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ABSTRACT

Simplein-network dataaggr@ation (or fusion) techniquedor
sensometworks have beenthe focusof severalrecentresearch
efforts, but they areinsufcient to supportadvancedfusionap-
plications. We extend thesetechniqueso future sensornet-
worksandasktwo relatedquestions{a) whatis theappropriate
setof datafusiontechniquesand(b) how do we dynamically
assignaggreyationrolesto the nodesof a sensomnetwork ? We
have developedanarchitecturaframewnork, DFuse for answer
ing thesetwo questions.It consistsof a datafusion APl anda
distributed algorithm for enegy-avare role assignment. The
fusion API enablesan applicationto be speci ed asa coarse-
graineddata ow graph,andeasespplicationdevelopmentand
deplgyment. The role assignmenglgorithm mapsthe graph
ontothenetwork, andoptimally adaptshe mappingatrun-time
usingrole migration. Experimenton aniPAQ farm shav that
the fusion API haslow-overhead,andthe role assignmenal-
gorithmwith role migrationsigni cantly increaseshe network
lifetime comparedo ary staticassignment.

Categoriesand Subject Descriptors: D.4.7[OperatingSys-
tems]: Organizationand Design— Distributed Systems,and
Embeddedystems.

GeneralTerms: Algorithms,Design ManagementVleasure-
ment.

Keywords : SensorNetwork, In-network aggregation, Data
fusion, Role assignmentiEnegy awarenessMiddleware, Plat-
form.
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1. INTRODUCTION

With advancesn technologyit is becomingncreasinglyfea-
sibleto putafastprocessoon asinglesmallsensomalongwith
a sizablememoryand a radio transceier. Thereis an ever
evolving continuumof sensing,computing,and communica-
tion capabilitiesfrom smartdustto sensorsto mobile devices,
to desktops;to clusters. With this evolution, capabilitiesare
moving from largerfootprint to smallerfootprint devices. For
example,tomorrav's motewill be comparablén resourceso
today’s mobile devices;andtomorrav's mobile deviceswill be
comparableo currentdesktops. Thesedevelopmentssuggest
thatfuture sensometworks may well be capableof supporting
applicationsthat requireresource-richsupporttoday Exam-
plesof suchapplicationsncludestreamingnedia,suneillance,
image-basetrackingandinteractie vision. Marny of thesefu-
sionapplicationssharea commonrequirementnamely hierar
chicaldatafusion i.e., applyinga synthesisoperationon input
streams.

This paperfocuseson challengesnvolvedin supportingfu-
sionapplicationdgn wirelessad hoc sensometworks(WASN).
Developing fusion applicationsis challengingin generalbe-
causeof the time-sensitie natureof the fusion operation,and
theneedfor synchronizatiorof the datafrom multiple streams.
Sincethe applicationsareinherentlydistributed, they aretypi-
callyimplementedria distributedthreadghatperformfusionin
ahierarchicamanner Thus,theapplicationprogrammehasto
dealwith threadmanagementjatasynchronizationbuffer han-
dling, andexceptiongsuchastime-outswhile waiting for input
datafor afusionfunction)- all in adistributedfashion. WASN
add anotherlevel of complity to suchapplicationdevelop-
mentdueto the scarcityof pawer in the individual nodes[5].
In-network aggr@ationandpower-awareroutingaretechniques
to alleviatethe power scarcityof WASN. While the goodnews
aboutfusionapplicationss thatthey inherentlyneedn-network
aggr@ation, a naive placemenbf the fusion functionson the
network nodeswill diminish the usefulnes®f in-network fu-
sion, andreducethe longevity of the network (and hencethe
application). Thus, managingthe placement{anddynamicre-
location) of the fusion functionson the network nodeswith a
view to saving power becomesan additionalresponsibilityof
the applicationprogrammer Dynamic relocationmay be re-
quiredeitherbecausehe remainingpower level at the current
nodeis goingbelav thresholdor to sare the power consumed
in the network asa whole by reducingthe total datatransmis-
sion. Supportingtherelocationof fusion functionsat run-time
hasall thetraditionalchallenge®f processmigration[15].



We have developedDFuse anarchitecturdor programming
fusionapplicationslt supportdistributeddatafusionwith au-
tomaticmanagementf fusion point placemenend migration
to optimize a given costfunction (suchasnetwork longevity).
Using the DFuse frameawork, applicationprogrammersneed
only implementthe fusion functionsand provide the data ow
graph(the relationshipsof fusion functionsto oneanothey as
shavn in Figurel). Thefusion API in the DFusearchitecture
subsumesssuessuchasdatasynchronizatiorandbuffer man-
agementhatareinherentin distributedprogramming.

Themaincontritutionsof this work aresummarizedelow:

1. FusionAPI: We designand implementa rich API that
affords programmingeasefor developing complex sen-
sor fusion applications. The API allows ary synthesis
operationon streamdatato be speci edasafusionfunc-
tion, rangingfrom simpleaggr@ation(suchasmin, max,
sum,or concatenationfo morecomplex perceptiortasks
(suchasanalyzinga sequencef videoimages).This is
in contrasto currentin-network aggr@ationapproaches
[11, 8, 6] that allow only limited typesof aggr@ation
operationsasfusionfunctions.

2. Distributedalgorithmfor fusionfunction placementnd
dynamicrelocation:Thereis acombinatorialljargenum-
berof optionsfor placingthefusionfunctionsin thenet-
work. Hence, nding an optimal placementhat mini-
mizescommunicationis dif cult. Also, the placement
needgo bere-e/aluatedquite frequentlyconsideringhe
dynamicnatureof WASN. We developanovel heuristic-
basedalgorithmto nd a good (accordingto somepre-
de ned costfunction)mappingof fusionfunctionsto the
network nodes.The mappingis re-evaluatedperiodically
to addresglynamicchangesn nodes'power levels and
network behaior.

3. Quantitatve evaluation of the DFuseframeavork: The
evaluationincludesmicro-benchmarksf the primitives
provided by the fusion APl aswell as measuremenof
the datatransportin a tracker application. Usinganim-
plementatiorof the fusion API on awirelessiPAQ farm
coupledwith an event-driven enginethat simulatesthe
WASN, we quantify the ability of the distributed algo-
rithm to increasethe longevity of the network with a
givenpower budgetof thenodes.

Therestof the paperis structuredasfollows. Section2 an-
alyzesfusionapplicationrequirementsandpresentshe DFuse
architecture. In Section3, we describehowv DFusesupports
distributed datafusion. Section4 explains a heuristic-based
distributedalgorithmfor placingfusion pointsin the network.
This is followed by implementationdetails of the framevork
in Section5 andits evaluationin Section6. We thencompare
our work with existing andotherongoingeffortsin Section7,
presentsomedirectionsfor future work in Section8, andcon-
cludein Section9.

2. DFUSEARCHITECTURE

This sectionpresentshe DFusearchitecture. First, we ex-
plore target applicationsand executionervironmentsto iden-
tify thearchitecturatequirementsWe thendescribethe archi-
tectureand discusshow it is to be usedin developing fusion
applications.

