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1 Intr oduction

1.1 SensorNetworks

Theemerging �eld of sensornetworksrepresentsanew domainof applicationsandnetworks.Thestandard
modelconsistsof a setof very small sensornodes, eachwith very limited resources(KBs of memory, a
few MIPS,8-bit CPU).Thesenodesmaybescatteredabout;eachtakesperiodicreadingsof its environment
usingsomeparticularsensor–e.g.,temperatureor humidity–andrelaysthat informationvia a multihopad-
hocnetwork to abasestation. Thebasestationis assumedto beapowerful (saylaptop-class),trustednode
thatdoesaggregationandotherprocessing.

Powermanagementis of considerableimportancein thesensorregime:networksareexpectedto lastfor
monthsor yearswithout batteryreplacementor charging. Sincethesensors'radiosareoftenthedominant
consumerof energy, it is vital thatwe limit theiruse:energy maybesavedby turningtheradiooff whenit is
notneeded.Thustwo key challengesareminimizingidle listening, listeningwhennomessageis beingsent,
andminimizing uselessoverhearing, listening to messagesdestinedfor anothernode. Ideally achieving
thesegoalsshouldnot comeat theexpenseof largeincreasesin sendingtime or collisionprobability.

1.2 Our Contribution

Themaincontribution of this paperis a new schemefor communicationscheduling.It canschedulemulti-
channelcommunication,i.e.,multiple frequenciesor DSSScodescombinedwith a TDMA-lik eschemefor
coordinatingrendezvoustimes.Theschedulingis donedynamicallyandin a local, distributedfashionand
respondsto changingradioconditions,nodejoinsandleaves,andtraf�c rates.Thetwo mainchallengesare
doingchannelallocationandef�cient stateexchange.Thelatterproblemis mademoredif�cult sinceordi-
nary overhearingis not possiblein a multichannelsystem.Thealgorithmspresentedrequireonly a small
amountof soft stateto be kept. We presentanalyticresultsandsimulationresultsfor new algorithmsfor
eachof these.Wealsopresentstraightforwardextensionsto performtraf�c-basedadaptationandto achieve
per-nodefairness.

2 Goalsand Assumptions

2.1 Goals

Our routingmechanismwasdesignedwith thefollowing ultimategoalsin mind:

� Reducepowerconsumptionby turningradiosoff.

� Gracefullyhandlenodejoins, leaves,anddynamicallychangingconnectivity.
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� Have someprovisionsfor fairness,assumingthatnodescomplywith theprotocol.

In particular, we did not try to secureour protocolagainstmaliciousattackers. Our goal wasmoreto
explorethelimits of power saving; we believe futureversionsof theprotocolcouldthenmake tradeoffs as
necessaryto achieve moresecurityat thecostof energy use.

Wealsowantedtheprotocolitself to have certainpropertiesto facilitatepracticalimplementation:

� Theroutingprotocolshouldhave a very smallextra messageoverhead.After all, minimizing radio
useis ourprimarygoal.

� Sincenodesareseverelyresourceconstrained,eachnodeshouldhave to maintainvery little stateand
performaverysmallamountof computationto make schedulingdecisions.

� Thealgorithmshouldbeaslocalizedaspossiblefor quick responseandlower overheadtraf�c.

2.2 Assumptions

In orderto do any kind of analysis,we hadto make precisethecapabilitiesof thenodes,thenetwork, and
servicesweassumeareavailable.Wealsoassumecertaincharacteristicsabouttheapplicationbeingrun in
termsof the traf�c patternsit generates.The propertiesbelow aretypical of a large classof applications,
includingbuilding andhabitatmonitoring.

� Carrier Senseability. We assumethat the radio MAC layer can do carrier sense. This scheme
is easierto implementand haslessoverheadthan RTS/CTS.Although it suffers from the hidden
terminalproblem,hiddenterminalsareaccountingfor in eachnode's parentlink estimation.

� Local time synchronization. Eachnodemustbe synchronizedwith its neighborson the scaleof
a few milliseconds. Work by ElsonandEstrin[EE01] suggeststhat this is feasible;they achieved
global synchronizationon the orderof microseconds.Ratherthanrunninga separateprotocol,we
maintainsynchronizationby piggybackingtherelevantinformationontodatamessagesandlink-layer
acknowledgements.

� Tree-basedrouting. We assumethatmessagesgeneratedin thenetwork aresensorreadingsthatare
senttowardsthebasestation(or theroot of someothertree).Onenotableexceptionis acknowledge-
ments;wehaveprovisionsfor link-layer(notend-to-end)ACKs. Point-to-pointcommunicationis not
explicitly considered.

3 Algorithm Detail

3.1 Overview

The ideal communicationschedule(assuminga network with suf�cient bandwidth,which is not always
thecase)would beonesuchthateachnodeonly listenedwhenthereweremessagesbeingsentto it, each
nodeonly senta messagewhenthereceiver waslistening,andtherewasno overhead(controldata)being
exchanged.Naturally, it is not possibleto achieve this in practicesincemany variablesareunpredictable:
a changein the environmentmay trigger a highervolumeof messagesor createa new radio interference
graph,for example.Nonetheless,ouralgorithmsattemptto approachthis ideal,modifyingthescheduleonly
whensomeconditionis notbeingsatis�edandit is thoughtthata changewould improve thesituation.

