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uCast:Uni�ed ConnectionlessMulticast for Energy
Ef�cient ContentDistribution in SensorNetworks

Qing Cao,Tian He, Member, IEEE, andTarekAbdelzaher, Member, IEEE

Abstract— In this paper, we presentuCast, a novel multicast
protocol for energy ef�cient content distrib ution in sensor net-
works. We designuCast to support a large number of multicast
sessions,especiallywhen the number of destinations in a session
is small. In uCast, we do not keepany state information relevant
to ongoingmulticast deliveries at intermediate nodes.Rather, we
dir ectly encodethe multicast information in the packet headers,
and parsetheseheadersat intermediate nodesusinga scoreboard
algorithm proposedin this paper. We demonstrate that 1) uCast
is powerful enough to support multiple addressingand unicast
routing schemesand 2) uCast is robust, ef�cient and scalablein
the faceof changesin network topology, suchasthoseintr oduced
by energy conservation protocols.We systematicallyevaluate the
performanceof uCast thr ough simulations,compare it with other
state-of-the-art protocols, and collect preliminary data fr om a
running systembasedon the Berkeley motes platform.

Index Terms— Sensor networks, multicast, content distrib u-
tion.

I . INTRODUCTION

Recentwork hasarticulatedtheuniquechallengesof sensor
networks that stemfrom their resourcelimitations. In this pa-
per, we studythe implicationsof suchlimitationson multicast
protocols.In particular, we addressthe problemof designing
protocolsto supporta largenumberof smallmulticastgroups,
wherethenumberof destinationsin a singlesessionis limited.

There are many applicationsof small-groupmulticast in
sensornetworks. For example,in a typical directory service,
suchasthe protocoldescribedin [16], eachnodeperiodically
updatesa smallsetof othernodes(nameddirectoryservers in
[16]) with its location.Therefore,onenodeneedsto multicast
information to several destinationnodes,which form a small
group. Furthermore,when multiple nodesuse the directory
service,they will generatemany small-groupmulticast ses-
sions.Anothercommonexampleinvolvesdata-centricstorage
(DCS) [21], [24]. Onekey componentof someDCSprotocols
is the use of GeographicHash Tables (GHT). GHT hashes
keys, usually the namesof data or events, into geographic
coordinates.It then storesthe valuesat the nodethat is geo-
graphicallynearestto the hashvalue of the key. Usually, the
datastorageprotocolsuggeststhat the key-valuepairsshould
be storedat multiple locationsfor robustness.Therefore,such
protocolsnaturallyrequirea small-groupmulticastsessionfor
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eachstorageoperation,andmany multicastsessionsfor storing
a large amountof data.

Providing a small-groupmulticast service in sensornet-
works is complicatedby several uniquechallenges.Onechal-
lenge is that sensornodesare extremely energy-constrained.
Consequently, sensornetworks generallyemploy energy con-
servation protocols,which usually allow individual nodesto
switchbetweensleepandwake states.Therefore,thetopology
of sensornetworks changesdynamicallyat a high rate,which
poses unique requirementson the multicast service. Any
protocolthatrelieson certainmulticaststructuresto keepstate
information,suchasmulticasttree routing tables,mustadapt
thesestructuresto topology changes.This performanceissue
hasbeenlargely overlookedin thedesignof currentmulticast
protocols.

Another challenge in multicast design is that there are
many unicast routing protocols to interface with in sensor
networks. In fact, thereis no consensuson which one is the
best.The choice of unicastprotocol usually dependson the
particularapplication.For example,whengeographiclocation
information is readily available for eachnode,several well-
known routing protocols that take advantageof geographic
informationareappropriate[4], [12], [14]. On theotherhand,
when thereis no geographicinformation available,protocols
basedon certain topology encodingsare preferred[5], [20],
[18]. Becauseof the wide rangeof unicastchoices,it is un-
desirableto designmulticastprotocolsthat make assumptions
regarding the particularunicastservice,since that will limit
theapplicability of the multicast.On the otherhand,it is also
not useful for the multicastto provide a routing servicefrom
scratch,since doing so will lead to considerablefunctional
overlapwith unicastprotocols.

To addressthesetwo challenges,we presenta multicast
protocol that is both general(supportsmultiple unicastpro-
tocols by using a uni�ed interface) and robust (tolerant to
topological changesby providing a connectionlessservice).
We call this protocol uni�ed connectionlessmulticast, or
uCast.To thebestof our knowledge,uCastis the�rst protocol
speci�cally optimized for small-groupmulticast sessionsin
sensornetworks.We now give a moredetailedexplanationof
the two featuresof uCast.

The �rst featureis that uCastcan supportmultiple unicast
routing protocols through a uni�ed interface. In this sense,
uCastis a modularextensionto the underlyingunicastlayer.
In fact, it can extend any unicastrouting protocol as long as
this unicastcanexport a commoncomparisoninterface,which
allowsacomparisonoperationbetweentwo next-hopnodesfor
thesamedestinationto determinewhich oneis better(in terms
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of somenotionof cost). We implementeduCaston topof three
unicastroutingprotocolswith differentaddressingschemesto
prove our point.