2.1 TargetApplications and Execution En-
vironment

DFuseis suitablefor applicationghatapply hierarchicalu-
sionfunctions(inputto a fusionfunction may be the outputof
anotherfusion function) on time-sequencedataitems. A fu-
sion operationmay apply a function to a sequencef stream
datafrom a singlesource from multiple sourcespr from a set
of sourcesandotherfusionfunctions.

DFuseacceptanapplicationasataskgraph,wherea vertex
in the taskgraphcanbe one of data source, datasink or fu-
sionpoint A datasourcerepresentsary dataproducersuchas
a sensoror a standalonapplication. DFuseassumeshat data
sources@reknown atquerytime (whentheuserspeci estheap-
plicationtaskgraph).A datasinkis anendconsumerincluding
a humanin the loop, an application,an actuatoy or an output
device suchasa display Intermediatefusion points perform
application-speci gprocessingn streamingdata. Thus,anap-
plicationis a directedgraph,with thedata o w (i.e. producer
consumerrelationships)ndicatedby the directionality of the
associate@dgebetweerary two vertices.
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&
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Figure 1: An exampletracking application that usesdis-
trib uted data fusion. Here, Iter and collage are the two fu-
sion points taking inputs from cameras,and the facerecog-
nition algorithm is running at the sink. Edgelabelsindicate
relative (expected)transmission rates of data sourcesand
fusion points.

For example,Figure1 shaws a taskgraphfor atrackingap-
plication. The Iter fusionfunction selectsimageswith some
interestingpropertieqe.g. rapidly changingscene) andsends
the compressedmagedatato the collagefunction. Thus,the

Iter functionis anexampleof afusionpointthatdoesdatacon-
traction. The collagefunction uncompressethe imagescom-
ing from possiblydifferentlocations.It combinegsheseimages
and sendsthe compositeimageto the root (sink) for further
processingThus,thecollagefunctionrepresenta fusionpoint
thatmaydo dataexpansion.

DFuseis intendedfor deploymentin aheterogeneouadhoc
sensometwork ernvironment. However, DFusecannotbe de-
ployedin currentsensomnetworksgiventhelimited capabilities
availablein sensomnodeprototypesuchasBerkeley motes[7].
But, aswe adddeviceswith morecapabilitieso the sensonet-
work, or improve the sensomodesthemseles, more demand-
ing applicationscanbe mappedntosuchnetworksandDFuse
providesa e xible fusion API for sucha deployment. As will
becomeclearin later sections DFusehandleshe dynamicna-
ture of suchnetworks by emplgying aresource-aareheuristic
for placingthefusionpointsin the network.



DFuseassumeghat ary nodein the network is reachable
from ary othernode. Further DFuseassumes routing layer
that exposeshop-countinformationbetweenary two nodesin
the network. Typically, suchsupportcanbe providedby a sep-
aratelayerthatsupportsaroutingprotocolfor adhocnetworks,
like Dynamic SourceRouting (DSR) [10], andexposesan in-
terfaceto querytheroutinginformation.

2.2 Architecture Components

Figure2(A) shavs a high-level view of the DFusearchitec-
turethatconsistof two mainruntimecomponentsfusionmod-
ule andplacemenmodule Thefusionmoduleimplementshe
fusion API usedin thedevelopmentof the application.The fu-
sionmoduleinteractswith theplacemenmoduleto determinea
goodmappingof thefusionfunctionsto the sensonodesgiven
the dynamicstateof the network andthe applicationbehaior.
Thesetwo componentgonstitutetheruntimesupportavailable
in eachnodeof the network.

Figure2(B) shawvs theinternalstructureof the fusion mod-
ule. Details of the fusion moduleare discussedn section3.
The modulesthat implementresourcamonitoring androuting
areexternalto the DFusearchitecture.Thesemoduleshelp in
the evaluationof costfunctionsthatis usedby the placement
modulein determininga goodplacemenbf fusionfunctions.

Launching an Application and Network Deployment

An applicationprogramconsistof two entities:ataskgraph
andthe codefor thefusionfunctionsthatneedto berun onthe
differentnodesof thegraph.DFuseautomaticallygeneratethe
gluecodefor instantiatinghetaskgraphon thephysicalnodes
of the network. DFusealso shieldsthe applicationprogram-
merfrom decidingthe placemenbf thetaskgraphnodesn the
network.

Launchingan applicationis accomplishedy presentinghe
taskgraphandthe fusion codesto DFuseat somedesignated
node,let uscall it the root node. Upon gettingthis launchre-
quest,the placemenimoduleof DFuseat the root nodestarts
adistributedalgorithmfor determiningthe bestplacementde-
tails to be presentedn Section4) of the fusionfunctions. The
algorithmmapsthe fusion functionsof thetaskgraphontothe
physicalnetwork subjecto somecostfunction. In thisresulting
overlay network, eachnodeknows the fusionfunction (if ary)
it hasto run aswell asthe sourcesindsinksthatareconnected
to it. The resultingoverlay network is a directedgraphwith
source fusion, andsink nodes(therecould be cyclessincethe
applicationmay have feedbackcontrol). The applicationstarts
up with the sink nodesrunningtheir respectre codesresulting
in the transitive launchingof the codesin the intermediatefu-
sionnodesandeventuallythesourcenodes.Cyclesin theover-
lay network arehandledby eachnoderememberingf alaunch
requesthasalreadybeensentto the nodesthatit is connected
to.

The role of eachnodein the network canchangeover time
dueto both the applicationdynamicsaswell as healthof the
nodes.The placemenmoduleat eachnodeperformsperiodic
re-evaluationof its healthandthoseof its neighborsto deter
mineif thereis a betterchoiceof placemenbf the fusionfunc-
tions. The placementmodule requestghe fusion moduleto
affectany neededelocationof fusionfunctionsin the network.
Detailsof the placemenmoduleareforthcomingin Section4.

Thefusion moduleat eachnodeof the network retrievesthe

fusion function(s)to be launchedat this node. It is a space-
time trade-of to eitherretrieve a fusion function on-demand
or storethe codecorrespondingo all fusionfunctionsat every
nodeof thenetwork. Thelatterdesignchoicewill enablequick
launchingof afusionfunctionatany nodewhile increasinghe
spaceneedat eachnode.

3. DISTRIBUTED DATA FUSION SUPPORT

DFuseutilizes a packageof high-level abstractiongor sup-
portingfusionoperationsn stream-orientednvironments.This
packagecalledFusionChannelsis conceptuallyanguageand
platformindependent.

Datafusion, broadly de ned, is the applicationof an arbi-
trary transformatiorto a correlatedsetof inputs, producinga
“fused” outputitem. In streamingervironmentsthis is a con-
tinuousprocessproducinganoutputstreamof fuseditems. As
mentionedreviously, suchtransformationsanresultin theex-
pansioncontractionor statusquoin thedata o w rateafterthe
fusion. Notethata Iter function,takinga singleinput stream
andproducinga singleoutputstreamjs a specialcaseof such
atransformationWe assumehatfusionoutputscanbe shared
by multiple consumersallowing “f an-out”from afusionpoint,
but we disallov a fusion point with two or moredistinctoutput
streamsFusionpointswith distinctoutputstreamsanbe eas-
ily modeledastwo separatéusion pointswith the samenputs,
eachproducinga singleoutput. Note thatthe input of a fusion
pointmaybetheoutputof anotheifusionpoint, creatingfusion
pipelinesor trees.Fusioncomputationghatimplementcontrol
loopswith feedbaclkcreatecyclic fusiongraphs.

