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Abstract

Thee is an increasing demandto introduce adap-
tive capabilities in distributed real-time and embedded
(DRE) systemghat executein open environmentswhee
systemoperational conditions, input workload, and re-
souice availability cannot be characterizedaccurately a
priori. To meettheseneeds,this paper presentsthe Hi-
erarchical Distributed Resouce-mangementArchitectue
(HIDRA), which provides adaptiveresouce mangement
using control-theoretic techniquesthat adaptto workload
uctuations andresouce availability. In contrastto adap-
tive control techniqueshat manaye only onetypeof system
resouce, HiDRA features a hierarchical control scheme
that manaesboth bandwidthand processoutilization si-
multaneously This paper presentsthree contributionsto
reseach in adaptiveresouce managiementfor DRE sys-
tems. First, we describethe structue and functionality of
HiDRA. Secondwe presentan analyticalmodelof HIDRA
that formalizesits contmol theowtic behaviorand present
analytical performanceguarantees.Third, we evaluatethe
performanceof HIDRA via experimentson a representa-
tive DRE systenthat performsdistributed target tracking
in real-time Our analytical and empirical resultsindicate
thatHiDRA yieldspredictable stable andhigh systenper-
formance evenin thefaceof changingworkload.

1 Intr oduction

Distributed real-time and embedded(DRE) systems
form the core of mary mission-criticaldomains,including
autonomousir surwillance,total ship computingenviron-
ments,and supervisorycontrol and dataacquisition. Such
DRE systemsexecutein openervironmentswheresystem
operationakonditions,input workload,andresourceavail-
ability cannotbe characterize@ccuratelya priori. Achiev-
ing end-to-endyuality of service(QoS)is animportantand
challengingissuefor thesetypesof systemsdue to their
unique characteristicsincluding (1) constraintsin multi-
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ple resourcege.g., limited computingpower and network
bandwidth)and (2) highly uctuating resourceavailability
andinputworkload.

Corventionalresourcenanagemerapproachesuchas
ratemonotonicschedulind9], aredesignedo managesys-
tem resourcesand providing QoSin closedervironments
whereoperatingconditions,input workloads,andresource
availability areknown in advance. Sincetheseapproaches
areinsufcient for openDRE systemsthereis anincreas-
ing needto introduceresourcemanagementnechanisms
that canadaptto dynamicchangesn resourceavailability
andrequirements.A promisingsolutionis feedba& con-
trol scheduling(FCS)[5, 1], which employs softwarefeed-
backloopsthat dynamicallycontrol resourceallocationin
responsdo changesn input workload andresourceavail-
ability. Thesetechnique®nableadaptve resourcenanage-
mentcapabilitiesin DRE systemshat cancompensatéor
uctuationsin resourceavailability andchangesn applica-
tion resourcerequirementsat run-time. When FCS tech-
niguesare designedand modeledusing rigorous control-
theoretictechniquesand implementedusing QoS-enabled
softwareplatforms they canproviderobustandanalytically
soundQoSassurance.

Although existing FCS algorithmshave beenshown to
be effective in managinga single type of resource,they
have not managedmultiple typesof resources.lt is still
an openissue, therefore,to extend individual FCS algo-
rithms to work togetherto managemultiple typesof re-
sourcesin a coodinated way, such as managingcom-
putationalpower and network bandwidthsimultaneously
To addresghis issue,we have developeda control-based
multi-resourcananagemerframenork calledHierarchical
Distributed Resouce managementArchitecture (HiDRA).
HiDRA employsacontrol-theoreti@pproacHeaturingtwo
typesof feedbackcontrollersthatcoordinatethe utilization
of computationapower andnetwork bandwidthto prevent
over-utilization of systemresourcesThis capabilityis im-
portantbecauserocessooverloadcan causesystemfail-
ureandnetwork saturatiorcancausecongestiorandsevere
pacletloss. Subjectto the constraintof thedesiredutiliza-
tion, HIDRA improvessystemQoShby modifying appropri-
ateapplicationparameters.



This paperprovidescontributionsto theoreticaland ex-
perimentalresearch.lts theoreticalcontribution is its use
of controltheoryto formally prove the stability of HIDRA
andderive its equilibrium resourceutilization. Its experi-
mentalcontribution is to evaluatehow HiDRA worksfor a
distributed target tracking applicationbuilt atop The ACE
ORB(TAO) [16], whichis animplementatiorof Real-time
CORBA [15]. Our experimentalresultsvalidateour theo-
retical claimsandshaow thatHiDRA vyields predictableand
high-performanceesourcemanagemenand coordination
for multiple typesof resources.

Theremaindeof the paperis organizedasfollows: Sec-
tion 2 describeghe architectureand QoS requirement®of
our DRE systemcasestudy; Section3 explainsthe struc-
ture andfunctionality of HIDRA,; Section4 formulatesthe
problemdescribedn Section2 andpresentsan analysisof
HIDRA; Section5 empirically evaluatesthe adaptve be-
havior of HIDRA for our DRE systemcasestudy;Section6
compareur researcton HIDRA with relatedwork; and
Section7 presentgoncludingremarks.