In ourscheme,eachnodedeterminesarendezvoustimeatwhichnodesmaysendmessagesto it. These
decisionsaremadeunilaterally, so thereis no agreementnecessary. Thereis, however, a sharedcontrol
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Figure1: The relationship betweenchannels(inside the boxes),periods, rendezvous times (repeating
in time on the horizontal axis),and frequenciesor DSSScodes(vertical axis).

channelthroughwhich informationaboutthechoicesis distributed.Thusweusethebroadcastnatureof the
channelto ouradvantagewhenit makessense,viz., for stateexchange,while trying to minimizetheamount
of unnecessarylisteningtime duringall otherperiods.Energy is minimizedby determininga schedulethat
minimizescon�icts andby minimizingstateexchangesneededto achieve suchaschedule.

In the following sections,we will detail a basicversionof the algorithm,later addingprovisions for
fairnessandadaptive listentimes,tradinglongerlatency for lowerenergy consumption.

3.2 Multiple Channels

First,we de�ne a channelto besomepair of (frequency or DSSScode,rendezvoustime) (seeFigure3.2).
The discreterendezvous time offsetsrepeatperiodically. Eachnodechoosesa receive-onlychannelfor
itself. Thenodethenagreesto listenusingthespeci�edfrequency at thespeci�edtimeduringeveryperiod.
If it hearsa messagestarting,it remainson until it hasreceived theentiremessage;otherwiseit turnsoff.
Thuseachnodeonly turnson long enoughto determinethatno startsymbolis beingsentwhenthereare
no messagesto besentto it. In particular, no reservationsarerequiredbetweensendersandreceivers; the
sendersmaysendon thereceiver's channelduringany period.

Onedesignquestionis how long eachperiodshouldbe: theminimumspacingof rendezvoustimesis
someconstantdictatedby thenode's clock drift andtheradio's ability to do carriersensing,but thereis no
fundamentallimit on thenumberof rendezvoustimesperperiod.Thetradeoff hereis betweenhaving more
channels(and thusa lower chanceof con�ict) with longerperiodsversushaving a smallertransmission
delaywith shorterperiods.In general,then,weshouldchoosethelongestperiodlengthpossiblewithin our
application's delaytolerance.

3.3 ChannelAllocation and Dynamic Switching

3.3.1 Partial con�ict

Thequestionthenis: how doweallocatechannelsto nodessoasto avoid uselessoverhearing?Theproblem
of channelallocationis akinto thatof graphcoloring,with thechannelsascolors.As weshallsee,however,
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Figure2: (a) Two nodes(A andB) may be in rangeof eachotherandstill receive on the samechannel,
if their childrenarefar apart. (b) Two nodes(A andB) maybeout of rangeof eachotherandstill have a
channelcon�ict. In thiscaseB'schild is in rangeof A. This is alsoknown asthehiddenterminalproblem.

it is not really thegraphcoloringproblem.Wewill requiresomenew machineryto solve theproblem.
The�rst problemwith thegraphcoloringanalogyis thatthenotionof con�ict, i.e., two adjacentnodes

having thesamecolor, is neithersymmetricnorwell-de�ned here.For thefollowing discussion,thereceive
channelsbeingchosenby thenodeswill correspondto thecolorsweareusingto color thegraph.

In our�rst try, let ussaythatedgesin thegrapharede�nedby radioconnectivity. The�rst thingto notice
is that two adjacentnodesmayselectthesamechannel,but if each's children(nodessendingmessagesto
them)arenot in rangeof theother, thereis in factno con�ict (seeFigure2a). Likewise, two nodesnot in
rangeof eachothermaycon�ict if their childrenarebetweenthem(seeFigure2b). So: two nodescon�ict
if onehaschildrenthatarecapableof causingradiointerferencefor theother.

Let us thereforenext considera graphsuchthat thereis an edgebetweennodesA andB if a child of
eitheroneis within rangeof theother. We might try to color this graph,andif we can,thenwe areassured
of a con�ict-free schedule.Sucha graph,though,containsmany edgessincethe rule for addingedgesis
weak; it maynot be colorable.On the otherhand,if two nodeseachhave � ve child nodesand,say, only
oneof A'schildrenis thecauseof thecon�ict, thenthesituationmaybetolerable.NodeA will not listento
any messagesdestinedfor it, andNodeB will only hearonesuchout of six. Thuswe arrive at thenotion
of partial con�ict which capturesthenotionthattwo nodesmaysometimescon�ict, but notalways.In this
case,it dependson how many childrenof onenodearein rangeof anotherwith thesamereceive channel.
Partial con�ict is onereasonthat straightforward graphcoloring is insuf�cient. Later we will develop a
cost-bene�tmodelwhichaccountsfor thisphenomenon.

