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1 Intr oduction

1.1 SensorNetworks

Theemeqging eld of sensonetworksrepresenta nev domainof applicationsaandnetworks. Thestandard
model consistsof a setof very small sensomodes eachwith very limited resourcegKBs of memory a
few MIPS, 8-bit CPU).Thesenodesmaybescattere@bout;eachtakesperiodicreadingof its ervironment
usingsomeparticularsensore.g.,temperatur@r humidity—andrelaysthatinformationvia a multihop ad-
hocnetwork to abasestation The basestationis assumedo be a powerful (saylaptop-class)trustednode
thatdoesaggregationandotherprocessing.

Povermanagemeris of considerablémportancen thesensoregime: networksareexpectedo lastfor
monthsor yearswithout batteryreplacemenor chaging. Sincethe sensorsradiosareoftenthe dominant
consumenf enepy, it is vital thatwe limit theiruse:enegy maybesavedby turningtheradiooff whenit is
notneededThustwo key challengesreminimizingidle listening listeningwhenno messagés beingsent,
and minimizing uselessoverhearing listeningto messageslestinedfor anothernode. Ideally achiezing
thesegoalsshouldnot comeatthe expenseof largeincreasedn sendingime or collision probability

1.2 Our Contribution

Themaincontritution of this paperis a new schemedor communicatiorscheduling It canschedulamulti-
channekcommunicationi.e., multiple frequencie®r DSSScodescombinedwith a TDMA-lik e schemedor
coordinatingrendezoustimes. The schedulings donedynamicallyandin alocal, distributedfashionand
respondgo changingadioconditions,nodejoins andleaves,andtraf ¢ rates.Thetwo mainchallengesre
doingchannekllocationandef cient stateexchange.Thelatter problemis mademoredif cult sinceordi-
nary overhearings not possiblein a multichannelsystem.The algorithmspresentedequireonly a small
amountof soft stateto be kept. We presentanalyticresultsand simulationresultsfor new algorithmsfor
eachof these We alsopresenstraightforvard extensiongo performtraf c-basedadaptatiorandto achiere
pernodefairness.

2 Goalsand Assumptions

2.1 Goals
Ourroutingmechanisnwasdesignedvith thefollowing ultimategoalsin mind:
Reducepower consumptiorby turning radiosoff.

Gracefullyhandlenodejoins, leaves,anddynamicallychangingconnectvity.



Have someprovisionsfor fairnessassuminghatnodescomplywith the protocol.

In particular we did not try to secureour protocolagainstmaliciousattaclers. Our goalwasmoreto
explorethelimits of power saving; we believe future versionsof the protocolcouldthenmale tradeofs as
necessaryo achieve moresecurityat the costof enegy use.

We alsowantedthe protocolitself to have certainpropertiedo facilitatepracticalimplementation:

Therouting protocolshouldhave a very small extra messag@verhead.After all, minimizing radio
useis our primarygoal.

Sincenodesaresererelyresourceconstrainedeachnodeshouldhave to maintainvery little stateand
performavery smallamountof computatiorto make schedulingdecisions.

Thealgorithmshouldbe aslocalizedaspossiblefor quick responsendlower overheadraf c.

2.2 Assumptions

In orderto do ary kind of analysiswe hadto make precisethe capabilitiesof the nodes the network, and
servicesnve assumeareavailable. We alsoassumesertaincharacteristicaboutthe applicationbeingrunin
termsof thetrafc patternst generatesThe propertiesbelov aretypical of a large classof applications,
including building 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,hiddenterminalsareaccountingor in eachnodes parentlink estimation.

Local time synchronization. Eachnodemustbe synchronizedwith its neighborson the scaleof
a few milliseconds. Work by Elsonand Estrin[EEO] suggestghat this is feasible;they achieved
global synchronizatioron the order of microseconds.Ratherthanrunninga separaterotocol,we
maintainsynchronizatiorby piggybackingherelevantinformationontodatamessageandlink-layer
acknavledgements.

Tree-basedouting. We assumeahatmessagegeneratedn the network aresensoreadingghatare
senttowardsthe basestation(or the root of someothertree). Onenotableexceptionis acknavledge-
mentswe have provisionsfor link-layer (notend-to-endACKSs. Point-to-pointtommunications not
explicitly considered.