The secondfeature is that uCast is tolerant to topology
changescausedby energy saving protocols.To achieve this,
uCastdoesnot keep any multicast-speci�cstateat interme-
diate nodes.Instead,uCast dynamically decidesthe multi-
cast delivery path at each intermediatenode basedonly on
local topology information and the comparisoninterface as
discussedearlier. Since local information is much easierto
reconstructupon topological changesthan a superimposed
global multicast overlay, uCast is much more adaptableto
unpredictablechangesin network connectivity than previous
multicastprotocols.

The rest of the paperis organizedas follows. We outline
relatedwork in SectionII. We discussthe detailsof uCastin
SectionIII. In SectionsIV andV, we reportsimulationsbased
and real platform basedresults.At last, we provide further
discussionsandconclusionsin SectionVI.

I I . RELATED WORK

A. Multicast

Multicast is a classicaltopic in networking. Interestingly,
we �nd only a few multicast protocolsdesignedfor sensor
networks. Multicast protocolsdevelopedfor ad-hocnetworks
and for the Internet cannot be easily applied in the sensor
networks domain.In the following, we survey threedifferent
types of multicast; namely, multicast protocols for sensor
networks, ad-hocnetworks and the Internet.

Onecategory of sensornetwork multicastis calledgeocast.
It considersthe scenario where multicast destinationsare
located within a boundedgeographicalarea.Representative
work includes [13], [17]. Anothermulticastcategory is called
spatiotemporalmulticast,or mobicast[10]. Mobicastfeatures
a moving zoneof multicastdestinations.Thegoal is to deliver
packetsjust in time to this zonefor trackingpurposes.Another
category [1] studiesmulticastfor datacachingandplacement.
It focuseson usingmulticasttreesfor asynchronouslyupdated
data deliveries. Yet anotheris called TTDD [30], which is
optimized for mobile sinks. It usesa grid structure,coupled
with localized�ooding to track mobilesinks.Theseprotocols
do not consider the effect of topology changesintroduced
by energy conservation protocols,nor are they designedto
handlethe small-groupmulticast scenarios.Further, noneof
theseprotocolstakesinto accountthecompatibility issuewith
unicastprotocols.Therefore,they areusually implementedin
isolation from the unicastrouting protocolsthat are already
availableandoftenprovideunicastasa specialcase[13], [17].
This redundancy is not desirable.Since the memory size of
currentsensornetwork nodesis extremely limited (4K bytes
on Mica2/MicaZ), it is not useful to have functional redun-
dancy betweendifferentroutingservices.Fromthis viewpoint,
theseprevious multicast protocols are different from uCast
in their lack of compatibility with multiple unicast routing
protocols.Therefore,we do not compareuCastwith them in
this paper.

Many multicast protocols are developed for ad-hoc net-
works.Representative approachesincludemulticast-treebased

(Multicast AODV [22]), meshbased(CAMP [7]), andgroup
based(ODMRP[15]) protocols.However, theseprotocolscan
not be easily applied to sensornetworks becausethey all
rely on preestablishedoverlays.Theseoverlaysareassociated
with considerablesignalingcosts.Therefore,they areusually
too expensive to reconstructin the faceof frequenttopology
changes,such as those introduced by energy conservation
protocolsin sensornetworks. Further, since they are usually
designedfor mobilenodes,suchaslaptops,thataremuchmore
powerful thansensornodes,they areusuallytoo heavy-weight
to implementin sensornetworks.

At last, we also �nd many multicastprotocolsfor IP net-
works in Internet literature.Representative protocolsinclude
IGMP [6], Xcast [3], [2], [25] and DVMRP [23]. Among
theseprotocols,Xcast [3], [2], [25] is the most relevant to
our work in that, similarly to ours, it encodesthe desti-
nation list into packet headers.Our work is different from
Xcast in two aspects.First, Xcast relies on routing tables
at intermediatehops to decide the packet �o w. In contrast,
we do not assumeany particular routing structure,such as
a routing table. Second,Xcast can only work with a single
unicastrouting protocol.Therefore,if the underlyingrouting
protocol modi�es the structure of the routing table, Xcast
has to be modi�ed as well. Thus, it is impractical to build
a multicast layer for wirelesssensornetworks using Xcast.
We overcomethis problem by designing uCast on top of
thecommoncomparisoninterfaceexportedby any underlying
unicastlayer. This designchoiceessentiallydecouplesuCast
from the underlying unicast routing details and leads to a
generalizedand �e xible servicethat is signi�cantly different
from Xcast.

Basedon this survey, we consideruCast as a necessary
complementto previous protocols. Primarily, our work is
targetedat the small groupmulticastscenarios.Conceptually,
the applicationdomainof uCastis shown in Figure11.

Fig. 1. Application Domainof uCast

As shown in Figure 1, as the numberof membersfor a
particularmulticastsessionincreases,or the traf�c persession
increases,the averagecostper memberdecreasesfor connec-
tion basedprotocols,becausethe signalingcostbecomesless
signi�cant. This implies that connectionbasedprotocolsare
more suitable for long-term large-scalemulticast. However,
when the numberof membersis small and the traf�c is low,

1The curve shown is only conceptualand helps the understandingof the
applicationdomainof uCast.It doesnot re�ect any quantitative results.
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thecorrespondingapplicationdomaincanbe characterizedby
spontaneous,short-termcontentdelivery requestswithin small
groups.Theexpectedcostpermemberwill increasedueto the
signalingcost of connection-basedmulticast.When the cost
per memberis higherthana certainthreshold,uCastbecomes
moreef�cient andpreferable.