Anothersourceof asymmetryarisesfrom the fact that messagescanspanacrossmultiple rendezvous
times.Thusanodethathasselectedanearliertime canblock onethathasselecteda laterone(up to cyclic
permutation),but not vice versa1. The notion of partial con�ict arisesagain: the distribution of message
sizesmaybesuchthatlongmessagescauseacon�ict, but not shortones.

3.3.2 Con�ict ratio

Let usde�ne thecon�ict fraction
�

aswell assomerelevantstatevariables:

� �

fractionof messagesreceivedby anodethat

weredestinedfor anothernode
�

�

the(estimated)numberof neighborsof anode
�

�

thetime to sendanaveragemessage

1This problemdoesnot occurif thetwo nodesusedifferentfrequenciesor spreadingcodes;usingmultiple frequenciesmakes
con�ict lesslikely andis thusunequivocally desirable.
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� � thenumberof rendezvoustimesperperiod
�

� thenumberof differentfrequenciesavailable

First, let usnotethat
�

capturestheobservedamountof partialcon�ict; thisoperationalde�nition includes
con�ict duetohiddenterminals,long-distanceradiointerference,andpacket lengthvariations.In fact,all we
careaboutis this de�nition, sinceit doesnot really matterwhymessagesaregettingthrough.Accordingly,
if

�

is high,a nodeA shouldwantto switchchannelsmore.At thesametime,switchingcausesa problem
for all of A'schildren,whichmustdetectA'sabsenceandswitchparentsor wait until they discover A'snew
channel.

It is importantto notethat it is only worth switchingif thingswill bebetteraftertheswitch.Therefore,
we calculatethe expectedcon�ict fraction 	 asfollows. First note that if we assumethat eachnodehas
thesamenumberof children,we needonly calculatethenumberof nodesthathave a suf�ciently “close”
channelto A thata messageto thatnodecould interferewith onedestinedfor A (in otherwords,we don't
needto weightthemby thefrequency of sending).In thiscase,“close”meansthatbothnodes'channelshave
thesamefrequency, andthattheothernode's rendezvoustimeis within onemessagetimeof A's rendezvous
time. Thuswe have


���
����

���

�

�

�

In other words, the numberof closenodesis the numberof nodeson the samefrequency (assume
uniformly randomchoices),timesthefractionof theperiodtakenup by a message.Thelatter termcomes
from thefactthatit is equalto theprobabilitythatA's rendezvoustime lies insidetheextentof a transmitted
message.Thenwe simplyhave:
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To combinethecostandbene�t, Let usde�ne theswitching pressure � :
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The function )
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is a weightingfunction on
#

, satisfyingthe propertiesthat +-,.� �
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�

, which
implies that )

�

#*%�/

�

; in orderto make senseasa costfunction, )

�

#*%

shouldalsoincreasemonotonically.
Sincechildrengenerallyhave a nodeto failover to (seeSection3.4), thecostof switchingis not too large,
and )

�

#*%

shouldre�ect this fact.
Wecompute

�

asfollows. First,we keepa sliding window of thestatusof last 1 packetsreceivedby a
node,assigninga valueto eachpacket. We assigna message0 if it is destinedfor thenodethatreceivesit;

2 if a messagein progresswasdetectedusingcarriersense;andsomefraction 3 of thetotal messagetime
for messagesthatstartat theright time but aredestinedfor anothernode.Thevalue 2 is a system-speci�c
parameterthatmeasureswhat fractionof a messagetime is requiredto detecta carrier. Thevalue 3 is the
fractionof a messagethatneedsto belookedat to decidewho thecorrectrecipientis. We thencalculate

�

by takingthemeanof thesesamplesover thesliding window. Wemaythink of
�

asdescribingtherecently
observed con�ict ratio on thechannel;notethat for suitablechoicesof 2 and 3 , we canstoreeachsample
usingonly afew bits. Thevalueof

#

is justequalto thenumberof sampleswith value0; if thefunction )

�

#&%

is compute-intensive, it maybeprecomputedinto a table(sincethenumberof possiblevaluesis bounded
by thesizeof thewindow). Determiningtheneighborhoodsizemaybedonevia implicit samplingof the
announcementchannel(seeSection3.4) to determinehow many nodesarepresent.It is straightforward to
compute� at thispoint.
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3.3.3 A solution

Wedraw inspirationfor oursolutionfromthethedistributedcoloringalgorithmof FitzpatrickandMeertens[MF01].
Their Conservative Fixed Probability(CFP)algorithmworks asfollows (appliedto the currentproblem):
eachnodeindependentlychoosesachannelat random,thenif acon�ict is detected,thenodeswitcheschan-
nelswith some�x edprobability. This very simpleapproachis shown to converge relatively rapidly. Since
thecoloring doesnot changeunlesstherearecon�icts, andtheprobabilisticapproach(with a suf�ciently
low probability)ensuresthatnotall con�icting nodeswill switch,it is stableaswell.