3 Algorithm Detalil

3.1 Overview

The ideal communicationschedule(assuminga network with sufcient bandwidth,which is not always
the case)would be onesuchthateachnodeonly listenedwhentherewere messagebeingsentto it, each
nodeonly senta messagavhentherecever waslistening,andtherewasno overheadcontrol data)being
exchanged.Naturally it is not possibleto achieve thisin practicesincemary variablesare unpredictable:
a changein the ervironmentmay trigger a highervolume of messagesr createa new radio interference
graph for example.Nonethelessyuralgorithmsattempto approachhisideal, modifyingthe schedulenly
whensomeconditionis not beingsatis ed andit is thoughtthata changewould improve the situation.

In our schemeeachnodedeterminesrendezoustime atwhich nodesmaysendmessageto it. These
decisionsare madeunilaterally sothereis no agreemennecessary Thereis, howvever, a sharedcontrol



4 1/4 1/4
o)
S| 3 1/3 2/3 1/3 2/3
-}
E 2 1/2 2/2 3/2 1/2 2/2 3/2

1 11 2/1 3/1 4/1 11 2/1 3/1 4/1
Rendezvous 1 2 3 4 1 2 3 4

Times .
Period 1 Period 2
Time g

Figurel: The relationship betweenchannels(inside the boxes),periods, rendezwustimes (repeating
in time on the horizontal axis), and frequenciesor DSSScodes(vertical axis).

channethroughwhichinformationaboutthe choicess distributed. Thuswe usethe broadcashatureof the
channeto ouradwantagevhenit makessenseyiz., for stateexchangewhile trying to minimizetheamount
of unnecessarljsteningtime duringall otherperiods.Enegy is minimizedby determininga schedulghat
minimizescon icts andby minimizing stateexchangesieededo achieve sucha schedule.

In the following sectionswe will detail a basicversionof the algorithm, later addingprovisions for
fairnessandadaptve listentimes,tradinglongerlateng for lower enegy consumption.

3.2 Multiple Channels

First, we de ne a channelto be somepair of (frequeng or DSSScode,rendezoustime) (seeFigure3.2).
The discreterendezous time offsetsrepeatperiodically Eachnodechoosesa receive-onlychannelfor
itself. Thenodethenagreedo listenusingthespeci edfrequenyg atthespeci edtime duringevery period.
If it hearsa messagetarting,it remainson until it hasreceved the entire messagegtherwiseit turnsoff.
Thuseachnodeonly turnson long enoughto determinethat no startsymbolis beingsentwhenthereare
no messaget besentto it. In particular no reserationsarerequiredbetweernsenderandrecevers;the
sendersnay sendon therecever's channeduringary period.

Onedesignguestionis how long eachperiodshouldbe: the minimum spacingof rendezeustimesis
someconstantdictatedby the nodes clock drift andtheradio’s ability to do carriersensingput thereis no
fundamentalimit onthenumberof rendezwoustimesperperiod. Thetradeof hereis betweerhaving more
channelsglandthus a lower chanceof con ict) with longer periodsversushaving a smallertransmission
delaywith shortemperiods.In generalthen,we shouldchoosehelongestperiodlengthpossiblewithin our
applications delaytolerance.

3.3 ChannelAllocation and Dynamic Switching

3.3.1 Partial conict

Thequestiorthenis: how dowe allocatechanneldo nodessoasto avoid useles®verhearing?Theproblem
of channehllocationis akinto thatof graphcoloring,with thechannelsscolors.As we shallsee however,
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Figure2: (a) Two nodes(A andB) may be in rangeof eachotherandstill receve on the samechannel,
if their childrenarefar apart. (b) Two nodes(A andB) may be out of rangeof eachotherandstill have a
channekon ict. In thiscaseB's child is in rangeof A. Thisis alsoknown asthehiddenterminalproblem.

it is notreally the graphcoloring problem.We will requiresomenew machineryto solve the problem.