The FusionChannelgpackageaimsto simplify the applica-
tion of programmessuppliedtransformationso correlatedsets
of inputitemsfrom sequencethput streamsproducinga (pos-
sibly shared)output streamof “fused items” It doesthis by
providing a high-level API for creating, modifying, and ma-
nipulating fusion points that subsumesertainrecurringcon-
cerns(failure, lateng, buffer managemenprefetchingmobil-
ity, sharing,concurrenyg, etc.)commonto fusionervironments
suchassensonetworks. Only asubsebf thecapabilitiesn the
FusionChannelgpackagearecurrentlyusedby DFuse.

Thefusion API providescapabilitiesthatfall within thefol-
lowing generakateyories:

Structur e management This cateyory of capabilitiesprimar
ily handles’plumbing” issues.The fundamentabbstractiorin
DFusethat encapsulatethe fusion functionis called a fusion
channel A fusion channelis a named,global entity that ab-
stractsa setof inputsandencapsulatea programmeisupplied
fusionfunction. Inputsto a fusionchanneimay comefrom the
nodethat hoststhe channelor from a remotenode. Item fu-
sionis automaticandis performedaccordingto a programmer
speci ed policy either on request(demand-dsien, lazy, pull
model)or wheninputdatais available(data-drven,eagerpush
model).ltemsarefusedandaccessetly timestamgusuallythe
capturgime of theincomingdataitems).An applicationcanre-
questanitemwith a particulartimestampor by supplyingsome
wildcardspeci erssupportedy the API (suchasearliestitem,
latestitem). Requestganbeblockingor non-blocking.To ac-
commodatdailureandlatearriving data requestganincludea
minimumnumberof inputsrequiredandatimeoutintenal. Fu-
sion channelshave a x ed capacityspeci ed at creationtime.
Finally, inputsto a fusion channelcan themseles be fusion
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Figure2: (A) DFusearchitecture - a high-level view per node. (B) Fusion module components.

channelscreatingfusionnetworksor pipelines.

Correlation control: This cateyory of capabilitiesprimarily

handlesspeci cation and collection of “correlation sets” (re-

lated input items suppliedto the fusion function). Fusionre-

quiresidenti cation of a setof correlatednputitems. A sim-

ple schemas to collectinput itemswith identicalapplication-
speci ed sequence&umbersor virtual timestampgwhich may
or may not map to real-time dependingon the application).
Fusionfunctionsmay declarewhetherthey accepta variable
numberof inputs and, if so, indicate boundson the correla-
tion setsize. Correlationmay involve collecting several items
from eachinput (for example,atime-serieof dataitemsfrom

a giveninput). Correlationmay specifya given numberof in-

puts or correlateall arriving items within a given time inter-

val. Most generally correlationcan be characterizedy two

programmessuppliedpredicatesThe rst determinesf anar

riving item shouldbe addedto the correlationset. The second
determinesf thecollectionphaseshouldterminate passinghe

currentcorrelationsetto the programmessuppliedfusionfunc-

tion.

Computation management This cateyory of capabilitiespri-
marily handleshe speci cation, application,and migrationof
fusionfunctions.Thefusionfunctionis aprogrammeisupplied
code block that takes as input a set of timestamp-correlated
items and producesa fuseditem (with the sametimestamp)
asoutput. A fusion function is associatedvith the channel
whencreated.It is possibleto dynamicallychangethe fusion
functionafterchannekreationto modify the setof inputs,and
to migratethe fusion point. Using a standardr programmer
suppliedprotocol,afusionchannemaybemigratedondemand
to anothernode of the network. This featureis essentialfor
supportingthe role assignmenfunctionality of the placement
module. Uponrequestfrom anapplication,the stateof the fu-
sionchannelis packagedindmovedto the desireddestination
nodeby thefusionmodule.Thefusionmodulehandlesequest
forwardingfor channelghathave beenmigrated.

Memory Management This catgyory of capabilitiesprimar

ily handlesaching prefetchingandbuffer managemenflypi-

cally, inputsarecollectedandfused(on-demandyvhenafused
item is requested.For scalableperformancejnput items are
collected(requestedn parallel. Request®n fusion pipelines
or treesinitiate a seriesof recursve requests.To enhanceper

formanceprogrammersnayrequesttemsto beprefetchednd
cachedn aprefett buffer onceinputsareavailable. An aggres-
sive policy prefetcheqrequests)nputson-demandrom input

fusionchannelsBuffer managemerdealswith sharinggener

ateditemswith multiple potentialconsumeranddetermining
whento reclaimcachedtems’ space.

Failur e/latency handling: This category of capabilitiespri-
marily allows the fusion pointsto perform partial fusion, i.e.
fusion over anincompleteinput correlationset. It dealswith
sensorfailure and communicationlateny that are common,
and often indistinguishablejn sensometworks. Fusionfunc-
tions capableof acceptinga variable numberof input items
may specifyatimeoutontheinterval for correlationsetcollec-
tion. Latearriving itemsmay be automaticallydiscardecr in-
cludedin subsequentorrelationsets.If thecorrelationsetcon-
tainsfewer itemsthanneededby the fusion function, an error
eventoccursanda programmerssuppliederror handleris acti-
vated.Errorhandlersaandfusionfunctionsmayproducespecial
error itemsas outputto notify downstreamconsumerof er
rors. Fuseditemsinclude meta-datandicatingthe inputsused
to generatean item in the caseof partial fusion. Applications
mayusethestructuremanagemeniPI functionsto remove the
faulty inputif necessary

Status and feedbackhandling: This cateyory of capabilities
primarily allows interactionbetweerfusionfunctionsanddata
sourcesuchassensorshatsupplystatusnformationandsup-
portacommandset(for example activatingasensoor altering
its modeof operation suchdevicesareoftenacombinationof
a sensorfandan actuator). We have obsered that application-
sensorinteractionstend to mirror application-deice interac-
tions in operatingsystems. Sourcessuchas sensorsand in-
termediatefusion pointsreporttheir statusvia a “statusregis-



ter!” Intermediatdusionpointsaggrejateandreportthestatus
of their inputs alongwith the statusof the fusion point itself
via their respectie statusregisters.Fusionpointsmay poll this
register or accessts status. Similarly, sensorghat supporta
commandset(to alter sensomparameter®r explicitly activate
anddeactvate) shouldbe controllablevia a “command”regis-
ter. Thespeci c commandsetis, of course device speci ¢ but
the generaldevice driver analogyseemswell-suitedto control
of sensometworks.

4. FUSION POINT PLACEMENT

DFuseusesa distributedrole assignmenélgorithmfor plac-
ing fusionpointsin the network. Roleassignmenis amapping
from a fusion point in an applicationtaskgraphto a network
node.Thedistributedrole assignmenalgorithmis triggeredat
the root node. The inputsto the algorithmare an application
taskgraph(assuminghe sourcenodesareknown), acostfunc-
tion, andattributesspeci c to the costfunction. The outputis
anoverlay network that optimizestherole to be performedby
eachnodeof the network. The “goodness’of therole assign-
mentis with respecto theinput costfunction.