2 CaseStudy: Target Tracking DRE System
This sectiondescribesa distributed target tracking sys-
tem that we use as a representatie casestudy to investi-
gateadaptve managemendf multiple systemresourcesn
openDRE systems. The tracking systemprovides emer
geng responsend surwillance capabilitiesto help com-
munitiesandrelief agenciegecover from major disasters,
suchas oods, hurricanespr earthquaks. Figure1 shavs
how multiple unmannedir vehicles(UAVs) y overapre-
designatedrea(known asan“areaof interest”)in this dis-
tributedtargettrackingsystem.
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Figurel: TargetTrackingDRE SystemArchitecture

EachUAV senesasadatasource capturedive images,
compressethem, and transmitsthemto a recever over a
wirelessnetwork. The receiver senesas a datasink, re-
ceivestheimagessentfrom the UAVs, andperformsobject
detectionIf thepresencef anobjectof interestis detected
in the recevedimagesthe trackingsystemdetermineghe
coordinatesof the objectsautomaticallyand keepstrack-
ing it. The coordinateof the objectis reportedto respon-
derswho usethis informationto determinethe appropriate
courseof action,e.g. initiate a rescueairlift supplies.etc.
Humans,animals,cars, boats,and aircraft are typical ob-
jectsof interestin our system.

The QoS of our resource-constraineDRE systemis
measuredsfollows:

Target-tracking precision which is the distancebe-
tweenthe computedcenterof massof an objectand
theactualcenterof massof the objectand
End-to-endexecution which is the time betweenim-
agecaptureby the UAV andcomputatiorof thecoordi-
natesof anobjectof interest.End-to-endexecutionin-
cludesimagetransmissiodateny andexecutiontime
of theobjectdetectionandtrackingsystem.

Therearetwo primary typesof resourceshatmay con-
strainthe QoSof our DRE system:(1) processas thatpro-
vide computationapower availableatthe UAVs andthere-
ceiverand(2) thewirelessnetworkbandwidththatprovides
communicatiorbandwidthbetweenUAVs andtherecever.
To determinethe coordinatesaccurately the imagescap-
turedby the UAVs mustbe transmittedat a higherquality
andafasteratewhenanobjectis presentwhichin turnre-
quireshigher network bandwidthconsumptiorand higher
computingpower. The utilization of the systemresources
(i.e., wirelessnetwork bandwidthand computingpower at
therecever)arethereforesubjectto sudderchangegsaused
by the presenceof varying numbersof objectsof inter-
est. Moreover, the wirelessnetwork bandwidthavailable
to transmitimagesfrom the UAVSs to the recever depends
on thewirelessconnectvity betweernthe UAVs andthere-
ceiver, which in-turn dependson dynamicfactors,suchas
the speedof the UAVs and the relative distancebetween
UAVs andtherecever.

The obsenationsabove motivate the needfor adaptve
managemendf multiple resourcesTo meetthis need,the
capturedmagesn our systemarecompressedsingJPEG,
which supportse xible imagequality. Likewise,we choose
to useimagestreamgatherthanvideobecauseideocom-
pressioralgorithmsarecomputationallyexpensve, andthe
computatiorpower of the on-boardprocessoon the UAVs
is limited. Moreover, emegeng responsandsureillance
applicationsandoperatorglo not necessarilyneedvideoat
30framespersec.

In JPEGcompressiomaparametecalledthequality fac-
tor is provided asa userspeci ed integerin the rangel to
100. A lower quality factorresultsin smallerdatasize of
thecompressetmage.Thequalityfactorof theimagecom-
pressioralgorithmcanthereforebe usedasa contmwol knob
to managehe bandwidthutilization of anUAV. To manage
the computationapower of therecever, end-to-endexecu-
tion rateof applicationsaareusedasthe controlknoh

3 The Hierarchical Distributed Resource-
managementAr chitecture — HIDRA
This sectionanalyzeghe adaptve managemendf mul-
tiple resourcesin open DRE systemsusing a control-
basedapproachand presentghe Hierarchical Distributed
Resouce-mangementArchitectue (HiDRA), which em-
ploys a control-theoreticapproachto manageprocessors



andnetwork bandwidthsimultaneouslyOur controlframe-
work is shovn in Figure 2 and consistsof threeentities:
monitors, contwller, andeffectors. A monitoris associated
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Figure2: Control Framevork
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with aspeci ¢ systenresourceandperiodicallyupdateghe
controllerwith the currentresourceutilization. The con-
troller implementsa particularcontrol algorithmand com-
putesthe adaptationslecisionsfor each(or a setof) appli-
cation(s)to achieve the desiredsystemresourcautilization.
Eacheffectoris associatedvith anapplicationandmodi es
the applicationparameterso achiese the controllerrecom-
mendedapplicationadaptation.

We proceedo instantiatehe HIDRA controlframenork
to the domain of target tracking describedin Section 2.
Eachapplicationin our DRE systemis composedf two
subtasks:image compessionandtarget tracking. To en-
sureend-to-endQoS, therefore resourcautilization of both
subtasksnustbe controlled.
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Figure3: HiDRA lllustration.

As shown in Figure 3, HIDRA consistsof two typesof
feedbaclcontrolloops: (1) aprocessocontrollooplocated
atthereceverthatmanagesheprocessoutilizationand(2)
abandwidthcontrolloop locatedateachUAV thatmanages
the bandwidthutilization. Theseloops effectively control
the utilization of two critical systemresourcesnd coordi-
natethe executionof two subtasksWe structurethesecon-
trol loopsin an hierarchical fashionso that the processor
control loop at the recever is viewed asthe outer control
loop andthe bandwidthcontrolloop ateachUAV is viewed
astheinner controlloop.

The processorutilization monitor and processorcon-
troller sene asthe resourcemonitor and controller of the
processocontrolloop. The utilization set-pointof the re-
ceiver processolis the input to the processorcontroller,
andis speci edduringsysteminitialization. Thecontrolled
variablefor this loop is the processoutilization of the re-
ceiver, andthe control input from the processorcontroller
to the systemis the imagetransmissiorrate, which is fed
to the bandwidthcontrollerof eachUAV. For the processor
control loop, therefore the bandwidthcontrollersenesas
the effector.