B. Unicast

We brie�y survey differentunicastprotocolsin this section.
Later, we shall explain how uCast extends each of them.
We discussunicast protocols accordingto their addressing
schemes, (i.e., modelsfor addressingindividual nodesin the
routing structure).We classify currentaddressingschemesin
sensornetworks into three broad domains:identi�er based,
geographicallocationbasedandnetwork encodingbased.

Identi�er basedaddressingis inherited from general ad
hoc networks. In this scheme,nodesare addressedby their
identi�ers. Representative routing protocols of this type in-
clude thosedesignedfor ad-hocnetworks, suchas DSR [11]
and AODV [22]. One commonalityof this type is that since
identi�ers essentiallyprovide no informationregardingtopol-
ogy, protocols in this type often require a �ooding stage
to �nd routes.Another commonality is that nodesneed to
keeprouting tables.The next hop for datadelivery is usually
decidedby a table look-up operation.

Geographicallocation basedaddressingis anotherscheme
primarily usedfor sensornetworks. In this scheme,individual
nodesare assumedto be location aware either throughGPS
or through some localization algorithm [8]. Geographical
locations can be directly used for routing purposes,since
they approximatethe relative topology of sensor network
nodes.Representative protocolsinclude GFG [4]/GPSR[12],
GEDIR [26], LAR [14], etc. Theseprotocolsno longer need
�ooding to �nd routes. Usually only local neighborhood
information is neededto make routing decisions.

Several recentlyproposedprotocolsfall into a new (third)
category, we call network-encoding-basedaddressing.Thekey
idea is to encodetopology information into node identi�ers.
Such identi�ers can be directly used for routing, thereby
avoiding the expensive �ooding process.Several network
encodingschemeshavebeenproposed,suchasvirtual location
basedgeographicalrouting [20], relative logical coordinate
basedrouting (LCR) [5] andgraphembeddingbasedrouting
(GEM) [18]. Since protocols basedon network encodings
do not require physical location information, they are good
complementsfor the �rst two typesof protocols.

I I I . UNIFIED CONNECTIONLESS MULTICAST (UCAST)

We �rst presentour assumptions.As discussedearlier, we
design uCast to support multiple unicast routing protocols.
Therefore,we only make minimal assumptionsregardingthe
unicast routing layer. Speci�cally, we do not assumeany
distanceinformation,or particularcon�guration of therouting
table.On the otherhand,in order to avoid functionaloverlap
with theunicastlayer, we introduceaninterfacethatwe expect
the underlyingunicastto export. We demonstratethat this is
feasiblein practice,andrequiresminimal or no changesto the
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Fig. 2. The ScoreboardAlgorithm

existingunicastroutingprotocols.As examples,we implement
suchan interfacefor threedifferentunicastrouting protocols
in SectionV.

The interface is de�ned as a pairwise comparisonin the
following manner:

Function: Compare(NODE N1,NODE N2,NODE DESC)
Return Type: NODE(N1 or N2)

In this interface,N1 and N2 are candidatenodesthat lead
to node DESC. The interface comparesthese two nodes,
and returns the better candidate.In the following, we say
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the returnednode is “closer” to the destination.Of course,
“closer” is usedonly metaphorically. We do not make any
assumptionson semanticsof distanceor on the way the
comparisoninterfaceis implementedin the unicastlayer.

A. uCastDesign

We now describethe design of uCast. The core of the
protocol is the scoreboard algorithm, which is executedat
eachintermediatenodealong the contentdelivery path. The
algorithm takes the list of destinationsand all the neighbors
of the current node as input, and outputsthe multicast task
allocation, which is the list of next hop nodesthat should
receive and forward the multicastpacket. Using this output,
the currentnodegeneratesone or more packets as required,
and forwards thesepackets to the next-hop neighbors.This
processcontinuesuntil all destinationsreceive the multicast.

So how doesthe algorithm work internally? The detailed
pseudocodeof thescoreboardalgorithmis shown in Figure2.
As the �rst step, the algorithm considersthe destinations
one by one. For eachdestination,it appliesthe comparison
interfaceto determinewhich neighborsare “closer” than the
currentnode.Thoseneighborsaresaidto cover thisdestination
andgetonescorepoint. Whenall destinationsareconsidered,
the neighbornode that has the highestscoreis chosenas a
forwardingcandidate.Whenmultiple neighbornodessharethe
samescore,the algorithm breaksthe tie either by randomly
choosingonenodeor by using nodeID. Next, the algorithm
recordsand removes the neighborwith the highestscore,as
well asthosedestinationsthathave beencoveredby this node,
from the next roundof comparisons.This comparison-select-
removal processcontinuesuntil all destinationsare covered.
At this point, the preliminaryneighborselectionis complete.
The resultsetof candidateneighborsis calledthe forwarding
candidateset.