A network nodecanplay oneof threeroles:endpoint(soucce
or sink), relay, or fusionpoint[3]. An endpointcorrespondso
a datasourceor a sink. The network nodesthat correspondo
endpointsandfusionpointsmaynot alwaysbedirectly reach-
ablefrom oneanother In this casedataforwardingrelaynodes
may be usedto routemessageamongthem. Therouting layer
(Figure 2) is responsiblegor assigninga relay role to ary net-
work node. The role assignmenglgorithm assignsonly the
fusionpointroles.

4.1 PlacementRequirementsin WASN

Therole assignmenalgorithmhasto be awareof thefollow-
ing aspectof aWASN:

Node Heterogeneity A given nodemay take on multiple
roles. Somenodesmay be resourcerich comparedo others.
For example,a particularnodemay be connectedo a perma-
nentpower supply Clearly, suchnodesshouldbe given more
priority for takingon transmission-intenge rolescomparedo
others.

Power Constraint: A roleassignmenalgorithmshouldmin-
imize datacommunicatiorsincedatatransmissiorandrecep-
tion expendmorepower thancomputatioractivitiesin wireless
sensometworks [7]. Intuitively, sincethe overall communica-
tion costis impactedby the location of dataaggreators,the
role assignmenalgorithmshouldseekto nd asuitableplace-
mentfor thefusion pointsthatminimizesdatacommunication.

Dynamic Behavior: Therearetwo sourcesof dynamismin
a WASN. First, the applicationmay exhibit dynamismdueto
the physicalmovementof end points or changein the trans-
missionpro le. Second,therecould be nodefailuresdue to
ervironmentalconditionsor batterydrain. Sofar asthe place-
mentmoduleis concernedthesetwo conditionsareequialent.
In eithercasethealgorithmneedgso nd anew mappingof the
taskgraphontothe availablenetwork nodes.

LA registeris a communicatiorabstractiorwith processoreg-
ister semantics.Updatesoverwrite existing values,andreads
alwaysreturnthe currentstatus.

4.2 The Role AssignmentHeuristic

Our heuristicis basedn asimpleidea: rst performanaive
assignmenof rolesto the network nodesandthenallow every
nodeto decidelocally if it wantsto transfertherole to ary of
its neighbors Upon completionof the naive assignmenphase,
a secondphaseof role transferbegins. A nodehostingary fu-
sionpointrole,checksf oneof its neighbomodescanhostthat
role betterusinga costfunctionto determinghe“goodness’of
hostinga particularrole. If a betternodeis foundthenarole
transferis initiated. Sinceall decisionsaretakenlocally, every
nodeneeddo know only asmuchinformationasis requiredfor
determininghegoodnes®f hostingagivenrole for agivenap-
plicationtaskgraph.For example,if the costfunctionis based
upontheremainingpower level atthe host,every nodeneedgo
know only its own power level.

Naive TreeBuilding: Theprocedureof nding anaie role
assignmentanstartat ary node. For simplicity, let us sayit
startsat theroot node,a nodewherean enduserinteractswith
the system.The userpresentshe applicationtaskgraphto the
root node. The root nodedecidesif it wantsto hostthe root
fusion function of the taskgraphbaseduponits available re-
sources.If theroot nodedoeshostthe root fusion function, it
delggatesthe task of further building the sub-treesunderthe
root of the task graphto its neighbors,elseit delegatesthe
building of completetreeto one of its neighbors. For exam-
ple, considerthe casewherethe root nodedecidesto hostthe
root fusion function. In this case,if the root fusion function
hastwo inputsfrom two otherfusion points,theroot nodedel-
egatesthe two subtreespne correspondingo eachof the in-
put fusion points, to two of its neighbors. For the delegation
of building subtreesthe root nodeselectstwo of its “richest”
neighbors. Theseneighborsare chosenbasedupon their re-
portedresourcesThe choserdelegatenodeshuild thesubtrees
following a proceduresimilarto theoneattheroot. Thisrecur
sive tree building endswhenthe input to the fusion pointsare
dataproducemodeg(i.e. sources)The completionnoti cation
of thetreebuilding phaserecursiely bubblesup the treefrom
thesourcedo theroot.

Note that, during this phase differentfusion points are as-
signedto distinctnodeswheneer possible.If therearenot as
mary neighborsas neededor delegation of the subtreesthe
delggating node assumesnultiple roles. Also, even the data
producingnodesaretreatedsimilar to the non-producingnodes
for the role assignmenfpurposein this phase. During later
phasesa costfunctiondecidesf multiple fusionpointsshould
be assignedo the samesensomodeor if datasourcesshould
notbeallowedto hosta fusionpoint.

Optimization Phase After completionof thenaie treebuild-
ing phasetheroot nodeinformsall othernodesin the network
aboutthe startof the optimizationphase. During this phase,
every nodehostinga fusion pointrole is responsibldor either
continuingto play that role or transferringthe role to one of
its neighbors.The decisionfor role transferis taken solely by
the fusion nodebaseduponlocal information. A fusion node
periodicallyinformsits neighborsaboutits role andits health
— anindicator of howv goodthe nodeis in hostingthat role.
Uponreceving sucha messagea neighboringnodecomputes
its own healthfor hostingthatrole. If the receving nodede-
terminesthatit canplay therole betterthanthe senderthenit
informsthesendelfusionnode)of its own healthandits intent
for hostingthatrole. If theoriginal senderecevesoneor more



intentionrequestdrom its neighborstherole is transferredo
the neighborwith the besthealth. Thus,with every role trans-
fer, the overall healthof the overlay network improves. Ap-
plication datatransferstartsonly after the optimizationphase
to avoid possibleenegy wastagein an unoptimizednetwork.
DFuseusesathird maintenanc@hasethatworkssimilarto the
optimizationphase(samerole transfersemantics) Detailsare
presentedn Sectionb.

4.3 SampleCostFunctions

Healthof anodeis quanti ed by anapplication-suppliedost
function. Thechoiceof theparticularsetof parameterto usein
a costfunctiondepend®nthe gure of meritthatis important
for theapplicationathand.

We describdour samplecostfunctionsbelav. They aremo-
tivatedby recentworks on powver-aware routing in mobile ad
hocnetworks[14, 9]. The healthof anodek to runfusionrole
f is expresseasthe costfunctionc(k; f ). A fusionnodecom-
paresits own healthwith the reportedhealthof its neighbors,
andit doesthe role transferif thereis an expectedhealthim-
provementthatis beyond a threshold. Note that the lower the
costfunctionvalue,the betterthe nodehealth.

Minimize transmission cost- 1 (MT1): This costfunction
aimsto decreas¢he amountof datatransmissiorrequiredfor
running a fusion function. Input dataneedsto be transmitted
from sourcego thefusionpoint, andtheoutputdataneeddo be
propagatedo theconsumenodegpossiblyacrosshops).For a
fusionfunctionf with minputdatasourcegfan-in)andn output
dataconsumergfan-out) thetransmissiorcostfor placingf on
nodek is formulatedas:

m

emta(k;f) = t(sourcg) hopCount(input;;Kk)
i=1

n
+ t(f) hopCount(k;output;)
j=1
Here, t(x) representshe transmissiorrate of the datasource
x, andhopCount (i; k) is thedistance(in numberof hops)be-
tweennodei andk.