The bandwidthutilization monitor and the bandwidth
controllersene asthe monitor and controller of the band-
width controlloop. Theimagetransmissiomateandband-
width utilization set-pointare the inputsto the bandwidth
controller Basedon theseinputs,the bandwidthcontroller
computesan appropriatevalue of the JPEGquality factor
to transmitthe image of the highestquality, subjectedto
the speci ed bandwidthlimitation. The controlledvariable
is the network bandwidthutilization of eachUAV andthe
controlinput from the bandwidthcontrollerto the systemis
the quality factorof the JPEGcompressiorlgorithm. This
inputis fed to theimplementatiorof the JPEGcompression
algorithm,which senesastheeffectorfor this controlloop.

The bandwidthallocatoris responsibldor dynamically
computingthe bandwidthallocationto eachUAV basedon
thepresence/absenoé objectsof interestin theimagesre-
ceived from the correspondindJAV. The bandwidthcon-
troller of eachUAV views this allocationasbandwidthuti-
lization set-point. The bandwidthallocatorensureghatthe
bandwidthrequiremenbf UAVs capturingmagesof oneor
moreobjectsof interestis met.

4 Control Designand Analysis
This section rst formalizesthe resourcemanagement

problemof our targettracking DRE system.We thenmap
HIiDRA to our DRE systemto shav how it addressekey
resourcemanagementhallenges.Finally, we presentthe
stability analysisandshav that HIDRA ensureghe stabil-
ity of our DRE system. The formalism presentedbelow
formsthefoundationdor the designandimplementatiorof
HIDRA andalsoprovidesanalyticalguaranteeaboutsys-
temperformancevenunder uctuating workload.

4.1 Problem Form ulation

The following formal notationsare usedthroughoutthe
remainingof the paper Thetargettrackingsystemconsists
of n UAVs, andthereforen end-to-endasksf Tij1 i
ng, eachwith two subtasksi,e., imagecompressiomsubtask
executedat the UAV; andtarget-trackingsubtaskexecuted
atthe recever. The samplingperiodof the processorcon-
troller (outer feedbackoop) andthe bandwidthcontroller
(innerfeedbacKoop) arerepresentetly T2 andT", re-
spectvely. Eachend-to-endaskT; is invoked periodically
atarater; (k) atthek™ samplinginstantof the processor
controller Therater; (k) is assumedo take valueswithin
therange[r™n ;rmax ],

During the k™ samplinginstantof the processorcon-
troller, imagesarecompressedndtransmittecby T;'s data
source, UAV;, to the recever at the rate of rj(k) im-
ages/secondThe samplingperiodsT" andT" are se-
lectedto be largerthanthe maximumtaskperiod. T" is
selectedo be greaterthanor equalto T!" . In our model,
ki and ™ samplingperiodrepresenthek™ samplingpe-
riod of the processorcontrollerandthe ' samplingpe-



riod of thebandwidthcontrollerrespectrely. Theprocessor
utilization set-pointof the recever andthe wirelessband-
width utilization set-pointare representedis US and B3,
respectiely. Although the net available bandwidthB S is
assumedb beconstantthecapacityof thewirelessnetwork
maychangeadynamicallyatruntime.However, theavailable
wirelesshandwidthcanbe measured17] andmodeledasa
time varying referencesignal. The stability of the system
canbeprovedevenfor atime varyingreferencesignal.

4.1.1 Bandwidth Allocator

Duringeachsamplingperiodof theprocessocontroller, the

task of the bandwidthallocatoris to computea desirable
bandwidthallocationfor eachtaskT;. Thewirelessnetwork

bandwidthallocationto eachtaskT; is recomputedy the

bandwidthallocatorif the presencef anobjectof interest
wasdetectedoy ary of the target-trackingsubtasksduring

the previous samplingperiod. For eachtask, bandwidthis

allocatedsuchthat the net bandwidthutilization is below

theset-pointof B®, i.e.:

X
b(k) B® 1)

where ¥ (K) is the blé%dwidth allocation (utilization set-
point) for taskT; duringthek™ samplingperiodof thepro-
cessorcontrollet

Let p(k) andpi (k) representhetotal numberof objects
of interesttracked by the systemandthe numberof objects
beingtrackedby T; duringthek™ samplingperiod,respec-
tively. Let bynin representhe minimum bandwidthalloca-
tion to eachtasksothatimagesof thelowestquality canbe
transmittedto the recevver. Bandwidthis allocatedto each
end-to-endaskasa functionof p(k) andp; (k) asfollows:

K = Bs=n ifpk)=0
lf( )= Brin + (B ntp))TIT) )pi (k) if p(k) > 0
8 Ti j 1 i n (2

If thetotal numberof objectsof interesttrackedby the sys-
temis 0, bandwidthis equallyallocatedto eachtask. If the
total numberof objectsof interesttracked by the systemis

greaterthan0, bandwidthallocationto tasksis basednthe
numberof objectscurrentlybeingtrackedby thattask. This

designensureghat a greateramountof bandwidthis allo-

catedto tasksthatarecurrentlytrackingobjectsof interest
ascomparedo theonesthatarenot.