The rst problemwith the graphcoloringanalogyis thatthe notionof con ict, i.e.,two adjacennodes
having the samecolor, is neithersymmetricnor well-de ned here.For thefollowing discussionthereceve
channeldbeingchoserby thenodeswill correspondo the colorswe areusingto colorthegraph.

Inour rst try, letussaythatedgesn thegrapharede ned by radioconnectiity. The rst thingto notice
is thattwo adjacenihodesmay selectthe samechannelbut if eachs children(nodessendingmessageto
them)arenotin rangeof the other thereis in factno con ict (seeFigure2a). Likewise, two nodesnotin
rangeof eachothermaycon ict if their childrenarebetweerthem(seeFigure2b). So: two nodescon ict
if onehaschildrenthatarecapableof causingradiointerferencdor the other

Let usthereforenext considera graphsuchthatthereis an edgebetweemodesA andB if a child of
eitheroneis within rangeof the other We mighttry to color this graph,andif we can,thenwe areassured
of a con ict-free schedule.Sucha graph,though,containsmary edgessincethe rule for addingedgesis
weak; it may not be colorable. On the otherhand,if two nodeseachhave ve child nodesand,say only
oneof A'schildrenis the causeof thecon ict, thenthe situationmaybetolerable.NodeA will notlistento
ary messagedestinedor it, andNodeB will only hearonesuchout of six. Thuswe arrive at the notion
of partial con ict which captureghe notionthattwo nodesmay sometimeon ict, but notalways. In this
case,it depend®n how mary childrenof onenodearein rangeof anothemwith the samereceve channel.
Partial con ict is onereasonthat straightforvard graphcoloring is insufcient. Later we will develop a
cost-bene tmodelwhich accountdor this phenomenon.

Anothersourceof asymmetryarisesfrom the factthat messagesanspanacrossmultiple rendezous
times. Thusa nodethathasselectedanearliertime canblock onethathasselectech laterone(up to cyclic
permutation) but not vice versa. The notion of partial con ict arisesagain: the distritution of message
sizesmaybe suchthatlong messagesauseacon ict, but notshortones.

3.3.2 Conict ratio

Letusde ne thecon ict fraction aswell assomerelevantstatevariables:

fractionof messagesecevedby anodethat
weredestinedor anothemode

the (estimatedhumberof neighborsof anode
thetime to sendanaveragemessage

1This problemdoesnot occurif the two nodesusedifferentfrequenciesr spreadingodes;usingmultiple frequenciesnales
con ict lesslikely andis thusunequvocally desirable.



the numberof rendezoeustimesperperiod
the numberof differentfrequenciesvailable

First,letusnotethat captureghe observedamountof partialcon ict; this operationatle nition includes
con ict dueto hiddenterminalsJong-distanceadiointerferenceandpacletlengthvariations.In fact,all we
careaboutis this de nition, sinceit doesnot really matterwhy messagearegettingthrough.Accordingly
if is high,anodeA shouldwantto switchchannelsnore. At the sametime, switchingcausesa problem
for all of A's children,which mustdetectA's absencandswitch parentsor wait until they discover A's new
channel.

It is importantto notethatit is only worth switchingif thingswill be betterafterthe switch. Therefore,
we calculatethe expectedcon ict fraction asfollows. First notethatif we assumehat eachnodehas
the samenumberof children,we needonly calculatethe numberof nodesthat have a sufciently “close”
channelto A thata messagéo thatnodecouldinterferewith onedestinedor A (in otherwords,we don't
needo weightthemby thefrequeng of sending).In thiscase, close” meanghatbothnodes'channelhave
thesamerequeng, andthatthe othernodes rendezoustime is within onemessagéme of A'srendezous
time. Thuswe have

In otherwords, the numberof closenodesis the numberof nodeson the samefrequeng (assume
uniformly randomchoices) timesthe fraction of the periodtaken up by a messageThe lattertermcomes
from thefactthatit is equalto the probabilitythatA's rendezwustime lies insidethe extentof atransmitted
messageThenwe simply have:

To combinethe costandbene t, Let usde ne the switching pressue

The function is a weightingfunctionon , satisfyingthe propertieshat , Which
impliesthat : in orderto make senseasa costfunction, shouldalsoincreasanonotonically
Sincechildrengenerallyhave a nodeto failover to (seeSection3.4), the costof switchingis nottoo large,
and shouldre ect thisfact.