Minimize power variance (MPV): This costfunctiontriesto
keepthe power of network nodesat similarlevels. If power (k)
is theremainingpower atnodek, the costof placinganyfusion
functiononthatnodeis:

cm pv (K) = 1=power(k)

Minimize ratio of transmission costto power (MTP): This
costfunction aimsto decreaséoth the transmissiorcostand
lower the differencein the power levels of thenodes.Theintu-
ition hereis thatthe costre ects how long a nodecanrun the
fusionfunction. The costof placingafusionfunctionf onnode
k canbeformulatedas:

emtr (K f)=cura(k;f) ompv(K)

Minimize transmission cost- 2 (MT2): This costfunction
is similar to MT1, exceptthat now the costfunction behaes
like a stepfunction baseduponthe nodes power level. For a
powerednode thecostis sameascw 11(k; f ), butif thenodes
power level goesbelav a threshold,thenits costfor hosting

ary fusionfunctionbecomesn nity . Thus,if a fusion point's
power level goesdown, arole transferwill happenevenif the
transferdeteriorateghe transmissiorcost. The costfunction
canberepresenteds:

cut2(k;f) = (power(k) > threshold) ?

(emra(k;f)

4.4 Heuristic Analysis

For the classof applicationsand environmentsthatthe role
assignmenalgorithmis targeted the healthof the overall map-
ping canbe thoughtof asthe sumof the healthof individual
nodeshostingthe roles. The heuristictriggersa role transfer
only if thereis arelative healthimprovement. Thus, it is safe
to saythatthe dynamicadaptationshattake placeimprove the
life of the network with respecto the costfunction.

Theheuristiccouldoccasionallyresultin therole assignment
gettingcaughtin alocal minima. However, dueto the dynamic
natureof WASN andthere-evaluationof thehealthof thenodes
at regular intenvals, suchoccurrencesvill be shortlived. For
example,if “minimizetransmissiortost(MT1 or MT2)' is cho-
senasthe costfunction,andif the network is caughtin alocal
minima,thatwouldimply thatsomenodeis losingenepy faster
than an optimal node. Thus, one or more of the suboptimal
nodeswill die causingthe algorithmto adaptthe assignment.
This behaior is obseredin reallife aswell andwe shaw it in
the evaluationsection.

Thechoiceof costfunctionhasadirecteffect on the beha-
ior of the heuristic. We examinethe behaior of the heuristic
for acostfunctionthatuseswo simplemetrics:(a) simplehop-
countdistanceand(b) fusiondataexpansionor contractionin-
formation.

Theheuristicleadsmainly to two typesof role transfers:

Linear Optimization: If all theinputsto a fusion nodeare
comingvia arelaynode(Figure3A), andthereis datacontrac-
tion at the fusion point, thenthe relay nodewill becomethe
new fusion node,andthe old fusion nodewill transferits re-
sponsibilityto thenew one(Figure3B.) In this casethefusion
point is moving away from the sink, and comingcloserto the
datasourcepoints. Similarly, if the outputof thefusionnodeis
goingto arelay node,andthereis dataexpansionthenagain
therelaynodewill actasthenew fusionnode.In this casethe
fusionpointis comingcloserto thesinkandmoving awvay from
thedatasourcepoints.

Triangular Optimization: If therearemultiple pathsfor in-
putsto reacha fusion point (Figure 4A), andif thereis data
contractionat the fusion node, then a triangularoptimization
canbe effected(Figure4B) to bring the fusion point closerto
the datasourcepoints. The fusion point will move alongthe
input paththatmaximizesthe sasings. In the event of dataex-
pansionatthefusionpoint, thenext dovnstrearmodefrom the
fusionpointin the pathtowardsthe sinkswill becomethe nev
fusionnode.Theoriginal fusionpointwill simplyactasarelay
node.

INFINITY)

5. IMPLEMENT ATION

DFuseis implementedas a multi-threadedruntime system,
assumingnfrastructuresupportor timestampinglataproduced
from differentsensorsandareliabletransportayerfor moving
datathroughthe network. Multi-threadingthe runtime system
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enhancespportunitiedor parallelismin datacollectionandfu-
sionfunctionexecutionfor streamingasks.Theinfrastructural
assumptionsanbesatis edin variousways.As we mentioned
in Section3, the timestampsassociatedvith the datacanbe
virtual or real. Virtual timestampinghas several advantages,
the mostimportantof which is the factthat the timestampcan
seneasavehiclefor propagatinghecausalitypetweerraw and
processedatafrom agivensensorBesidesyirtual timestamps
allows anapplicationto choosethe granularityof real-timein-
tenval for chunkingstreamingdata. Further the runtimeover-
heads minimizedsincethereis norequirementor globalclock
synchronizationmaking virtual time synchrowy attractie for
WASN. For transportgiventhe multi-hop network topologyof
WASN, amessagindayerthatsupportsadhocroutingis desir
able.

AssumingaboveinfrastructuresupportimplementingDFuse
consistoof thefollowing steps:

1. Implementinga multi-threadedarchitecturefor the fu-
sionmodulethatsupportghebasicfusionAPI calls(Sec-
tion 3), andthe other associatedptimizationssuchas
prefetching;

2. Implementingthe placementmodule that supportsthe
role assignmentasks(Sectiord); and

3. Interfacingthetwo moduledfor bothinstantiatingheap-
plicationtaskgraphandinvoking changesn the overlay
network duringexecution.

The infrastructuralrequirements&re metby a programming
systemcalledStamped€¢l13, 2]. A Stampedg@rogramconsists
of adynamiccollectionof threadscommunicatingimestamped
dataitemsthroughchannels Stampedelsoprovidesregisters
with full/lemptysynchronizatiorsemanticgor inter-threadsig-
naling and event noti cation. Thethreadschannelsandreg-
isterscanbe launchecarywherein the distributedsystem,and

theruntimesystentakescareof automaticallygarbagecollect-
ing thespaceassociateavith obsoletdtemsfrom thechannels.
ThoughStampede messagindayerdoesnot supportadaptve
multi-hop ad hocrouting, we adopta novel way of performing
the evaluationwith limited routing support(Section6). For the
easef evaluation,we have decoupledhefusionandplacement
moduleimplementationsTheir interfaceis a built-in commu-
nication channeland a protocol that facilitatesdynamic task
graphinstantiatiorandadaptatiorusingthe DFuseAPI. Trans-
missionratesexhibited by the applicationarecollectedby this
interfaceandcommunicatedo the placemenmodule.