4.1.2 ProcessotUtilization Controller

We usethe approachn [12] to modelprocessoutilization.
Sectiord.2useghefollowing modelin thestabilityanalysis
of HIDRA. Thetarget-trackingsubtaskof eachend-to-end
taskT; hasan estimatedexecutiontime of ¢; known at de-
signtime. Theestimatedprocessoutilization by thetarget-
trackingsubtaskof taskT; duringthek™ samplingperiod
is denotedasE; (k) andis computedasE;(k) = ¢rj(k),

wherer; (k) is theinvocationrateof end-to-endaskT; dur-
ing the k™ samplingperiod. The net estimatedprocessor
utilization duringthek™ samplingperiodis therefore

X
E(K) =
i=1
At runtime,however, theactualexecutiontimesmaybedif-
ferentsincethey dependon the presencgand number)of
objectsin theimages.At runtime,thereforethe actualpro-
cessotutilization U(k) canbewrittenas

U(k) = Gp(k)E (k) (4)

where G, (k) is the processottilization ratio. Although,
Gp (k) is unknown, it is reasonabléo assumehattheworst
caseutilization ratio G, = maxyf Gp(k)g is known. From
(4), theprocesaitilization modelcanbewritten as

Uk+ )= U(K) + Gpyp(K) (5)

where U(k) = U(k) USandvy(k) = E(k+1) E(k).
Thetaskof the feedbackcontrolleris to computev, (k) so
thatU(k) corvergesto Us (or U(k) ! 0).

We consideralinearproportionalcontroller

vp(K) = Kp U(k) (6)

whereK , is acontrolgainwhichwill beselectedothatthe
systemis stable. The control signalv, (k) is implemented
by the actuatorsy changingthe invocationrate of end-to-
endtasks.Theclosed-loopsystemis describedy

Uk+ 1) = [1+ KpGp] U(K) @)

The control algorithmis implementedasfollows. Dur-
ing eachsamplingperiod,the controllercompareghe cur-
rentprocessoutilization U (k) with the utilization set-point
Us, andcomputeghenetestimateditilization E (k + 1) for
thenext samplingperiodbasedntheequatiorE (k + 1) =
E(k) + K, U(k). Sincethepresencef oneor moreob-
jectsof interestin therecevedimagesincreaseshe execu-
tion time the target-trackingsubtask computationapower
is allocatedto targettrackingsubtaskdasednthe number
of objectsof interestthatarepresentn therecevedimages.

Giri(k): ()

We thereforehave (
Eked) ifp(k) = 0
Ei(k+1)= E(k+1) pi (k)
' &763 if p(k) > 0
8 T j 1 i n 8)

wherep(k) representshe total numberof objectsof inter-
estcapturedby all the tasksin the systemand p; (k) rep-
resentghe numberof objectsof interestbeingcapturedby
T; duringthe k™ samplingperiod. If the total numberof
objectsof interestirackedby the systenis 0, computational
power is equallyallocatedio eachtask. If thetotal number
of objectsof interesttracked by the systemis greaterthan
0, however, allocationof computationakesourceto tasks



is weightedbasedon the numberof objectscurrently be-
ing tracked by thattask. This designensureghata greater
amountof computationalpower is allocatedto tasksthat
arecurrentlytrackingobjectsof interestascomparedo the
onesthatarenot. Fromequationg3) and(8) we derive the
taskexecutionrate,asfollows:

E (K)+( US U(K))=G,

. if p(k) = 0
n(k+ )= (" V)=e,)
' PUECN U D09=8) if pk) > 0
8 T j 1 i

4.1.3 Bandwidth Utilization Controller

We presentheanalyticalmodelof thebandwidthcontroller
for each UAV. The following notationsare usedin this
model:

b( ): Bandwidthutilization in the " samplingpe-
riod.
b*(k): Desiredbandwidthutilization (set-point)com-
putedby the bandwidthallocatorin the k" sampling
periodasshown in equation(2).
r(k): Taskratecomputedby the processorcontroller
in thek™ samplingperiod,asshavn in equation(9).
s: Sizeof anuncompresseiage,whichis aconstant
andknown at designtime.
g( ): Quality factorof imagecompressioralgorithm
(JPEG)computedby the bandwidthcontrollerin the
th samplingperiod.
(g) : Estimatedsize of the compressedmagecom-
pressedvith quality factorq.

The controlledvariableof this feedbackcontrol loop is
the bandwidthutilization, b( ), andthe controlinput from
the controllerto the UAV is the quality factorof theimage
compressioralgorithm,q( ). The controllercomputesan
appropriatevalueof g( ) to ensurdy ) corvergesto b*(k).
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The averagesize of the compressedmage, (Q), is re-
latedto the quality factor of the imagecompressioralgo-
rithm, g, by anon-linearfunctionasshavn in Figure4. For

0.05

n (9)

the purposeof our control design,however, we chooseq
within therange[10; 70]wherethis functioncanbeapprox-
imatedby alinearone.A piecaviselinearfunctioncanalso
beused.For10 q 80, wehave

(0) = sgg+ ! (10)
whereg is the slopeand! is the y-intersectof the linear
approximatiorof thefunctionin Figure4.