We compute asfollows. First, we keepa slidingwindow of the statusof last  pacletsrecevedby a
node,assigningavalueto eachpaclet. We assigna messag® if it is destinedor the nodethatrecevesit;

if amessagén progressvasdetectedisingcarriersenseandsomefraction  of thetotal messagd¢ime
for messagethatstartat theright time but aredestinedior anothemode. Thevalue is asystem-speci ¢
parametethat measuresvhatfraction of a messagéime is requiredto detecta carrier Thevalue isthe
fractionof a message¢hatneeddo belooked atto decidewho the correctrecipientis. We thencalculate
by takingthe meanof thesesamplesverthe sliding windov. We maythink of asdescribingtherecently
obsered con ict ratio onthe channel;notethatfor suitablechoicesof and , we canstoreeachsample
usingonly afew bits. Thevalueof isjustequalto thenumberof samplesvith valueO; if thefunction
is compute-intense, it may be precomputednto a table (sincethe numberof possiblevaluesis bounded
by the size of thewindow). Determiningthe neighborhoodize may be donevia implicit samplingof the
announcemerthannelseeSection3.4)to determinehow mary nodesarepresent.lt is straightforvard to
compute atthis point.



3.3.3 A solution

Wedraw inspirationfor our solutionfrom thethedistributedcoloringalgorithmof FitzpatrickandMeertens[MFOL
Their Conserative Fixed Probability (CFP)algorithmworks asfollows (appliedto the currentproblem):
eachnodeindependentlghooses channeltrandom thenif acon ict is detectedthenodeswitcheschan-
nelswith some x edprobability This very simpleapproachs shavn to corverge relatively rapidly. Since
the coloring doesnot changeunlessthereare con icts, andthe probabilisticapproachwith a sufciently
low probability)ensureghatnotall con icting nodeswill switch,it is stableaswell.

As we notedabove, our problemis not quitegraphcoloring,sincewe needto dealwith partialcon icts.
Neverthelesswe useCFP'sideaof nodesmakinglocal choicesandresolvingcon icts asthey occur A key
changeis that our systemusesa variableprobability that dependson the recentobsered behaior of the
channel.

What s that probability? The switching pressureprovides a reasonablealue: it is a measureof the
probability of seeinga netbene t from switchingchannels.It is alsolikely to be very smallin the steady
state sothe solutionwill bestable.Thuswith probability , a nodeswitchego differentchannelrandomly
choserfrom amongchannelsiotknown to beallocatedbasedn its neighbors'announcements).

3.4 Node State Exchange(Announcements)

We have discussechon a node decideswhetheror not to choosea new channelon which it listen for
messagefrom its children. Having chosena channelthough,it mustcorvey that choiceto nodesin its
neighborhoodhatmight wantto forward pacletsto it.

The goalsof stateexchangeare, rst, to do it aslittle aspossiblewhenthe network is not changing
(with someexceptions;seesection5.2), and second,to disseminatenen information quickly whenthe
network is changing.Therearetwo component®f the exchangelisteningfor announcementsndsending
announcementnaspecialwell-knovn channelve calltheannouncemernthannel Theformerbene tsthe
nodedoingthelistening,asit maydiscover a betterroute;thelatterbene tsthe nodes (potential)children.

Theproblemis similarto thatof neighbordiscovery (asthatis oneof its functions).Oneapproachio this
problemis to use“Birthday Protocols”(BP)[MBO01], which exploit the birthdayparadoxto nd neighbors
without requiringa lot of sendingor listeningtime. Theideais to listen during eachtime slot with some
probability , sendwith probability , anddonothingotherwise . Thebirthdayparadoxmalesit likely that
evenfor low valuesof and , two nodeswill hearabouteachother They explicitly analyzethe caseof
an -cligue,andshov thatthe “ProbabilisticRoundRobin” (PRR)modeworkswell for link discovery.