5.1 Data Fusion Module

We have implementedhe fusionarchitecturan C asalayer
on top of the Stampedeuntime system. All the buffers (in-
putbuffers, fusionbuffer, andprefetchbuffer) areimplemented
as Stampedechannels. Since Stampedechannelshold times-
tampeditems, it is a straightforvard mappingof the fusionat-
tribute to the timestampassociatedvith a channelitem. The
StatusandCommandegistersof thefusionarchitecturareim-
plementedisingthe StampedeegisterabstractionIn addition
to theseStampedehannelsandregistersthathave a directre-
lationshipto the element®f the fusionarchitecturetheimple-
mentationusesadditionalStampedehannelsandthreads.For
instance thereare prefetchthreadsthat gatheritemsfrom the
input buffers, fusethem,andplacethemin the prefetchbuffer
for potentialfuturerequestsThis featureallows lateng hiding
but comesat the costof potentiallywastednetwork bandwidth
andhenceenepy (if the fuseditem is never used). Although
this featurecanbe turnedoff, we leave it on in our evaluation
andensurethat no suchwastefulcommunicatioroccurs. Sim-
ilarly, thereis a Stampedehannelthat storesrequestghatare
currently being processedy the fusion architectureto elimi-
nateduplicationof work.



The createFC call from an applicationthreadresultsin
the creationof all the abore Stampedebstractionsn the ad-
dressspacewherethe creatingthreadresides.An application
cancreateary numberof fusionchannelgmodulosystemim-
its) in ary of the nodesof the distributed system. An at-
tachFC call from anapplicationthreadresultsin the applica-
tion threadbeingconnectedo the speci ed fusion channelfor
getting fuseddataitems. For efcient implementationof the
getFCltem call, a pool of worker threadss createdn each
node of the distributed systemat applicationstartup. These
worker threadsare usedto satisfy getFCltem requestsfor
fusion channelscreatedat this node. Sincedatamay have to
be fetchedfrom a numberof input buffersto satisfythe get-
FCltem requestoneworker threadis assignedo eachinput
buffer to increasethe parallelismfor fetching the dataitems.
Oncefetchingis complete the worker threadrejoinsthe pool
of freethreads.The worker threadto fetchthe lastof thereq-
uisite input itemsinvokes the fusion function and putsthe re-
sulting fuseditem in the fusion buffer. Thisimplementatioris
performance-conscious two ways: rst, thereis no duplica-
tion of fusionwork for the samefuseditem from multiple re-
questerssecondfusionwork itself is parallelizedat eachnode
throughtheworker threads.

The durationto wait on an input buffer for a dataitem to
be availableis speci ed via a policy ag to the getFCltem
For example,if try_for_time.delta policy is speci ed, thenthe
worker threadwill wait for time deltaon theinput buffer. On
the otherhand, if blodk policy is speci ed, the worker thread
will wait on the input buffer until the dataitem is available.
The implementatioralso supportspartial fusionin casesome
of theworker threadsreturnwith an errorcodeduring fetch of
anitem. Taking careof failuresthroughpartialfusionis avery
crucial componenbf the modulesincefailuresanddelayscan
becommonin WASN.

As we mentionedearlier Stampededoesautomaticrecla-
mation of storagespaceof dataitemsin channels.Stampede
garbagecollection usesa global lower boundfor timestamp
valuesof interestto ary of theapplicationthreadgwhichis de-
rivedfrom aperthreadstatevariablecalledthreadvirtual time).
Our fusion architectureimplementatiorleverageshis feature
for cleaningup the storagespacein its internaldatastructures
(which arebuilt usingStampedeabstractions).

5.2 PlacementModule

Theplacemenmoduleimplementations anevent-basedim-
ulation of the distributedheuristicfor assigningroles(Section
4) in thenetwork. It takesanapplicationtaskgraphandthenet-
work topologyinformationasinputs,andgeneratesn overlay
network, whereineachnodein the overlayis assighe@unique
role of performinga fusion operation. It currentlyassumesn
ideal routing layer (every nodeknows a route to every other
node)and an ideal MAC layer (no contention). It shouldbe
notedthatary behaior differentfrom thisidealonecanbeen-
coded,if necessaryin anappropriatecostfunction. Similarly,
ary enhancemerih theinfrastructurecapabilitiessuchasmul-
ticastcanalsobe capturedn anappropriatecostfunction.

The placemenmodulerunsin threephasesgachfor a pre-
de ned duration.Theapplicationis instantiatednly attheend
of thesecondphase Thethreephasesre:

1. Naive treebuilding phase:This phasestartswith regis-
tering the “build naie tree” event at the root nodewith

the applicationtaskgraphastheinput. In this phasethe

taskgraphis simply mappedo thenetwork startingfrom

the root node (or the setof sinksin the task graph)as
describedn Section4, disregardingcostfunction eval-

uation. At the end of this phase therewill be a valid,

thoughnakie, role assignmentEvery nodewill know its

role,if ary, andit will know theaddressesf theproducer
andconsumenodescorrespondingo its role.

2. Optimizationphasein this phasetheheuristicrunswith
acost-functiorbaseduponthehop-couninformationand
fusionfunctioncharacteristi¢dataexpansioror contrac-
tion) at the fusion points. The applicationhasnot yet
beenlaunched. Thereforethe nodesdo not have actual
datatransmissiorratesto incorporateinto the costfunc-
tion. Thenodesexchangethehop-counandfusionchar
acteristicsinformation frequentlyto speedup the opti-
mization,andleadto aninitial assignmenof rolesprior
to launchingthe application.

3. Maintenancephase:This phasebehaessimilarly to the
optimizationphasewith the differencethat the applica-
tion is actuallyrunning. Thereforethe costfunctionwill
userealtransferratesfrom the differentnodesin possi-
bly changingherole assignmentdn principle,we could
have moved directly from the rst phaseto this phase.
The reasonfor the second(optimization)phaseprior to
applicationstartupis to avoid excessie enegy drainwith
actualapplicationdatatransmissionseforethe network
stabilizesto aninitial good mapping. The frequeny of
roletransferequesbroadcast thethird phasés atun-
ableparameter

During the optimization phase,the cost function usesthe
fusion function characteristicsuchas dataexpansionor con-
traction. If suchinformationis not available for a role, then
datacontractionis assumedy the placementmodule. If there
aremultiple consumergor dataproducedat somefusionpoint,
thenit is tricky to judgeif thereis an effective dataexpansion
or contractionat suchnodes. Evenif the fusion characteristic
indicatesthatthereis datacontractionjf the samedatais to be
transmittedto more than one consumereffectively theremay
be dataexpansion.Also, if two or moreconsumersrewithin
a broadcastegion of the fusion point, thena single transmis-
sionmaysufce to transporthe datato all the consumersand
thiswill lesserthe effect of the dataexpansion.However, these
effectsareaccountablén the costfunction.

6. EVALUATION

We have performedan evaluationof the fusion and place-
mentmodulesof the DFusearchitectureattwo differentlevels:
micro-benchmarkto quantifytheoverheadf theprimitive op-
erationsof the fusion API including channelcreation,attach-
ments/detachmentsnigration, and I/O; ability of the place-
ment moduleto optimize the network given a cost function.
The experimentalsetupusesa setof wirelessiPAQ 3870srun-
ning Linux “familiar” distribution version0.6.1togetherwith
a prototypeimplementatiorof the fusion modulediscussedn
section5.1.