As wenotedabove,ourproblemis notquitegraphcoloring,sinceweneedto dealwith partialcon�icts.
Nevertheless,weuseCFP's ideaof nodesmakinglocalchoicesandresolvingcon�icts asthey occur. A key
changeis that our systemusesa variableprobability that dependson the recentobserved behavior of the
channel.

What is that probability? The switchingpressureprovidesa reasonablevalue: it is a measureof the
probabilityof seeinga netbene�t from switchingchannels.It is alsolikely to bevery small in thesteady
state,sothesolutionwill bestable.Thuswith probability 4 , anodeswitchesto differentchannel,randomly
chosenfrom amongchannelsnot known to beallocated(basedon its neighbors'announcements).

3.4 NodeStateExchange(Announcements)

We have discussedhow a nodedecideswhetheror not to choosea new channelon which it listen for
messagesfrom its children. Having chosena channel,though,it mustconvey that choiceto nodesin its
neighborhoodthatmightwantto forwardpacketsto it.

The goalsof stateexchangeare, �rst, to do it as little aspossiblewhenthe network is not changing
(with someexceptions;seesection5.2), and second,to disseminatenew information quickly when the
network is changing.Therearetwo componentsof theexchange:listeningfor announcementsandsending
announcementsonaspecialwell-known channelwecall theannouncementchannel. Theformerbene�tsthe
nodedoingthelistening,asit maydiscover abetterroute;thelatterbene�tsthenode's (potential)children.

Theproblemis similarto thatof neighbordiscovery(asthatis oneof its functions).Oneapproachto this
problemis to use“Birthday Protocols”(BP)[MB01], which exploit thebirthdayparadoxto �nd neighbors
without requiringa lot of sendingor listeningtime. The ideais to listenduring eachtime slot with some
probability 4"5 , sendwith probability 476 , anddonothingotherwise.Thebirthdayparadoxmakesit likely that
evenfor low valuesof 485 and486 , two nodeswill hearabouteachother. They explicitly analyzethecaseof
an 9 -clique,andshow thatthe“ProbabilisticRoundRobin” (PRR)modeworkswell for link discovery.

We have somewhatdifferentgoalsandassumptions.First, our goal is connectivity, not maximumlink
discovery. As long asthegraphis connected,it doesn't matterhow many links areundiscovered.Addition-
ally, unlike in theBPanalysis,we donotassumethatthereis a �x edinitial phaseof stateexchange;it must
beanongoingprocessto accountfor changesin thenetwork. Lastly, theBPanalysiscalculatedasuitable4:5

in termsof thedesiredfractionof links discoveredin certaintime. Our targetis to saythateachnodeshould
have heardfrom somenumber; of potentialparentsin thelast < seconds,so thatconnectivity is veri�ed
andfailover to anew parentis fastandreliable.Wecall this therecencyconstraint.

Thisboilsdown to anoptimizationprocess.Let usde�ne aninputparameter=?>A@ B , whichde�nesthe
averagenumber; of parentannouncementswewish to hearin aninterval < . Let CED bethesetof potential
parentsin rangeof nodeF , 9

D bethesetof all otherneighborsin rangeof F , and GH6 and GI5 betheenergy cost
of sendingandlistening,respectively.

Recency constraints:

J

FLKNMPO nodei is listeningQSRNK:MTO exactlyoneparentnodeof i is sendingQ">U=
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Condition Action
None DecayV8W by a factorof X

Heardannouncementfrom parent-lessnode SetVYW to V[Z�\$]

W

Observedcollisionon announcmentchannel Setcollisionbit in next announcement
Heardannouncementwith collisionbit set DecayVYW by a factorof ^`_a^Pbdc .

Figure3: Theprobability V7W of sendinganannouncementduringthenext announcementperiodis adjusted
dependingon recentevents.Thedecayparameterfor V W is X , and V Z�\e]

W

is themaximumsendprobability,
setequalto ^Pbgfgc .
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Unfortunately, this is a complex nonlinearproblem,so it is unlikely that even a centralizedapproach
wouldyield anexactsolutionon thetimescaleswerequire.Fortunately, eachnodecanevaluateits relevant
constraintlocally (by rememberinga short history of possible-parentannouncements).So if eachnode
attemptsto minimize its energy consumptionwhile maintainingtherecency constraint,we cancalculatea
solutionin a local,distributedfashion.

Ourbasicproposalis thatbothsendandlistenprobabilitiesshouldbedecayedover timeunlessanevent
occursthat requiresincreasingthem. Eachperiod, V

n and V8W will be decayedby the decayparameter X ,
so the net effect is an exponentialdecay. Thus,we expectthat in the steadystate,energy spenton these
maintenancemessageswill bevery low.

3.4.1 Stateexchangelisten probability

Settingthelistenprobabilityisnow relatively straightforward: anode'slistenprobabilityshouldbeincreased
asneededto maintaintherecency constraint.A simplealgorithmis to raisethelistenprobabilityto 1 when
theconstraintis violated(for example,whena node�rst joins thenetwork or its parenthasdiedandit has
no backup).Whensendsandlistenscon�ict (which they will if thelistenprobabilityis setto 1) thensends
take priority.