Next, thealgorithmbeginsto furtheroptimizethecandidate
set. For eachdestination,it comparesevery pair of nodesin
the forwarding candidateset to determinethe closestnode.
Thisnodeis assignedthecorrespondingdestinationnode.Note
that this node may not be the one that initially covered the
destination.After this step,somenodesin the forwardingset
may not be assignedany destination.They areremoved from
the forwarding candidateset. The remainingnodesform the
optimizedcandidateset,and eachnodein this set getsa list
of assigneddestinations.The resultingsetandthe destination
assignmentconstitutethe �nal outputof the algorithm.

B. DesignDiscussion

We now discussseveral tradeoffs in the algorithm. First,
we discussthe performanceimplications of the scoreboard
algorithm. Since it is greedy by nature, it remainsunclear
how close to optimal it is. We provide an analysison this
topic. Second,uCastusespacket headersto enumeratedesti-
nations.Therefore,thereis a limit on themaximumnumberof
destinationsthat onepacket canaddress.We describeseveral
possiblesolutionsto this problemanddiscusstheir effectson
our protocol.

1) Analysis on the Greedy Neighbor Selection: In this
section,we show by simulationsthatour scoreboardalgorithm
is very ef�cient at minimizing the numberof branchesin the
multicasttree,hencereducingits cost.Recall that we always
selectthe node with the highestscorein the neighbortable
until all destinationsare covered.We now show that this ap-
proachis approximatelyasgoodas�nding a minimal cover of
destinationsat eachhop.Sincechoosingthe minimal cover is
thewell-known setcover(SC)problemwhich is NP-Complete,
solutionsto it do not scalewith the neighbortablesize.Gen-
eral greedyselectionapproachesfor SC problemsguarantee
an approximationratio of 1 + ln(maximal subsetsize) [19]
(here,approximationratio refersto the ratio betweenthe size
of the subsetselectedby the greedy algorithm to the size
of the subsetselectedby the locally optimal minimal cover
algorithm).In practice,we show that thescoreboardalgorithm
is muchcloserto theoptimal casethanwhat is guaranteedby
the generalapproximationbound.

Note, however, that although we use the minimal cover
techniqueas the comparisonbaseline,this techniqueis not
globally optimal. In fact, �nding the globally optimal tree
is another NP-completeproblem, namely, the Steiner tree
generationin graph theory. Becauseof the large numberof
nodes,theglobally optimal treestructurecannot begenerated
in a reasonableperiod of time. Thereare, of course,various
heuristic techniquesto constructapproximateSteiner trees.
However, constructing these trees is not practical in real
implementationseither becausethis processrequiresglobal
topologyinformation.In realsensornetworks,eachnodeonly
has local topology information. Therefore,we compareour
scoreboardalgorithm with the minimal set cover algorithm
becausebothof themonly requirelocal topologyinformation.

In simulations,we deploy nodes with a communication
rangeof 50m in a region of 500m � 500m. We place the
sourcenodeat (250; 250) and multicastpackets to six nodes
locatedat theboundaryof theregion within a maximumangle
of sixty degrees.The packets need to be relayed at least
six hops, thereby ensuringthat different neighbor selection
approacheswill have an effect. The density of the network
increasesfrom 18 to 26 nodesper communicationrange.We
deliberatelychoosea relatively high densityso that the size
of neighbor tables is large, therebyemphasizingthe effects
of different neighbor selection strategies. Each scenariois
tested100 rounds.We ensurethat exactly the sametopology
is replayedfor the minimal cover selectionand the greedy
selection(the scoreboardalgorithm),respectively. The results
areshown in Figure3.

In this �gure, we usetheaveragenumberof packetssentin
oneround,plottedon theY axis,to comparetheperformances
of different neighbor selection strategies. We observe that
the differencebetweenthe minimal cover and the scoreboard
algorithmscanbe neglected.In fact, sincethe minimal cover
neighborselectionat each hop is not globally optimal, we
�nd that the scoreboardalgorithmsometimesperformsbetter
(globally) that the local optimum. Therefore,we conclude
throughthesesimulationsthat the scoreboardalgorithm is at
leastasgoodastheminimal cover neighborselectionstrategy.

A further implication of this neighborselectionstrategy is
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Fig. 3. Algorithm Optimality Analysis

thatwhenthedestinationsareclustered,usuallyonly onenode
or two will beselectedasthenext hop,sincethey areexpected
to get the most scores.Therefore,uCast has the tendency
to minimize branchesand reduce potential for congestion.
Moreover, since uCast does not incur state reconstruction
overheadwhentopologychanges,it furtherdecreasesnetwork
load. Hence,uCastreducespotential for network congestion
(althoughit doesnot explicitly performany typeof congestion
control).

2) Discussionon the effects of DestinationEncoding: In
our design,we list all multicastdestinationsin packet headers.
This design choice posesa limit on the maximum number
of destinationsa single packet can address.In this section,
we discussthreepossibletradeoffs to mitigate the scalability
problemintroducedby this designchoice.

First, asthe radio on sensornodesbecomesmorepowerful
(for example, from CC1000on Mica nodesto CC2420on
MicaZ nodes),it is likely thatnodeswill sendlongerpacketsin
thenext-generationsensornetworks.Further, new sensorssuch
as video camerasnaturally require long packets to transmit
images.In such cases,it will not be a problem to encode
all destinationsinto the packet headers.Second,insteadof
enumeratingall destinations,we cancompressthe destination
list before storing it. This approachexchangescomputation
time for storagespace.In the casewhere the spacelimit is
severe, the designermay switch to this approachfor better
performance.At last, nodescan employ in-network aggrega-
tion techniquesto furtherreducetheeffectsof destinationenu-
meration.More speci�cally, afteronenodesendsout a packet
containingall destinations,it canfollow upwith a trainof pure
datapacketswhichdo not containany destinationinformation.
To achieve this, certain synchronizationand retransmission
mechanismsmay be employed to guaranteecorrectness.This
train of packets that sharethe samedestinationlist can be
viewed asa single large packet at the receiver side.