Imagesarecompressewith a quality factorq andtrans-
mitted at therateof r( ) imagespersecondrom the UAV
to the recever. The following expressiongives the esti-
matedbandwidthutilization by the UAV:

) = r() (@
= r()sga( )+ r()! (11)

from which we getthe network utilizationmodelas

b( +1)= b()+r( )sgve( ) (12)

where b( )=b( ) bB()andw( )=0q( +1) q( ).
We consideralinearcontroller

Vo( )= Kp b() (13)

whereK y, is thecontrolgainthatwill beselectedsothatthe
systemis stable.Theclosed-loopystemis

b( +1)=[1+r( )sgKp] b ): (14)

During eachsamplingperiod, the controller compares
the currentbandwidthutilization b( ) with the utilization
set-point®( ), andcomputeshequalityfactorq( + 1) by

ot +1)=qa( )+ Kp b(): (15)

4.2 Stabilit y Analysis

A controlsystenis saidto bestableif andonly if thesys-
tem cornvergesto an equilibrium for any setof initial con-
ditions. In our casetheinitial conditionsareusedto repre-
senttheabruptchangesn theworkloaddueto thechangeof
theimages'content.Ourtargettrackingsystemis therefore
stableif resourceutilization of both the systemresources
(i.e., processoutilization at the recever and the network
bandwidthutilization), corvergesto their respectie utiliza-
tion set-pointsin the presenceof workload changes. Al-
thoughthe controlleris designedasedon a time-invariant
model(constantupperboundson resourcautilization), we
shaw thatthe systemis stableeven whenresourcautiliza-
tion changesatruntime,i.e., thesystemis time varying.

We canstabilizeeachof thetwo typesof feedbackcon-
trol loopsby selectingthe gainsK , andK, sothatthe cor-
respondingpolesarein the unit circle. Sucha designhow-
ever, doesnotnecessarilguarante¢he stability of thehier
archicalcontrolarchitecturesinceit doesnottake into con-
siderationthe interactionbetweernthe feedbackoops (due
to thepresencef r( ) in equation(14)). Next, we present
an analysisresultthat allows usto selectthe control gains
sothatthe overall stability is guaranteed.



Assumingthat the input buffer of the recever is never
empty it is clearthat the processoutilization is indepen-
dentof the bandwidthutilization. If we selectK , so that

2=Gp < K < Othen

U(k) = [1+ KpGp(K)I* U(ko);k ko

and U(k)! Osincejl+ KGp(k)j < 1.

Fromequation(9), it follows thatin the steadystatethe
utilization for eachtask U; (k) will be stable(it will con-
vergeto a set-pointy;® thatdependsn the presencef ob-
jectsin theimagedata)andwe canwrite

Ui(k+ 1) = i(k) Ui(k) (16)

wherethefunction (k) satisesj (k)j < 1.

Denoter§ therateof thei'" taskatthe steadystate then
ri(k) = r? + ri(k) where ri(k) ! 0. Fromequation
(14), the bandwidthutilization modelfor thei!" UAV is

ri( )sgKi b() (@17

Our objectie is to deducethe stability propertiesof the
system(16-17)by studyingtheisolatedsystem

b( +1)=[1+ (7 +

Uk+1) = (k) Ui(k) (18)
h( +1) = [1+rPsgki] b()  (19)

where the equations have been decoupled by setting
ri()=0.

Theorem 1. Thesystem(16-17)is stableif andonlyif the
isolatedsysten{18-19)is stable

Proof. De ne the norm jj[x1;x2]ii = JilX1;X2lij1 =

maxfj X1j;jx2jg and denote  Ui(k); b( ) and
Ul (k); b () the solutions of (16-17) and (18-19)

respectiely.

"Only-if”; If the system(16-17)is stable,thenthereexists

function () with ( )! Osuchthat

GO WC): BT il UiC o) bi( o)l
(20)

8 o and for every initial condition

[ U(o) B(o)l" where U() = U(k)k

<k+ 1

In particular supposethat the initial condition is
[0; Bb( o)]",thenbyequation20)8 0;j B()i
()i B ( o)j, whichshavsthatthesystem(18-19)is sta-
ble.
"If” It is easyto seethat U;(k) = U/ (k) sowe have
to analyzeonly b( ). Dene () = 1+ rfgK} and
(; ri())=21+(r$+ ri( ))gK|. Fromthestabilityof
(18-19),wehavethatj | ( )j < landthereexistsafunction
2( )withO  ,( )! Osuchthat

EFOCPC) D) 2() B( o)

forevery b( o) and o. But we canwrite

B(+1) () = B()NF) 1+
BOIC2G () FO)
20) Ko+ ()
where () ! since ri()! 0. B()! Oandthe
system(16-17)is thereforestable. O

Usingtheabovetheoremwe canselectthecontrolgains
so that our hierarchicalcontrol architectures stable. For
the processouutilization feedbackioop, the gain could be
selectedo satisfy 2=G, < K, < 0 thatguaranteesta-
bility [12, 14]. Similarly, for the bandwidthutilization con-
trol loop, the gain shouldbe selectedso that (19) is sta-
ble. Sincer} is notknown atdesigntime, we canselectthe
gainto satisfy 2=(r) < K| < 0. A reasonablehoice
for selectingthe controlgainsis to usedeadbeatontrol[7]
basedn theworstcaseutilization ratio andmaximumtask
raterespectiely, ie. Kp = 1=G andK| = 1=rm,
This selectiontries to minimize the settlingtime keeping
the overshootequalto zero. Othercriteria for selectionof
thegaincanbefoundin [12].