3.4.2 Announcementsendprobability

Next, we dealwith sendprobabilities.We feel that in theBP analysis,sendcon�icts werenot suf�ciently
accountedfor. Whena con�ict occurs—two nodessendannouncementsheardby somedestination—both
packetsmay be lost andmuchenergy is wastedsendingandlistening. The probability of collision in the
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Thus,thesuggestionthat ¶7· shouldin generalbe  P¸dœ , whereœ is theestimatednumberof neighbors,
is probablytoohigh,sincetheexpectedprobabilityof con�ict is  NŸº¹ »�•U¼¾½À¿|Á , whichmeansthatabout1 in
4 announcementslotstherewill beacon�ict andtheenergy usedby all sendersandlisteners.Wecanlower
thisprobabilityto about1/10by using¶ · ¡š P¸g¿gœ .

Thuswe proposethat ¶7· be cappedat a maximumof  P¸g¿gœ . The only costto this is that a desperate
listenerwill have to wait one additionalslot on average,which seemslike a small price to pay (not to
mentionthatall sendersaresendinghalf asoften).

Thesendrateshouldbeincreasedto themaximumwhenanannouncementis heardfrom anodewith no
parent,sincethis is themosturgentcase,or if it changeslevels(informationwhich shouldbepropagated).
The sendrateshouldbe set to  �ŸÂ P¸dœ of its old value if a nodehearsan announcmentwith a special
“collision” bit set. This bit will be setby a nodesendingan announcementif it hashearda collision on
the announcementchannelsinceits last announcemnt.The factor  �Ÿº P¸dœ is designedso that of the œ

neighborsof thenodethatnoticedthecollision do not all backoff too much. Theassumptionhereis that
the œ 's for eachnodein questionareeithersimilaror distributedin suchaway thattheaggregatesendrate
is reducedappropriately.

We concludeour discussionwith the notethat althoughwe have de�ned our probabilitiesin termsof
theprobabilityof sendingduringa particularannouncementperiod,in factall we wantis to know thenext
time to listen or send. We may want to turn off the CPU during unneededperiods. Fortunately, onecan
getthesameresultasactivatingwith probability ¶ duringeachperiodby choosinginteractivation timesby
samplingfrom anexponentialdistribution with mean P¸e¶ .

3.5 Switching Parents

Wehavesofaronly talkedaboutagoodstrategy for optimizingthereceiving portionof communication,i.e.,
selectingandswitchingchannels.Thecomplementary—andeasier—problemis thatof a sender's knowing
whento switchparents.Work by WooandCuller[WC03] showsthataWindow-MeanEWMA is bothstable
andresponsive asa link estimatorin thesensorenvironment.Weapplythisnotmerelyto measuretheradio
link, but to measuretheempiricalusefulnessof a link, includingtheeffectsof schedulecon�icts. In short,
a nodeattemptsto switch parentswhen, for whatever reason,its messagesarenot getting throughto its
parentwith veryhighprobability. A new parentis selectedfrom amongthosein its parenttable,build using
announcementsit hasheard.

3.6 Indi vidual NodeBehavior

For thepresentdiscussion,we assumetree-basedrouting. Nodesmaysendpacketscontainingaggregated
sensorreadingsto any nodethat is onehopcloserto thebasestation,i.e. any nodein its parentset. How
exactly a nodechoosesthe“best” parentwe do not analyzein this paper;metricsfor fairnessarediscussed
in Section5.2.

Eachnodesimply transmitsits packet on its parent's advertisedchannel.Acknowledgementsaredone
at thelink layerandmaybeaggregatedacrossmultiplepackets.If amessageis notsentdueto carriersense
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or, if enabled,collision detection,exponentialbackoff is performed,with somemaximumbackoff before
theparentnodeis switchedandthepacket discarded.Onekey differencefrom anormalCSMA MAC layer
is thatbackoffs arenotdonein arbitraryunitsof time; they aredonein unitsof periods.Thusanodealways
transmitson its parent's channel,evenwhenit backoff.

A nodealwayslistenson its receive channelwhenit haspromisedto do so. If a messageis heard,it
stayson for aslong asit takesto completethemessage,even if it spansmultiple slots. Thedefault listen
rateis onceperperiod;pleaseseeSection5.1for anadaptive approach.

Channelallocationandstateexchangeproceedaccordingto thealgorithmsin theprevioussections.

4 Simulation

Note: The simulation and results presentedhere are basedon a slightly older version of
STEAM than the onedescribedhere; however, the basicresultsare valid.