Having said that, we emphasizethat uCastis designedfor
small-groupmulticast.We expect the numberof destinations
to be small. Therefore,encodingall destinationsinto packet
headerswill not be a problem.

IV. PERFORMANCE EVALUATION OF UCAST

We now presentthe performanceevaluationof uCast.We
areprimarily interestedin threeaspects:the energy ef�ciency
of uCast,its interactionwith energy conservation protocols,
andits integrationwith differentunicastroutingprotocols.We
observe that theperformanceof uCastis considerablyaffected
by the positionsof the destinationnodes(how clusteredthe
destinationsare and how far away they are from the source
node).Therefore,we �rst presenta parameterizeddestination
placementmodel to control the above attributes. We then
evaluatethe performanceof uCastusing this model.
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Fig. 5. DestinationPlacementModel

To demonstratethe performanceadvantageof uCast,we
compareit to connection-basedprotocols.The baselinesin-
clude ShortestPath Tree (SPT), Greedy IncrementalTree
(GIT), and plain unicast.In SPT, we assumethat the source
nodesendspacketsalongthe shortestpathsto all destinations
and aggregatescommonpaths to form a tree structure.We
select SPT becauseit is the backbonetree structure used
in several representative connectionbasedmulticast proto-
cols [22]. GIT is anotherselectedbaseline.The construction
processof GIT is centralizedand requires full knowledge
of the topology. It proceedsas follows. First, we connect
the sourcenode with the nearestdestinationvia a shortest
path. This path forms a partially completedtree structure.
Then,we �nd the nearestdestinationnodeto the existing tree
and connectthis node to the closestnode in the structure.
We iteratively �nd the next nearestnode in the remaining
destinationsandconnectit until all destinationsareconnected.
Clearly, eachstep requiresglobal topology information, and
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the constructionprocessis quite computationallyintensive.
Therefore,GIT is notapplicablefor sensornetworks.However,
previous literaturehaspointedout that a GIT tree is usually
very compact,implying that if we deliver packetsalongsuch
a tree,we maydistributedatain fewer hopscomparedto other
treestructures.Therefore,we usethe GIT structureasa best-
casebaselinefor comparison.

A. TheDestinationPlacementModel

We describethedestinationplacementmodelin this section.
We �rst give an intuitive explanationon why this model is
important for the performanceevaluationof uCast.Consider
the two scenariosin Figure 4. Intuitively, using multicast in
region A savesmoreenergy than in region B comparedwith
using unicast, becausethe destinationsare more clustered
in region A. Our model is designedto characterizesuch
differences.It presentsfour parametersof destinationplace-
mentthathave effectson the performanceof multicast.These
parametersmodel a minimal pie-shapedregion that contains
the destinationsand the source,as shown in Figure 5. The
parametersare the angle of dispersion(AOD); the radius,
which correspondsto the farthest distanceone destination
can be positioned from the source node; the density, i.e.,
the numberof nodeswithin a communicationrange;and the
numberof destinationnodes.We note that if we set AOD as
2� andtherangelargeenough,our modeldefaultsto a random
placementmodel.In the following simulations,oncethepolar
angleis set, the distancesof nodesfrom the sourceconform
to a uniform distribution.

Fig. 6. Impactof AOD on Energy Consumption

Unlessotherwisestated,the default parametersare as fol-
lows. The communicationrangeis 50m, the areais 500m �
500m, the density is 20 nodes per communicationrange,
AOD is 90 degrees,the number of destinationsis 10, and
the radius of the pie shapedarea is 250m. A total of 636
nodesaredeployed by default. The datarate is 6 packetsper
minute, except Section IV-C, where multiple data rates are
tested.In SectionIV-B, we simulatedfor 100 packets (about
16 minutes).In SectionIV-C, we simulatedfor 120 minutes.
We selecteddifferent time lengths becausethe evaluation
purposesare different. We assumethat each node has the
sametransmissionpower level. The simulationsare done in
the Glomosim[28] environment.

