimentSetup

Experimentsvereconductedo compardheperformance
of the adaptve imageprocessingpplicationto a staticver
sion of the sameapplication. Theseexperimentswere ex-
ecutedundersix differentthermalconditions,listedin g-
urel13. Theclockfrequeny andnumberof processingores
usedfor the static applicationwere determinecby nding
the frequeng and numberof cores,underworst casether
mal conditions(scenarids1),for athermalbudgetof 65 C.

For this circuit the frequeng wasfoundto be 50 MHz,
and the numberof coreswas found to be two. This will
be referredto asthe thermally safestaticcon guration for
the imageprocessingapplication. The adaptve versionof
the applicationusesa thermally controlledfrequeng that
can switch between50 MHz and 200 MHz. The adaptve
applicationcanalsouseupto four processingores.

Scenario S1 — S6

Temperature |* Of Fans
S1 | 40 C (104 F) 0
s2| 35C(95F) 0
S3 | 30C(86F) 0
s4| 25Cc(77F) 0
S5 | 25C(77F) 1
s6| 25Cc(77F) 2

Fig. 13. Thermalconditionsusedfor evaluation

5.2. Resultsand Analysis

Figure14 givesa summaryof the resultsobtainedfrom ex-
perimentgfor scenariosS1-S6. The adaptve versionof the
applicationreducests frequeny andnumberof coresin or-
der to operatesafely underworst casethermal conditions
(S1). As thermalconditionsimprove, the adaptve applica-
tion takesadwantageof theseconditionsby rst increasing

the numberof coresto improve the quality of the applica-
tion, thenby increasinghe effective frequeng. Underbest
casethermalconditions(S6), the adaptve applicationcan
operateat 200 MHz which is 4 timesthe frequeng of the
staticapplicationandit scangwice the numberof features.

Effective Frequency (MHz): Scenarios S1-S6
S1 S2 S3 S4 S5 | S6

Adaptive 50-200 MHz| 50.0 50.0 64.8 | 106.4| 183.7] 200.0
Fixed 50 MHz 50.0 50.0 50.0 | 50.0 | 50.0 [ 50.0

Quality Level (# of features scanned): Scenarios S1-S6
S1 S2 S3 S4 S5 | S6

Adaptive 50-200 MHz 4 6 8 8 8 8
Fixed 50 MHz 4 4 4 4 4

Fig. 14. a.) Effective Frequeng, b.) Quality Level

We achieve asigni cant improvementover our previous
work that only adaptedhe frequeng. Using our previous
approach the applicationwould have still operateda 200
MHz underbestcaseconditions.Howeverin orderto safely
operateunderworst caseconditions,our previous approach
would have beenlimited to using2 cores,sincethe number
of coreswasa x ed parameter By enablingthe quality of
the applicationto adapt,our new circuit allows a factor of
2x increasdn quality over our previousapproach.
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Fig. 15. Thermalbudgetef ciency

Figure 15 and 16 shaws further analysisof the exper
imentaldata. In gure 15, it canbe seenthat asthermal
conditionsimprove, the adaptve versionof the application
increaseperformancdo make bestusethethermalbudget.
The gap in efciency betweenthe adaptie and x ed ver-
sionof theapplicationincreasegsconditionsimprove. The
only thermalconditionfor which theadaptve versionof the
applicationcannot make full useof the thermalbudgetis
thermalcondition (S6). For this case,the applicationper
formanceis limited by its maximumoperatingirequeng of
200MHz.

For conditionsS1-S6, gure 16 shaws the changein



junction temperatureas eachof the four processingcores
areactivated. The changein temperaturger coreis about
2 C for S1-S4.While for conditionsS5andS6,the change
in temperaturds aboutl.4 C and 1.2 C respectiely. The

signi canceof thisis thattheincreasen thermalenegy per
coreis fairly independentf changesn ambienttempera-
ture whenthereis no air ow (S1-S4),but changegjuickly

for a constantambienttemperaturevith changingair ow

(S4-S6). This behaior may be dueto the fact that when
thereis no air ow, the FPGA can heatthe air in its local

area,therebydecreasinghe dependeng of thermalenegy

percoreon ambienttemperatureWhenthereis air ow, the

air heatedby the FPGA s replacedby ambientair, thereby
allowing the ambienttemperaturéo have a greaterimpact
onthermalenegy percore.

It is alsoworth noting that the changein temperature
percorebeingin therangeof 1 - 2C is lessthanexpected.
This is mostlikely dueto the factthat a global clock was
usedto drive all four cores.Thereforewhena coreis deac-
tivated, the clock driving that coreis still dissipatingheat.
The changein temperaturger corewould increasef each
corewasdrivenby a separatelock thatcouldbedisabled.

Themperature vs. Number of Processing Units
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Fig. 16. Changen temperaturger processinginit

6. CONCLUSION

This paperexploredwaysto build a single-chipsystemthat
obtainsnearoptimal performancewhile deployed in ervi-

ronmentsthat are unpredictable.We applieda numberof

techniqueso adaptanimagerecognitionapplicationimple-
mentedon an FPGA. This allowed the applicationto adap-
tively reactto changingervironmentalconditionsto obtain
the highestpossibleperformancenhile maintaininga safe
temperature.

The thermallyadaptve circuit outperformsa staticver-
sion of the applicationby a factorof 4x in throughput,and
by afactorof 2x for imageprocessingyuality (i.e. number
of featuresthatcanbe processegherimage). Comparedo

our previous approachwhich only useda thermally adap-
tivefrequeng, application-speci cadaptiorallowedamore
efcient useof thethermalbudget.

Throughthis work we alsodevelopeda methodthaten-
suresa consistensupplyvoltageto our ring-oscillatordur
ing temperatureneasurementsThis wasaccomplishedy
timemultiplexing applicationexecutionandtemperaturenea-
surementsnto differenttime slices. This eliminatedthe
voltagevariationscausedy theapplicationchangingnodes
during temperaturaeadings,therebyproviding consistent
readings.
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