6.1 Fusion APl Measurements

Figure5 shaws the costof the DFuseAPI. In part(a), each
API costhas3 elds - local, ideal, and APl overhead Local
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Figure5: (a) FusionChannel APIs' cost(b) Fusion channelmigration (moveFC) cost

Round | Msgoverhead Round | Msg overhead
API Trips (bytes) API Trips (bytes)

createFC 3 596 getFClitem (1K)-010 6 3112
destroyFC 5 760 getFClitem (10)-001 10 1738
attachFC 3 444 getFCltem (1K)-001 10 4780
detachFC 3 462 getFCltem (10)-012 10 1738
putFCitem (10) 1 202 getFCltem (1K)-012 10 4780
putFCltem (1K) 1 1216 consumeFCltem 2 328
getFCltem (10)-011 4 662 moveFQL2R) 20 4600
getFCltem (1K)-011 4 1676 moveFQ(R2L) 25 5360
getFCitem (10)-010 6 1084 moveFQR2R) 25 5360

Table 1: Number of round trips and messageoverhead of DFuse. SeeFigure 5 for getFCltem

legends.

costindicatesthe lateny of operationexecutionwithout ary
network transmissiorinvolved, ideal costincludesmessaging
lateng only, andAPI overheads the subtractionof local and
ideal costsfrom actualcoston the iPAQ farm. Ideally, the re-
motecallis thesumof messagingateny andlocal cost. Fusion
channelscanbe locatedanywherein the sensometwork. De-
pendingon thelocationof thefusionchannek input(s),fusion
channel,andconsumer(s)the minimum costvariesbecauset
caninvolve network communicationsgetFCltem isthemost
comple casehaving four differentcon gurationsandcostsin-
dependentf theitem sizesbeingretrieved. For part(a), wecre-
atefusionchannelswvith capacityof tenitemsandoneprimitive
Stampedehannelasinput. Reportedatenciesarethe average
of 1000iterations.

On our iPAQ farm, netperf[12] indicatesa minimum UDP
roundtriplateng of 4.7ms andfrom 2-2.5Mbpamaximumuni-
directional streamingTCP bandwidth. Table 1 depictshow
mary roundtrips arerequiredandhow mary bytesof overhead
exist for DFuseoperationson remotenodes.Fromthesemea-
surementsye shav messagindateny valuesin Figure 5(a)
for ideal casecostson the farm. We calculatetheseideal costs
by addinglateny perroundtrip andthe costof the transmis-
sion of total bytes,presuming2Mbpsthroughput. Comparing
theseideal costsin Figure5(a)with the actualtotal costillus-

and moveFC con guration

tratesreasonableverheador our DFuseAPI implementation.
Themaximumcostof operationson a local nodeis 5.3ms.For

operationson remotenodes,API overheads lessthan74.5%
of theidealcost. For operationsvith morethan20msobsered

lateng, API overheads lessthan53.8%of theidealcost. This

gure alsoillustratesthatmessagingonstituteghe majority of

obseredlateny of APl operation®n remotenodes.Notethat

idealcostsdo notincludeadditionalcomputatiorandsynchro-
nizationlatenciesgncurredduringmessagéandling.

The placemenmodulemay causea fusion point to migrate
acrossnodesin the sensorfusion network. Migration lateng
dependsupon mary factors: the numberof inputs and con-
sumersttachedo thefusionpoint, therelative locationsof the
nodewheremoveFCis invokedto the currentandresultingfu-
sionchannelandamountof datato be moved. Our analysisin
Figure5(b) assumes singleprimitive stampedehannelinput
to the migrating fusion channel,with only a singleconsumer
Part (b) shareghe sameideal costcalculationmethodologyas
part(a). Our obsenrationsshav that migration costincreases
with numberof inputitemsandthatmigrationfrom aremoteto
aremotenodeis morecostly thanlocal to remoteor remoteto
local migrationfor a x ednumberof items. Reportedatencies
areaveragesover 300iterationsfor part(b).
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Figure6: The network traf ¢ timeline for differ ent costfunctions. X axis shows the application runtime and Y axis showsthe

total amount of data transmissionper unit time.

6.2 PlacementAlgorithm Measurements

To verify the designof the fusion module and placement
algorithm, we have implementedhe tracler application(Fig-
urel) usingthefusion APl anddeplo/edit ontheiPAQ farm.

0 ! 0 )
g z ? )

-]
IX 1 X1
-]
[X 1 X1
B
IX 1 X1

Src.

Figure 7: iPAQ Farm Experiment Setup. An arrow repre-
sentsthat two iPAQs are mutually reachablein onehop.

Figure7 shavs the topologicalview of theiPAQ farmused
for the tracker applicationdeployment. It consistsof twelve

iPAQ 3870scon guredidenticallyto thosein themeasurements
abore. NodeO, wherenodei is the iPAQ correspondingdo ith
nodeof thegrid, actsasthe sink node.Nodes9, 10,and11 are
theiPAQsactingasthedatasourcesThelocationof Iter and
collage fusionpointsareguidedby the placemenmodule.

The placemenmodulesimulatorrunson a separatalesktop
in synchroy with the fusion module. At regular intenals, it
collectsthe transmissiordetails (numberof bytesexchanged
betweerdifferentnodes)rom thefarm. It usesa simplepower
model(discussedater) to accountfor the communicatiorcost
andto monitorthe power level of differentnodes.If the place-
mentmoduledecidedo transferafusionpointto anothemode,
it invokesthemoveFCAPI to effecttherole transfer

For transmissiomates we have tunedthetracker application
to generatalataat consistentatesasshavn in Figure 1, with
x equalto 6KBytesperminute. Thisis equivalentto ascenario
wherecamerasscanthe ervironmentonceevery minute, and
produceimagesrangingin sizefrom 6 to 12KBytesaftercom-
pression.

Thenetwork is organizedasthe grid shavn in Figure7. For
ary two nodestheroutingmodulereturnsthe pathwith amin-
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Figure 8: Comparison of differ ent costfunctions. Application runtime is normalized to the bestcase(MT2), and total remain-

ing power is presentedasthe percentageof the initial power.

imum numberof hopsacrosspowerednodes. To accountfor
power usageat differentnodes,the placemenimoduleusesa
simpleapproach.It modelsthe power level at every node,ad-
justingthembasedupontheamountof dataa nodetransmitsor
receves. The paver consumptioncorrespond$o ORINOCO
802.11bPC card speci cation[1]. Our currentpover model
only includesnetwork communicationcosts. After nding a
naive tree,the placementlgorithmrunsin optimizationphase
for two secondsThelengthof this periodis tunableandit in-
uencesthe quality of mappingat the endof the optimization
phase Duringthis phasefusionnodeswake up every 100msto
determinef role transferis indicatedby the costfunction. Af-
ter optimization,the algorithmrunsin maintenanc@haseuntil
thenetwork becomegragmentedsomeconsumecannotreach
oneof its inputs). During the maintenanc@haserole transfer
decisionsareevaluatedevery 50 secondsTheroletransfersare
invoked only whenthe healthimprovesby athresholdof 5%.