Fig. 7. Impactof Numberof Destinationson Energy Consumption

Fig. 8. Impactof Rangeon Energy Consumption

B. Energy Ef�ciency

In this section,we comparethe energy ef�ciency aspectof
uCastwith other multicast protocols.To accuratelyestimate
energy consumption,we usethe parametersof MicaZ nodes
(one of the most advancedsensornetwork nodescurrently
available) in energy consumptionsimulations.More specif-
ically, energy is consumedon both sending and receiving
packets. According to the data sheetof the CC2420 radio
on MicaZ [27], sending and receiving have current levels

Fig. 9. Impactof Densityon Energy Consumption
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Fig. 10. Impactof AOD on Path Length
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Fig. 11. Impactof Densityon Path Length

of 17:4mA and 18:8mA, respectively. The voltagesupply is
assumedto be 3V, and the datarate is 250kbps. Packetsare
assumedto have a payloadof 20 bytes,andeachdestination
requires4 bytesin theheader. We donotconsiderthesignaling
cost of connectionbasedprotocols,since the impact of this
costdependson how thespeci�c protocolis implementedand
how frequentlythe topologychanges.The key metric we use
is the total energy consumption,in joules, for sending100
packets to all destinationsfrom the source.
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Fig. 12. Impactof TogglePeriodon Delivery Ratio

Fig. 13. Impactof Scaleon Delivery Ratio
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Fig. 14. Control Packets of SPTmulticastwith rangeof 250m

We begin with a staticnetwork topology. Observe that this
is not thescenariouCastis optimizedfor. Themainadvantage
of uCastlies in its robustnessto topologicaldynamics.Hence,
our objective from usinga static topology is to show that we
do not degradethe performanceby removing multicaststate
when the network is static. Later, we shall presentthe key

Fig. 15. Control Packets of SPTmulticastwith rangeof 500m
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Fig. 16. Impactof TogglePeriodon Delivery Ratiowith a HigherDataRate

advantagesof uCastby consideringtopologychanges.
In the following simulations,uCastis integratedwith geo-

graphicalforwarding,a commonlyemployed unicastprotocol
in sensor networks. The common comparisoninterface is
implementedby returning the node that is geographically
nearerto the destination.When a local minimum is reached,
uCastleveragesthe GPSR[12] traversingtechniqueto handle
nodes in the LocalMinimum set. Since there are no state
transitionsin this experiment,no routing layer route repairs
areneeded.

Figures6 through9 show the impactof the four destination
placementparameterson multicast performance.Based on
these results, we have several observations. First, observe
that uCastperformsbetter than SPT in these�gures, except
Figure9, wherethetraversingtechniqueof GPSRsigni�cantly
increasesthe path length. Also observe that as we expected,
GIT performsbetterthan uCast.We note that the prohibitive
constructioncost of GIT makes it unsuitablefor sensornet-
works andhenceit is not a contenderin practice.

Figure 9 is especiallyinteresting.In this case,both uCast
andunicastincreasinglyturn to theGPSRtraversingtechnique
to deliver packetsaroundvoids, which degradestheir perfor-
mance.Consideringthat practicalsensornetworksareusually
deployed with a suf�ciently high densityto ensurecoverage,
topology voids are not common.Furthermore,the designer
may decide to incorporateadaptive featuresinto multicast,
wheretheapplicationshave theoptionto switchfrom uCastto
SPTwhenthe densitybecomesextremelylow. Therefore,we
concludethat our statelessmulticastgenerallydoesnot incur
a performancepenaltycomparedto statefulapproacheseven
whenthe network is static.

Figure 10 and Figure 11 show the comparisonresultsof
theaveragepathlength.Due to theeffect of pathaggregation,
we observe that uCastand GIT deliver packets along longer
routes comparedwith SPT and unicast. This is intuitive,
sinceSPT and unicasttypically �nd near-optimal paths.The
increasein the path length meansthat uCast may have a
slightly higherend-to-enddelay. Sincethe main constraintin
sensornetworks is the limited energy supply, we believe that
increasingpathlengthsto save total energy consumptionis an
acceptablecompromise.An operatorwouldwelcomeaslightly
longer latency for eachpacket in exchangefor a signi�cantly

extendednetwork lifetime.

C. Impactof Topological Changes

In this section, we evaluate uCast in the presenceof
topologicalchanges.Suchchangesare introducedby energy
saving protocolsthat turn nodesinto and out of sleepstates.
We expect that in this case,the advantagesof uCastshould
dominate.

We usethreeparametersof energy conservingprotocolsto
evaluatethe multicastperformance:

� ToggleCycle: ToggleCycle is the time interval between
consecutive transitionsinto the sleepstateby individual
nodes.This parameterre�ects the frequency at which
thestateinformationkeptby intermediatenodesbecomes
invalid. As thefrequency goeshigher, theperformanceof
statebasedmulticastprotocolsshoulddrop accordingly.

� Scale:Scalerefersto thesizeof themulticastarea.As the
sizescalesup, theimpactof topologicalchangesbecomes
moresigni�cant andthe reconstructioncostgoeshigher.
As a result,we expectthattheperformanceof statebased
multicastprotocolswill drop with a larger scale.

� Packet Delivery Rate:Anotherparameterthat we change
is the packet delivery rate. We use two such rates in
our experiments,6 packets per minute and 12 packets
per minute, respectively. Observe that theseare source
packets. If a multicast is sent to 10 destinations,and
there are four hops on the way to each, up to 480
packets are generatedper minute in the network, which
is acceptablefor sensornetwork applications.We do not
choosehigher ratesbecausewe observed a higher level
of radiocongestion,which would typically be avoidedin
a practicalscenario.

In the simulation setting, we place the source node at
(0; 0), andlet it periodicallydeliverpacketsto tendestinations
with an AOD of 90 degrees.The total simulatedtime is 120
minutes.Othersettingsare left at the default.