5 PerformanceResultsand Analysis

This sectionpresentghe testbedfor our tamgettracking
DRE system,which wasusedto evaluatethe performance
of HIDRA. We thendescribeour experimentsandanalyze
theresultsobtainedo empiricallyevaluatethe performance
of our DRE systemwith and without HIDRA undervary-
ing input workload. The goal is to validate our theoret-
ical claims and shav that HIDRA yields predictableand
high-performanceesourcemanagemenand coordination
for multiple typesof resources.
5.1 Hardw are and Software Testbed

Our experimentsavere performedon the Emulabtestbed
atUniversityof Utah(www.emulab.net ). Thehardware
con guration consistsof three nodesacting as UAVs and
onerecevernode.Imagesrom the UAVs weretransmitted
to arecevervia awirelessLAN con gured with achannel
capacityof 1 Mbps. The network bandwidthwas chosen
to be 1 Mbps sinceeachUAV in the DRE systemrequired
a minimum of 350Kbpsto transmit5 imagesper second,
eachimageof size320x240compresseith a quality fac-
tor of 30. The hardwarecon guration of all the nodeswas
a 3 GHz Intel PentiumlV processarl GB physicalmem-
ory, 802.11a/b/gwi interface(Atheros5212chipset),and
120GB harddrive. The Redhat9.0 operatingsystemwith
wirelesssupportwasusedfor all thenodes.

Thefollowing softwarepackagesverealsousedfor our
experiments:

Ffmpeg 0.4.9-prel with the Fobs-0.4.0 front-end,
whichis anopen-sourcéibrary thatdecodesideoen-



codedin MPEG-2, MPEG-4, Real Video, and mary
othervideoformatsto yield raw images.
ImageMagick 6.2.5 whichis anopen-sourceoftware
suitethatwe usedto compressheraw imagesto JPEG
imageformat.

TAO 1.4.7, which is an open-sourcémplementation
of Real-timeCORBA [15] thatHiDRA andour DRE
systemcasestudyarebuilt upon.

5.2 Target Tracking DRE System Imple-
men tation

The entitiesin our target tracking DRE systemareim-
plementedas CORBA objectsand communicateover the
TAO [16] Real-time CORBA Object RequestBroker to
achieve desiredreal-timeperformance The end-to-endap-
plication consistsof pairs of CORBA objects: the UAV
data sourceand the recever datasink. The UAV data
sourceobjectthat executeson eachUAV's on-boardpro-
cessof‘pushes’thecompresse@nageso thedatasink ob-
jectvia a CORBA onavay methodinvocation. A datasink
objectat the recever processeshe imagesreceved from
thecorrespondindgJAV. Eachdatasink objectcontaingwo
functionalmodules:onethatdetermineshepresencef one
or moreobjectsof interestin the recevedimages,andthe
othertracksthe coordinateof objectsof interestin there-
ceivedimage,if present.The secondfunctionalmoduleis
executedonly if the presencef oneof moreobjectsof in-
terestis detectedy the rst module.

To perform target tracking, receved imagesare com-
paredwith a referencemage,thatis given during system
initialization. Therecevedimagesarecorvertedfrom color
to gray-scaleandtheprocessedmageis “subtractedfrom
the referenceémageto obtainthe differenceimage. If the
averagepixel value of the differenceimageis greaterthan
a threshold(which indicatesthe presenceof one of more
objectsof interest),the centerof massof the objectedis
computed.This approactis common.e.g., [6] trackthe co-
ordinatedof moving objectsusingon Kalman lter .

5.3 Exp eriment Con guration

Our experimentsconsistedof three (emulated)UAVs
containingthedatasourceobjectthat(1) decodedhevideo
from a le, (2) extractedthe raw images,(3) compressed
themusingJPEGcompressionand(4) transmittedhecom-
pressedmagesto the correspondinglatasink objectat the
recever node.Wirelessnetwork bandwidthwassharede-
tweenthe threedatasource/dataink objectpairs,andthe
computationalpower at the recever nodewas sharedbe-
tweenthethreedatasink CORBA objects.

To evaluatethe performanceof HiDRA, we monitored
the processouutilization at the recever, and wirelessnet-
work bandwidthutilization betweenthe UAVs andthe re-
ceiver. We assumehatthe channekapacityof thewireless

network is constan{1 Mbps). Bandwidthconsumptiorby
eachUAV is measuredy the rate a which datais written
to the underlying network stackby the UAV datasource
CORBA object. Processoutilization at the recever was
measuredising the datafrom the /proc/stat le. A
smoothinglter suchas[2] canbeusedto suppresshedis-
turbancesn themeasuredesourcautilization.

Processotutilization at eachUAV nodewas not mon-
itored since the computationalpower the UAV on-board
processowassufciently largeto compressmagesof the
highestquality andresolutionandtransmitthemto the re-
ceiver without overloadingthe processar In our experi-
ments,we also measuredapplicationQoS propertiessuch
astamget-trackingprecisionandend-to-endexecutiontime.
For our experiment,we chosethe samplingperiod of the
processocontrollerandthe bandwidthcontrolleras10 sec-
ondsand 1 secondrespectiely. The minimum and max-
imum imagetransmissiorrate [ min ; Fmax ] was5 and 15
images/second.The control gainsfor the processorcon-
troller (K ) and the bandwidthcontroller (K ,) were-0.1
and-0.15,respectrely. The processoutilization set-point
wasselectedo be0.7,whichis slightly lowerthanRMS[9]
utilizationboundof 0.77.Sincean|EEE802.11DCF-based
network hasa utilization of approximately0.7 with 20 ac-
tive nodes[3], the wirelessbandwidthutilization set-point
wasalsoselectedo be0.7.

5.4 Analysis of Empirical Results

This sectionpresentghe resultsobtainedfrom running
theexperimentdescribedn Section5.3onour DRE system
testbed We usedsystenresouceasametricto evaluatethe
adaptve resourcemanagementapabilitiesof HIDRA un-
dervaryinginputworkloads.Comparisorof systenperfor
manceis decomposetihto comparisorof resourceautiliza-
tion and applicationQoS. For systemresourceutilization,
we comparg1) wirelessnetwork bandwidthutilization and
(2) processoutilization of the recevver node. For applica-
tion QoS,we compare(1) tracking-precisiorand(2) mean
valueof end-to-endexecutiontime.