4.1 Setup

In orderto testthecorrectnessandef�cacy of our scheme,we developeda simulationof a wirelesssensor
network. It is a packet-, not bit-, level simulation,but doestake into accountthehiddenterminalproblem,
wherea new messagecancorruptonecurrentlyin progress.Simulationwasby time step,whereeachstep
was the size of one slot in the TDMA scheme. Radio rangewas assumedto be a perfectsphere,with
no falloff within the sphere,andperfectfalloff outside. We did not explicitly simulatelink-layer ACKs;
however, they wereaccountedfor: nodesweremadeawareof which messagesgot throughto thenext hop
andwhich did not. Likewise, althoughour simulatorwascapableof handlingprobabilisticpacket loss,
suchlosswould only contribute to thesettingof the input parametersthatcontrol thedegreeof hysteresis,
so we do not include resultswith explicit packet loss. Lossdue to collisionsor carriersense,however,
wereaccountedfor. The �x ed parametersareshown in Figure4. Radioparameterswerederived from
theChipConCC1000radio[CC1000] usedin the latestBerkeley nodes.Message-relatedparameterswere
derivedfrom typical sizesin othersensornetwork research.

50 nodesweredistributedrandomlyin a circle of radius15 units; the transmissionradiuswas5 units.
Interestingly, this resultedin somenodesbeing7 hopsfrom thebasestation!

Initial parentselectionfor a nodewasdoneby a randomchoicefrom amongall possibleparentsof that
node.

Four eventstake placeduring the simulation. Onenodeis added2 secondsin, 2 moreareadded20
secondsin, andoneof thoseis “killed” at 50 secondsin. Thesechangesareto force at leastpart of the
network to adapt.It maybehelpful to look at thediagramsfor thenetwork at differentpoints:seeFigures
5,6,7,and8. Solid linesindicateaparent;dashedline indicatea potentialparent.

4.2 ChannelAllocation

The fundamentalgoal of channelallocationis to minimize power while maintainingconnectivity (a high
fractionof successfullytransmittedpackets).Onecontrolparameterfor our channelswitchingalgorithmis
thesliding window sizefor received messages.A largerwindow will give you a morestablenetwork that
canhandletransientproblems,but will beslower to reactto change.In ourexperiments,this parameterdid
not seemto make a big differencewhenit was10 packetsor more.We thususeda 10-packet window. We
also�x the Ã parameterat5 (soparentswill beheardevery5 secondson average)..

To evaluateourchannel-switchingstrategy, wetriedto comparethechannel-constrainedperformanceof
thealgorithmagainsttheidealcasewhereeachnodecanselecta uniquechannel.Our metricswereenergy
consumptionandpacket lossrates. Unfortunately, in our tests,we could not �nd an “interesting” part of

9



Slotsperperiod 10
Periodspersecond 10

Numberof nodes 50
Transmissionspeed 40 Kbps

Sendpower 10 (mA @ 3V)
Receive power 17 (mA @ 3V)

Packet size(bytes) 30
Maximumbackoff on carriersense(periods) 8

Slotsperannouncementpacket 1
Decayratefor announcementsend/listenprobability 0.95

Minimum probabilityof listeningfor announcements 0.1
Ä

parameterfrom Section3.3 0.5
Consecutive packet lossesto switchparents 3

Sensorreadinginterval 5 sec

Figure4: Fixedparametersin thesimulation.

theoverall parameterspace(therearesome20 parameters).In otherwords,with a reasonablenumberof
channels(asfew as7 slotswith 1 code),therewerevirtually no droppedpackets(4% or so,largely dueto
two childrensendingat thesametime)evenwith thetestnodesenteringandleaving.

4.3 StateExchange

Theprimary“control knob” for our stateexchangealgorithmis therateat which you expectto hearparent
announcements.This numberis signi�cant sinceit providesa temporalguaranteefor connectivity in the
network. Essentiallyyou aretradingoff lower power consumptionfor slower responseto changesin the
network thatrequireroutemodi�cation.

Therearetwo thingsto check:�rst, that theparameterindeedcorrespondsto the time it takesfor new
informationto propagate;andsecond,how the input parameteraffectsthetradeoff betweenthefractionof
packetssuccessfullydeliveredin thefaceof a changingnetwork andtheamoutof power consumeddoing
so.

As to the former, our experimentsshowed that convergence(an optimalnetwork by a distancevector
metric) was achieved for any reasonablevalue of the parameter, and the convergencetime was roughly
proportionalto it.

5 Extensions

5.1 Adaptive Listen Rate

While nodesordinarilyalwayslistenonceperperiod,thisschemedoesnottake into accountobservedlevels
of traf�c, whichmaysuggestlisteningmoreor lessoften.Thelattercaseis morecommon,sinceweexpect
periodwill besuf�ciently shortthatneedingto receive multiplemessagesperperiodwill berare.Listening
lessoftenwill improve energy consumptionat thecostof longerdelays.This tradeoff mayacceptablefor
many applications,soweproposethefollowing extension.