The energy conservation model we use is random sleep
scheduling.For example,in Figure12, 10% sleepscheduling
with a 10 secondstoggle period meansthat one nodesleeps
for one second in every ten seconds.Each node has the
sametoggle period.We assumethat thereis no coordination
betweennodes,sincethis is themodelthat canbemosteasily
implementedin sensornetworks. It is alsothe foundationof a
variety of othermorecomplex sleepschedulingprotocols[9],
[29].

We compareuCast with SPT in this section. We don't
include GIT becauseit is computedin a centralizedmanner
and it has a prohibitively high computationalcost in the
presenceof topologicalchanges.

Figure12 and13 show the performanceevaluationresults.
These two experimentsare carried out for a data rate of
6 packets per minute. The comparisonresults demonstrate
the superiorityof statelessmulticast in the presenceof node
state transitions.More speci�cally, we have the following
observations.

First, asthe toggleperiodsbecomeshorter, we observe that
the delivery ratio for SPT multicast degradesconsiderably.
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For example,when nodesuse a toggle cycle of 10 seconds
and sleep20% of the time, only aroundhalf of all packets
successfullyarrive at the destinationsusing the SPT tree for
multicast.On the otherhand,we observe that uCastachieves
a delivery ratio of around96%, enoughfor commonmulticast
purposes.We attribute the superiorperformanceof uCastto
its statelessness.

Second,we observe from Figure 13 that connectionbased
multicastarelessscalablecomparedwith uCast.This is quite
intuitive in that as the multicast rangescalesup, it is more
likely for one node on the tree to a enter sleepingstatefor
energy conservation purposes.Therefore, there is a higher
probability for a packet delivery sessionto encountera state
loss.

Onetentative solutionto �x thestatelossproblemfor state
basedprotocols is to let the last node that has successfully
receivedthepacket locally reconstructtheSPT, onceit detects
that the next hop hasentereda sleepingmode.This approach
will guaranteethat the SPT achieves a 100% delivery ratio.
However, this approachis quite expensive. We implemented
this tentative patchfor SPT and recordedhow many control
packets are sent out to reconstructthe SPT structure.The
resultsare plotted for two different multicast ranges,250m
and500m, respectively, asshown in Figure14 and15.

Figures 14 and 15 demonstratethat even with only 100
packets sent from the source,thereare usually thousandsof
controlpacketsrequiredto locally rebuild thetree.Thereason
is that when a state transition occurs for a node that was
initially in the SPT tree structure,it can no longer forward
packets from its upstreamnodes. Therefore, the upstream
nodemust initiate a �ooding processto try to locatethe next
downstreamnode available. In our simulation, we �nd that
this upstreamnodesusually needsto �ood packets to two-
hop neighbors,while in rare cases,three-hopneighborsare
needed.Therefore,even if the tree structureis only partially
broken, the �ooding processgeneratesa considerableamount
of traf�c. Of course,othermodi�cation possibilitiesalsoexist,
suchasenforcingthatnodesshouldnot go to sleepwhenthey
arein multicastsessions.However, doingso incursnon-trivial
reductionsin energy savings. On the otherhand,uCasthasa
signi�cantly smalleroverhead,becauseit doesnot needany
controlpacketsto handleindividual nodestatetransitions.We
acknowledgethat uCastdoeshave additionaloverheadin the
form of destinationlists in the packet headers.This overhead,
however, is usuallyquite small whenonly a few destinations
need to be enumerated.We shall considerthis overheadin
the experimentsbasedon a realistic testbedin SectionV, and
show that it doesnot have a signi�cant effect on theef�ciency
of uCast.

Figure 16 studiesthe effect of the increaseddata rate, in
which we changethe datarate to 12 packetsper minute.We
can observe a slight decreasein the delivery ratio, compared
with Figure 12. As expected,the advantagesof uCast still
dominate.

D. Integration of uCastwith UnicastProtocols

Anothergoal of uCastis to interfacewith differentunicast
protocols. We implementeduCast on top of three unicast

protocols:geographicalforwarding, logical coordinatebased
routing andgraphembeddingbasedrouting. In eachof them,
we madeno changesto the existing unicastprotocolsother
than extendingthem to provide the commoncomparisonin-
terface.In this section,we �rst describehow we implemented
the commoncomparisoninterface,followed by performance
comparisonsbasedon simulations.

For the geographicforwardingrouting protocol,we imple-
mentedthe comparisoninterfacebasedon physical distance
comparisons.More speci�cally, the interfacereturnsthe node
that is nearerto the destination.The secondrouting proto-
col we use is the logical coordinatebasedrouting protocol
(LCR) [5]. LCR useshop countsto a few landmarksfrom
each node as its logical coordinatevector. Basedon these
vectors,LCR also provides a de�nition of logical distances.
In the comparisoninterface,we simply comparethe logical
distancesfrom nodesN 1 and N 2 to node DEST, and the
nodewith the smallerdistanceis returnedby the interface.