5.4.1 Comparison of Resource Utilization

Figures5 and 6 comparethe processouutilization at the
recever node and wirelessnetwork bandwidthutilization
with and without HiDRA. Table 1 summarizeghe num-
ber of objectsof intereststhat were tracked as a function
of time.

Figure5andTablel shav thattheincreasen theproces-
sorutilizationatT = 200s is dueto thepresencef the rst
objectof interest.Figure5 alsoshavsthatalthoughthepro-
cessoutilization reached.8, within the next several sam-
pling periods,HiDRA restoredthe processoutilization to
thedesiredset-pointof 0.7. This wasachievedby reducing
the executionratesof data-source/recegr pair(s) deemed



Time (sec)
0-200
200- 600
600- 900
900- 1,100
1,100- 1,600
1,600- 1,900
1,900- 2,000

Numberof Objects

OrOFRrNEFLO

Tablel: Objectsof Interestasa Functionof Time

lessimportant,i.e., onesthat capturedimageswhere ob-
jectsof interestwereabsent.Figure5 shavs thatwhenthe
systemwasoperatedvithout HIDRA the processoutiliza-
tion remainedat 0.9, which is signi cantly higherthanthe
utilization set-pointof 0.7.
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Figure5: Comparisorof ProcessoUtilization

At T = 600s, the presenc®f thesecondbjectof inter-
estwasdetected.As aresults,the processoutilization in-
creasedo 0.89with HIDRA, andtherecevernodecrashed
whenthe systemwas operatedwithout HIiDRA, which is
representeds a utilization of 1.0 for remainingduration
of the experiment. Whenthe systemwasoperatedvithout
HiDRA, althoughthe recever crashedat T = 600s, the
sendercontinuedo sendimagesata constantate. This ac-
countsfor the network bandwidthutilization shavn in Fig-
ure6. Within severalsamplingperiods HIDRA onceagain
restoredhe systemutilization to the desiredutilization set-
point.

At T = 900s whenthetotal numberof objectscurrently
beingtrackedreducedrom 2 to 1, processoutilization re-
ducedto 0.55. HIiDRA restoredthe processoutilization
of 0.7 by increasingthe executionrate of importantdata-
source/dataink pair(s).Similarly, HIDRA ensuredhatthe
processoutilization corvergesto the desiredset-pointfor
thereamingdurationof the experiment.

The resultsof theseexperimentsshov how HiDRA en-
suregthatthe processoutilization of therecevernodecon-
vergesto the desiredset-pointwithin boundedtime, even
under uctuating workloads.Similarly, from Figure6 it can
be seenthat HIDRA ensureghat the wirelessbandwidth
utilization corvergesto the desiredset-pointof 0.7 within
boundedime, evenunder uctuating workloads.We there-
fore concludethatHIDRA ensureaitilization of systenre-
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Figure6: Comparisorof BandwidthUtilization

sourcess maintainedwithin the speci ed bounds thereby
ensuringsystemstability.

5.4.2 Comparisonof QoS

We now comparethe applicationQoS— (1) target-tracking
precisionand(2) averageend-to-endexecutiontime.
Target-tracking precisionis de ned asthe inverseof
target-tracking error, which is the distancebetweenthe
computedcenterof massof an objectandthe actualcen-
ter of massof the object. To computethe actualcenterof
massof the object, we identi ed an object presentin the
videoastheobjectof interest performedarget-trackingon
theraw imagesextractedfrom thevideo,andusedthisvalue
asareference.At the datasink object, the tamget-tracking
resultswerethencomparedvith this referencevalue.
Figure 7 comparesthe tamget-trackingerror that were
obtainedwhenthe systemwas operatedwith and without
HiDRA. As describedn Section5.4.1,the systemcrashed
when operatedwithout HIDRA whenthe presenceof the
secondbjectof interestwasdetectedWe thereforeusethe
target-trackingerror that was obtainedin trackingthe rst
objectof interestasthe baselinefor our comparison.Fig-
ures7a, 7b, and 7c show that averagetarget-trackingerror
is lower whenthe systemwas operatedvith HIDRA com-
paredto whenoperatedvithout HIDRA. HIDRA therefore
improvesthetarget-trackingprecisionof our DRE system.
Averageend-to-endexecutiontime consistof (1) net-
work transmissioriateny and (2) processingime at the
recever node. Table 2 comparesthe end-to-endexecu-
tion time whenthe systemwas operatedwvith and without
HiDRA. Sincethe systemcrashedvhenthe numberof ob-

Numberof Objects | End-to-EndExecutionTime (msec)
With HIDRA | WithoutHiDRA
0 10 10
1 40 50
2 80 1

Table2: Comparisorof End-to-EndExecutionTime
jectsbeingtrackedincreasedo 2, we representhe end-to-

end executiontime as1 . Table 2 shaws that end-to-end
executiontime is muchlower whenthe systemis operated
with HIDRA thanwhenit operatesvithout HiDRA.
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Figure7: Target-trackingPrecision

HiDRA respondgo uctuation in resourceequirements
by constantmonitoring of resourceutilization. Figures5
and6 show thatwhenresourcesitilization increasesibove
thedesiredset-point HIDRA lowerstheutilization by mod-
ifying applicationparametersuchas executionratesand
JPEGquality factor Theseadaptationgnsureshat(1) sys-
temresourcesarenotover-utilizedand(2) enougtresources
are available for importantapplications. Figure 7 and Ta-
ble 2 shaw thatthe systemQoSis signi cantly higherwhen
the systemis operatedwith HIDRA comparedo whenit
operatesvithout HIDRA.