Figure6 shawvs the network traf ¢ perunit time (sumof the
transmissiomateof every network node)for the costfunctions
discussedh Section4.3. It compareshenetwork trafc for the
actualplacementvith respecto the bestpossibleplacemenbf
thefusionpoints(bestpossibleplacements found by compar
ing thetransmissiortostfor all possibleplacements)Notethat
the applicationruntime canbe increasedy simply increasing
theinitial power level of the network nodes.

In MT1, thealgorithm nds alocally bestplacemenby the
end of optimizationphaseitself. The optimizedplacemenis
only 10% worsethanthe bestplacement.The sameplacement
continuesto run the applicationuntil one of the fusion points
(onewith the highesttransmissiomate)dies,i.e. theremaining
capacitypbecomedessthan5% of theinitial capacity If we do
not allow role migration,the applicationwill stopat thistime.
But allowing role migration,asin MT2, enableghe migrating
fusion point to keeputilizing the power of the available net-
work nodesin thelocally bestpossibleway. Resultsshav that
MT2 providesmaximumapplicationruntimethatis morethan
twice aslong asthatfor MT1. Theobserednetwork trafc is
atmost12%worsethanthebestpossiblefor the rst half of the
run, andit is sameasthe bestpossiblerate for the latter half
of the run. MPV performsworst, while MTP hascompara-
ble network lifetime asMT2. Figure6 alsoshavs thatrunning

the optimizationphasebeforeinstantiatingthe applicationim-
provesthetotal transmissiomateby 34%comparedo thenaive
placement.

ThoughMPV doesnot provide comparablygood network
lifetime (Figure6B), it providesthebest(least)power variance
comparedo othercostfunctions(Figure8A). SinceMT1 and
MT2 drainthe power of fusion nodescompletelybeforerole
migration,they shawv worst power variance.Also, the number
of role migrationsis minimumcomparedo othercostfunctions
(Figure8B). Theseresultsshav thatthe choiceof costfunction
shouldbedependentiponapplicationcontext andnetwork con-
dition. If, for anapplication,role transferis complex and ex-
pensve, but network power variances notanissue thenMT2
shouldbepreferred However, if network power varianceneeds
to be minimizedandrole transferis inexpensve, MTP should
be preferred. Simulationresultsfor othertaskgraphcon gu-
rationshave beenfoundto provide similar insightinto the cost
functions'behaior.

6.3 Discussion

By runningtheapplicationandrole assignmenmodulessep-
arately we have simpli ed our evaluationapproach.This ap-
proachhassomedisadwantagesuchaslimited ability to com-
municatecomplex resourcemonitoring results. Transferring
every detail of the running statefrom the fusion module to
theplacemenmoduleis prohibitive in our decoupledetupdue
to theresultingnetwork perturbation.Suchperturbationgven
whenminimal stateis beingcommunicatedetweerthe mod-
ules, prevents accuratenetwork delay metric usagein a cost
function. However, our simpli ed evaluationdesignhasal-
lowed us to rapidly build prototypesof the fusion and place-
mentmodules.

7. RELATED WORK

Datafusion,orin-network aggr@ation,is awell-knowvn tech-
niguein sensometworks. Researchexperimentshave shavn
thatit savesconsiderabl@mountof powver evenfor simplefu-
sionfunctionslike nding min, maxor averagereadingof sen-
sors[11, 8]. While theseexperimentsandothershave motivated
the needfor a goodrole assignmenapproachthey do not use
adynamicheuristicfor therole assignmenandtheir staticrole



assignmenapproactwill notbeapplicableto streamingmedia
applications.

DFuseemplas a scriptbasednterfacefor writing applica-
tions over the network similar to SensorVere[4]. SensorVire
is a framework for programmingsensometworks, but its fea-
turesare orthogonalto what DFuseprovides. Speci cally, 1)
SensorVdredoesnotemploy ary stratgy for assigningolesto
minimize the transmissiorcost, or dynamicallyadaptthe role
assignmenbasedon availableresourceslt leavesthe onusto
the applications.2) SinceDFusefocuseson providing support
for fusionin thenetwork, theinterfaceto write fusion-baseap-
plicationsusingDFuseis quitesimplecomparedo writing such
applicationsin SensorVdre. 3) DFuseprovides optimizations
like prefetchingandsupportfor buffer managemenivhich are
notyet supportedyy otherframavorks. Otherapproachedike
TAG [11], look at a sensometwork as a distributed database
andprovide a query-basednterfacefor programmingthe net-
work. TAG usesan SQL-like querylanguageandprovidesin-
network aggregationsupportfor simpleclasse®f fusionfunc-
tions. But TAG assumes static mappingof rolesto the net-
work, i.e. aroutingtreeis built basedon the network topology
andthequeryin hand.

Recentresearchin powver-aware routing for mobile ad hoc
networks [14, 9] proposegpower-aware metricsfor determin-
ing routesin wirelessad hocnetworks. We usesimilar metrics
to formulatedifferentcostfunctionsfor our DFuseplacement
module. While designinga power-aware routing protocol is
notthefocusof this paperwe arelooking into how therouting
protocolinformation canbe usedto de ne more e xible cost
functions.

8. FUTURE WORK

We planto extendour work in two directions:extendingthe
fusion API to accommodatenoreapplicationsandfurtherex-
ploring the role assignmentlgorithm behaior and capabili-
ties. DFuseassumeghat the addresse®f the data sources
areknown at querytime. This assumptiormay be a limiting
assumptiorfor mary applicationswheredatasourcesare un-
known at querytime. We are exploring differentways of ex-
tendingDFuseto handlesuchdata-centricqueries. One pos-
sible approachis to have an interest-disseminatiophasebe-
fore the naie treebuilding phaseof the role assignmenalgo-
rithm. During this phase the interestsetof individual nodes
(for speci c data)is disseminatedasis donein directeddif-
fusion. When the exploratory sourcepaclets reachthe sink
(root nodeof the applicationtaskgraph),the sourceaddresses
areextractedandrecordedfor later usein otherphaseof the
role assignmenglgorithm. We plan to studythe role assign-
mentbehaior in the presencef nodemobility and/orfailure.
We expectfutureiterationsof this algorithmto gracefullyadapt
fusion point placementsn the presenceof mobility and fail-
uresasis donecurrentlyto consere power. The costfunction
mayneedto includeparameterpertainingto mobility andnode
failures.We would alsolik e to investigatecostfunctionsexten-
sionsto includecross-layeinformation (suchas placemenbf
relaynodes)o furtherimprove fusionpoint placement.

9. CONCLUSION

As theform factorof computingandcommunicatinglevices
shrinksandthe capabilitiesof suchdevicescontinueto grow, it
hashecomeeasonabléo imagineapplicationshatrequirerich

computingresourcesodaybecomingviable candidategor fu-

ture sensometworks. With this futuristic assumptionye have

embarled on designingAPIs for mappingfusion applications
suchasdistributedsuneillanceon wirelessad hoc sensomet-

works. We argue that the proposediramevork will easethe

developmentof complex fusion applicationsfor future sensor
networks. Our framevork usesa novel distributedrole assign-
ment algorithm that will increasethe applicationruntime by

doing power-aware,dynamicrole assignmentWe validateour

argumentshy designinga sampleapplicationusingour frame-
work andevaluatingthe applicationon aniPAQ basedsensor
network testbed.
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