An EWMA estimatoris maintainedto estimatethe incomingtraf�c rate. Eachtime a nodewakesup
it recordsa sampleof 0 or 1 accordingto whetheror not it received a messagefor itself. Thenwe choose
upperandlower thresholdssuchthat if theestimatorexceedstheupperthreshold,therateis increasedand
vice-versafor thelower threshold.Thethresholdsareneededto maintaina degreeof stability with respect
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Figure5: The initial stateof thenetwork. Thenumbersin bracketsarethenumberof hopsfrom thebase
station.This is alsoindicatedby thecolor of thenodes(if available). Solid lines indicatea parent;dashed
line indicateapotentialparent.
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Figure6: At 20 secondsin, threemorenodes(1000,1001,1002)have beenadded,but the network has
not yet adaptedto 1000and 1001,which just arrived. 1002 is alreadyrouting packets for the formerly
partitionednode53;node1002arrived2 secondsin.
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Figure7: At 50secondsin, node1000is killed (it juststopsresponding).Notice,though,how theclusterof
nodesbelow andto theleft of 1000and1001hasalreadyadaptedby routingthroughthenew nodes,which
eliminatedonehop.
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Figure8: At 150secondsin, no morechangesaretakingplace.Thenetwork hasadaptedto 1000's death.
Nodeswhichwereroutingthroughit have switchedparents.
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to local peaksandvalleys in traf�c levels. Naturally, whena nodechangesits listen ratefrom, say, every
periodto onceevery threeperiods,it mustannouncethis fact on the announcementchannel,andideally,
inform eachchild nodeof thedecisionwhenit receivesapacket. To satisfythelatterrequest,eachnodethat
decreasesits listenrateshouldrespecttheold ratefor long enoughthateachchild hassentonepacket to it
(andthushasbeennoti�ed of thechange).

5.2 Adding Fairness

One dif�cult to avoid issueit that somenodeshave to routemorepackets than others. Someof this is
unavoidable: edgenodesdon't have asmuchwork sincethey don't needto routeanything. With a small
diameternetwork, ”a lot” of nodesareon theedge,e.g. for 5 hops,9/25( ÅÇÆPÈgÉ ) arein theoutermosthop
assumingauniformdistribution circularlyaroundthebasestation.

If nodesarecarefulaboutchoosingparents,network lifetime canbeextended,especiallyif somenodes
have longerbatterylife. We needa metricwherebyeachnodecandecidewhich possibleparentto sendto.
Themetricis goingto besomefunctionof thetarget's batterylevel, thetarget's currentforwardingrate,and
theenergy requiredof thesenderto reachthetarget.Thesevaluesaregleanedfrom periodicstateexchange
messagesthateachnodewill sendout.

6 RelatedWork

Therehavemany beenmany efforts in theareaof energy-awarecommunicationsrecently. Thereareroughly
threeclassesof schemes:TinyOS' Low-power listening[],whichoperatesatahardwarelevel; drop-inMAC
layer replacements,including S-MAC[YHE02] and T-MAC[VL03]; and explicit schedulingapproaches,
includingTRAMA[ROG03], Flexible PowerScheduling[HDB03], andDuraNet[MTW03].

6.1 Existing Approaches

TRAMA TheTraf�c-AdaptiveMediaAccess(TRAMA) protocolisanexplicitly scheduledsystem.Nodes
mustmaintainconsistenttwo-hoptopologyinformation,alongwith theschedulesof every nodein this ra-
dius. Using the information,the nodescan�gure out whenit is safeto sendwithout causinga collision.
Latency canalsobe high sincethe scheduleperiod is suf�ciently large that packetsaremore frequently
queuedat eachnode. It is not known how easyit is to maintaintwo-hop-radiusinformationin practice,
especiallyin thefaceof faulty nodesandchangingtopology. TRAMA attemptsto fail in sucha way asto
preserve correctness;it is not clearto whatextenta realnetwork would engagethis mode,which hashigh
energy consumption.

Flexible Power Scheduling The Flexible Power Scheduling(FPS)[] approachof Hohlt et al. takesthe
approachthat traf�c consistsof �o ws and that bandwidthshouldbe reserved for these�o ws from each
nodeto thebasestation.This is achievedusinga supply-and-demandmodel.Eachnodedemandsa certain
amountof bandwidthaccordingto thetraf�c it generatesandthetraf�c it mustforwardfrom its descendants
in the routing tree. The node's parentsuppliesthe bandwidthby making reservations for eachunit of
bandwidthto besentduringsomeparticulartime slot in eachperiod. The time slot is long enoughthat if
thereis interferencewith someotherpair of nodes,a standardCDMA MAC canresolve it. The bene�t
of this approachis that end-to-endyield is good,sinceenoughbandwidthis reserved all the way to the
root of thetree.Peaksin traf�c arehandledby buffering at thesourcenodes(sincethey mustrespecttheir
reservations); this meansthat, �rst, reservationsmustbe madefor the expectedaveragesendingrateand
that, second,latency during peaktimescanbe high. This could be problematicsinceeachperiod is on
theorderof seconds.Comparedwith STEAM, FPSreducestheprecisionof requiredtime synchronization
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andmayhave somewhatbettersteady-stateperformanceat thecostof long latency andtheneedfor queues
duringpeakperiods.