Our conclusionsfrom analyzingthe resultsdescribed
above arethatapplyinghierarchicabdaptve resourcenan-
agementto our target tracking systemhelpsto (1) main-
tain systenresourcautilizationwithin speci edboundsand
(2) improve systemQoS.Thesemprovementsareachieved
largely due to monitoring of systemresourceutilization,
adaptve resourceprovisioning, andef cient systemwork-
loadmanagementy meanof HIDRA's resourcemonitors,
hierarchicakontrollers,andeffectorsrespectiely.

6 RelatedWork

A numberof control-theoreti@pproachekave beenap-
plied to DRE systemsto overcomelimitations with tradi-
tional schedulingapproacheshat are not suitedto handle
dynamic changesin resourceavailability and resultin a
rigidly scheduledsystemthat adaptspoorly to change. A
suney of thesetechniquess presentedh [1].

Feedbaclkcontrol scheduling(FCS)[12] is designedo
addresghe challengesf applicationswith stringentend-
to-end QoS executingin open DRE systems. Theseal-
gorithmsprovide robust and analyticalperformanceassur
ancesdespiteuncertaintiesin resourceavailability and/-
or demand. FC-U and FC-M [13] and HyYSUCON 8] to
managethe processoutilization. CAMRIT [18] applies
control-theoreticapproacheso ensuretransmissiordead-
linesof imagesoveranunpredictablaetwork link andalso
presentanalytic performanceassuranc¢hat the transmis-
siondeadlinesaremet.

A hierarchicalcontrol schemethat integratesresource

resenation mechanismg5, 11] with applicationspecic
QoSadaptatior4] is proposedn [14]. Thiscontrolscheme
featuresa two-tier hierarchicalstructure:(1) a global QoS
managerthat is responsiblefor allocating computational
resourcesto various applicationsin the systemand (2)
application-speci dQoSmanagers/adapteitsatmodify ap-
plicationexecutionto usetheallocatedesourcef ciently
andimprovesapplicationQoS.

Althoughtheseapproachearesimilar to HIDRA, these
algorithms/mechanismgerform resourcemanagemenof
only one type of systemresource,i.e., either computing
power or network bandwidth. HIDRA performsresource
managemenbdf both network and computing resources,
whichis crucialfor real-world DRE systems.

Oneapproachio managdothcomputingpowerandnet-
work bandwidthmight use either the hierarchicalcontrol
structureproposedn [14], FC-U/FC-M, or HyYSUCONto
managehe processoutilization,anduseCAMRIT to man-
agethe network bandwidthutilization. Unfortunately this
approactdoesnot take into consideratiorthe couplingbe-
tweenthe two typesof systemresourcesnddoesnot nec-
essarilyguaranteesystemstability.

The work of [10] utilizes task control modelandfuzzy
control modelto enhancehe QoS adaptationdecisionof
multimediaDRE systemsHowever, the controlframenork
establishedh thiswork is still con nedto singletypeof re-
source(i.e.), transmissiomatein adistributedvisualtrack-
ing system.

As describedn Section3, HIDRA useshierarchicakton-
trol feedbackoops—theprocessoutilizationfeedbackoop
andbandwidthutilization loop — to managethe utilization
of systenresourcesywhich canbe extendedo handlemore
typesof resourcesindend-to-endapplicationswithout sig-
ni cant modi cations to the existing architecture. More-
over, HIDRA's feedbackloops are designedso that the
adaptatiordecisiongmadeby onedoesnotcon ict with the
decisiongmadeby the other As shawn in Section4.2, this
designresultsin a hierarchicalcontrolarchitectureghaten-
suressystemstability.



7 Concluding Remarks

This paper describedHIDRA, which is a hierarchi-
cal distributedresourcemanagemenarchitecturebasedon
control-theoretidechniqueshatprovidesadaptve resource
managementuchasresourcemonitoringandapplication
adaptationthat are key to supportingopenDRE systems.
We rst presentedhe stability analysisof the systemto
obtain theoreticalguaranteeshat HIDRA ensuressystem
stability of our DRE system. We then evaluatedthe per
formanceof HiDRA usinga representatie targettracking
DRE systemimplementedusing Real-time CORBA and
composeaf two typesof systemresourcegcomputational
power at the recever andwirelessnetwork bandwidth)and
three applications(UAV datasender/receer pairs). Our
theoreticalnalysisandempiricalresultsshav thatHiDRA
ensuref cient resourceautilization by maintainingthere-
source utilization of systemresourceswithin the speci-
ed utilization boundseven under uctuating work loads,
therebyensuringsystemstability and delivering effective
QoS.

The lessondearnedby applying HIDRA to our tarmget
trackingsystemthusfarinclude:

HiDRA's Control-theoreticapproacheyielded in an
adaptive resourcemanagemenarchitecturethat can
gracefully handle uctuations in resourceavailability
and/ordemandor openDRE systems.

The formalismof a resourcemanagementrameavork

forms the foundationfor the designandimplementa-
tion of a resourcemanagementrameavork basedon

control-theoretigrinciples. Moreover, usingthe for-

malism, stability analysisof the systemcan be per

formedto obtaintheoreticalguaranteesboutsystem
performance.

Developingapplicationsthat have variousparameters
thatcanbe ne-tunedto modify theapplicationopera-
tion andutilization of systemresourcesid in achies-
ing higher QoS of applications. This alsoenablesn
maintainingthe systemresourceutilization within the
desirecbounds.
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