The way we implementedthe compareinterfacein Graph
EmbeddingbasedRouting (GEM) [18] is a little more com-
plex. In GEM, one node is chosenas the root. GEM then
constructsa tree structureand assignsa (level, angle) com-
bination to eachnodebasedon its topologicalposition. The
assignedcombinationformsa uniqueidenti�er for eachnode.
GEM thendeliverspacketsusing this treestructurebasedon
considerationsof both the level and the angleof eachnode.
Interestingly, GEM hasnode�nition of distance.Therefore,we
usedboththelevel andtheangleinformationto implementthe
comparisoninterface.More speci�cally, whencomparingtwo
nodes,we followedthesameprocedureastheroutingprocess
in GEM: if one node is the parentor the offspring of the
destinationnodein the treestructure,andif the othernodeis
not, thentheparent/offspringnodeis returnedby theinterface;
if both nodesare parent/offspring nodes,then the nodewith
a level nearer to the destinationis returned;if both nodes
are not parent/offspring nodes,then the node with a nearer
anglerangeis returned.Theoreticallythis approachguarantees
100%delivery ratio if all nodesin thesamelevel areperfectly
aligned.

Fig. 17. Impactof AddressingSchemeson Traf�c

Figure 17 shows the performanceevaluation results of
runninguCaston the threeaforementionedunicastprotocols.
We observe thatbothgeographicforwardingbasedandlogical
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Fig. 18. Implementationof uCastprotocol
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Fig. 19. uCastinterfacein NesCde�nition

coordinatesbasedrouting appearquite similar in their perfor-
mances.However, uCastbasedon GEM shows quitedifferent
performancecharacteristics.We attribute suchdifferencesto
the more convoluted delivery pathsin GEM, which increase
path lengthsconsiderably. Another way to explain the differ-
encesis thatboth logical coordinatesandphysicalcoordinates
arebasedon Cartesian-like coordinateframeworks,which are
considerablydifferent from GEM, whoseidenti�ers aremore
like polar coordinates.

We didn't implementuCaston identiferbasedunicastrout-
ing protocolslike DSR.In suchprotocols,a look-upoperation
is usedto returnthenext nodeon thepathto thedestinations.
The implementationof thecompareinterfaceis thereforevery
straightforward:it simply returnsthenext hopnodefor a given
destinationfrom the look-up table,and this nodewill always
percolateto thetop andbechosenasthebestcandidatenode.

V. IMPLEMENTATION ON SENSOR PLATFORM

To investigatethe performanceof the uCastprotocol in a
running system,we implementedit on the MICA2 platform.
Thecodesizeis 992bytes.As shown in Figure18, we bridge
theuCastprotocolwith theunderlyingunicastroutingprotocol
(GeographicForwarding) using the uCast2uniCastinterface
(the NesCde�nition of this interfaceis shown in Figure19).
In this interface de�nition, the compare() commandis the
mandatorypart of the interface for node comparison.The
getN eighborTable() commandis optionally provided.

In the experiment,we useda testbedof 25 MICA2 motes
(5 by 5). Figure 20 shows the experimentalsettingand data
delivery traces.We conductedthreesetsof experiments,with
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Fig. 20. The prototypeexperimenttraces
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Fig. 21. The PerformanceComparison

3 or 5 destinationnodesselectedin each set. We plot the
multicasttracesandunicasttracesin this �gure. All dataare
gatheredfrom real tests.For multicasttraces,we useforking
pointsto representthepositionswheredataaresentto multiple
receivers.

We now comparethe energy consumptionof uCast and
unicast.We use the parametersof MICA2 motes:the send-
ing current is 21:5mA; the receive current is 7:4mA; the
bandwidth is 19:2K bps; each node has a 3V supply; each
packet containsa 12 byte payload.We then calculateenergy
consumptionof different data distribution approachesusing
theseparametersandplot theresultsin Figure21.Observethat

Fig. 22. ExperimentalcomparisonbetweenuCastanduniCast
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in thesethree settings,uCast signi�cantly decreasesenergy
consumptioncomparedto unicast.Furthermore,if wecompare
Scenario1 and Scenario2, we notice that as the numberof
destinationsincreases,uCast saves more energy. The same
observation also holds when the destinationsbecomemore
clustered,asfrom Scenario2 to Scenario3. Theseobservations
areconsistentwith our analysisin SectionIV.

At last, we study a more generalizedscenario. In this
experiment,the sourcenode 0 delivers data packets period-
ically to three randomly selecteddestinations.We compare
the total numberof packet transmissionsin uCastto unicast.
Again, we use geographicforwarding as the basic unicast
routing protocol. A total of 300 packets are delivered and
the recordeddataload for eachnodeis plotted in Figure22.
We observe a considerablyreduceddata load for uCast. In
fact, uCast reducesthe total number of data transmissions
by 45:7% comparedto unicast.Therefore,we concludethat
uCastexhibits a very satisfactoryenergy ef�ciency for content
delivery in realisticexperiments.

VI . CONCLUSIONS

In this paper, we presenteduCast,a uni�ed connectionless
multicastprotocol for sensornetworks. The designof uCast
is motivated by the problem that state basedprotocols can
not adaptef�ciently to the network dynamicsintroducedby
energy conservationprotocols.We designedandimplemented
uCaston top of three different unicast routing protocols to
show that it is generic.Several conclusionsare drawn from
our evaluationand comparisons.First, uCast is generallyas
ef�cient as connectionbasedmulticastprotocols,even when
the network is static. Second,the connectionlessnature of
uCastmakesit more robust in the faceof network dynamics.
Finally, uCastcanbe easily implementedon differentunicast
routing protocols. The implementationof uCast on a real
testbedalsosupportsour conclusions.
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