DuraNet DuraNetattacksthereducedproblemof ad-hocnetworkswith relatively stableconnectivity. The
ideais to setupa�x edpairwiseschedulethatensuresnocon�icts. Duringaninitial setupphase,RTS/CTSis
usedcleverly to scheduletimesfor futurecommunications.Whenapairof nodescansuccessfullyexchange
anRTS/CTS,they know that thatoffset into theperiodis free for communicationduringeachsubsequent
roundof communication.DuraNethastheadvantageof beingalmostperfectlyef�cient, sincethe sender
andreceiver alwaysagreeandhave no con�icts with othernodes.Thedisadvantageof theschemeis thatit
is not particularlyrobust to changesin theinterferencetopologyor joins andleaves. Thusit is likely to be
well suitedto relatively staticmonitoringapplications.

TinyOS TheTinyOSlow-powerlisteningmodemakesaphysical-layeradjustmentasfollows:

1. Choosea particularduty cycle Ê . Theduty cycle basicallyis the fractionof time the radiomaybe
turnedon (typically for listening;thesendrateis usually�x edby thesensorsamplingrate).For our
example,let us ÊÌËUÍ¾ÎÏÍÑÐ , or 1%.

2. Turnon theradiofor 1%of thetime,sayfor 2 msevery200ms.

3. During this interval, listenfor a specialstart symbolbeingbroadcast.If you hearone,keeptheradio
on andwait for theactualmessage.If not, turn theradiooff.

4. If you area sender, senda startsymbolfor (in this case)200ms,thensendtheactualmessage.It is
necessaryto sendfor thefull 200ms—ingeneral,for a time inverselyproportionalto Ê —sothatthe
intendedreceiver will beawake.

Thisscheme,while simpleandrequiringnoextracoordination,hastwo undesirableproperties.First,as
Ê decreases, sendersandlistenersmuststayon sendfor an increasingamountof time. Second,listeners
must listen to messages(and,moreimportantly, long startsymbols)that arenot destinedfor them. This
is wastedenergy. Low-power listeningis mosteffective whenthe messagerateis very low. In this case,
steady-stateenergy consumptionis whatis mostimportant,andlow-power listeningallowsusachievealow
dutycycle transparentlyandwithoutany overhead.

S-MAC S-MAC is a drop-inMAC layer replacementfor a default CSMA MAC. Its ef�cacy is basedon
thesimpleprinciplethat if every nodebuffers its outgoingmessages,thenall thenodessendtheir buffered
messagesduringa short,intenseburst,thenthenodescanturn off their radiosbetweenbursts.It uses�x ed
onperiodsand�x edoff periods.Synchronizingtheseperiods—maintainingvirtual clusters— canbetricky,
andin somecasesnodesmayhave to adoptmultiple schedules.Theschemealsorequiresenoughmessage
buffer spaceto storeall queuedmessages.

T-MAC T-MAC is an improvementover S-MAC in that it usesvariable-lengthon- periodsandcertain
otheroptimizationsthatattemptto reduceproblemssuchasearlysleepingandsend-priorityfor nodeswith
full buffers. While goodresultswereachieved in simulationof staticnetworks,it is not clearhow well the
protocolperformsin moredynamicsituationswith joins, leaves,andchanginginterference.
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Other RelatedWork Xu et al.[XHE00] considera neighborhood-adaptive scheme,but it doesnot have
multiplechannelsandthusachievesdutycycleson theorderof 50%ratherthana few percent.

We have discussedthe CFPcoloring algorithm[MF01] in Section3.3; aswe have noted,though,our
problemhereis not in factgraphcoloring, thoughour solutioncertainlyowesa debtto its local, dynamic
approach.

Birthdayprotocols[MB01] (seeSection3.4)areanef�cient solutionto neighbordiscovery. Our metric
is different(temporalguaranteesof connectivity), but again,ouralgorithmbuildson thisapproach.

RamanathanandRosales-Hain[RR00] exploreamethodof topologycontrolby adjustingtheradiosend
powerandsensitivity. Wefeel this is animportantareato considerwhendealingwith overloadednodes;we
planto investigatethisapproachwithin our framework.

7 Conclusion

Wehavepresentedanew systemof communicationin sensornetworksthatcombinesaTDMA MAC with a
simple,adaptivemethodof routingpacketsthatachieveslow overheadwithoutsacri�cing connectivity. Our
algorithmsweredesignedto bedistributed,iterative approximationsto theoreticaloptima. Our simulation
shows thatcorrectnessis achieved,althoughwedo not have tight boundson how fastor within whatfactor
of optimalpower ouralgorithmperforms.

Therearesomeother openquestions:how importantis fairness?Do you want fewer nodesto live
longer, perhapsmaintainingasingleconnectedtree,or for all thenodesto dieat thesametime?

We have only begun to explore the hugeparameterspaceof our system. Thereis a lot of room for
furtheranalysis,but we feel thatour framework givesusa goodstartingpoint for achieving ef�cient low-
power operationwith realisticassumptions.
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