We have somavhatdifferentgoalsandassumptionsFirst, our goalis connectiity, not maximumlink
discovery. As long asthegraphis connectedit doesnt matterhow mary links areundiscoered.Addition-
ally, unlike in the BP analysiswe do notassumehatthereis a x edinitial phaseof stateexchangejt must
beanongoingprocesgo accounfor changesn thenetwork. Lastly, the BP analysiscalculateca suitable
in termsof thedesiredractionof links discoveredin certaintime. Ourtametis to saythateachnodeshould
have heardfrom somenumber of potentialparentsn thelast secondssothatconnectiity is veri ed
andfailoverto anew parentis fastandreliable.We call this therecencyconstaint.

This boilsdown to anoptimizationprocessLet usde ne aninput parameter —, whichde nesthe
averagenumber of parentannouncementse wishto hearin anintenal . Let  bethesetof potential
parentsn rangeof node ,  bethesetof all otherneighbordn rangeof ,and and betheenegy cost
of sendingandlistening,respectiely.

Receng constraints:

nodei is listening exactly oneparentnodeof i is sending



Condition Action
None Decay by afactorof
Heardannouncemerftom parent-lessiode | Set to
Obseredcollisiononannouncmenthannel| Setcollision bit in next announcement
Heardannouncemenwith collisionbit set | Decay by afactorof

Figure3: Theprobability of sendinganannouncemerduringthe next announcemerygeriodis adjusted
dependingon recentevents. The decayparametefor is , and is the maximumsendprobability
setequalto

Objective function(minimize enegy):

Unfortunately this is a complex nonlinearproblem,soit is unlikely that even a centralizedapproach
wouldyield anexactsolutionon thetime scaleswve require.Fortunately eachnodecanevaluateits relevant
constraintlocally (by rememberinga short history of possible-parenannouncements)So if eachnode
attemptgo minimize its enegy consumptiorwhile maintainingthe receng constraintwe cancalculatea
solutionin alocal, distributedfashion.

Ourbasicproposais thatbothsendandlistenprobabilitiesshouldbe decayedver time unlessanevent
occursthat requiresincreasingthem. Eachperiod, and will be decayedoy the decayparameter
sothe neteffectis an exponentialdecay Thus,we expectthatin the steadystate,enegy spenton these
maintenancenessagewill bevery low.

3.4.1 Stateexchangdisten probability

Settingthelistenprobabilityis now relatively straightforvard: anodeslistenprobabilityshouldbeincreased
asneededo maintainthereceng constraintA simplealgorithmis to raisethelistenprobabilityto 1 when

the constraintis violated(for example,whenanode rst joins the network or its parenthasdied andit has

no backup).Whensendsandlistenscon ict (whichthey will if thelisten probabilityis setto 1) thensends
take priority.

3.4.2 Announcementsendprobability

Next, we dealwith sendprobabilities. We feel thatin the BP analysis,sendcon icts werenot sufciently

accountedor. Whena con ict occurs—tvo nodessendannouncementseardby somedestination—both

paclets may be lost andmuchenepy is wastedsendingandlistening. The probability of collisionin the
-cliqueis

no nodesends exactly onenodesends

Say —. Then



Approximatingusing andusingthefactthat —,

Thus,thesuggestiorthat  shouldin generabe , Where is theestimatechumberof neighbors,
is probablytoo high, sincethe expectedprobability of con ict is - , whichmeanghataboutl in
4 announcemertlotstherewill beacon ict andtheenegy usedby all senderandlisteners.We canlower
this probabilityto about1/10by using .

Thuswe proposethat  be cappedat a maximumof . The only costto this is thata desperate
listenerwill have to wait one additionalslot on average,which seemsdlike a small price to pay (not to
mentionthatall senderaresendinghalf asoften).

Thesendrateshouldbeincreasedo the maximumwhenanannouncemens heardfrom anodewith no
parent,sincethis is the mosturgentcaseor if it changedevels (informationwhich shouldbe propagated).
The sendrate shouldbe setto of its old valueif a nodehearsan announcmentith a special
“collision” bit set. This bit will be setby a nodesendingan announcemerif it hashearda collision on
the announcementhannelsinceits last announcemnt.The factor is designedso that of the
neighborsof the nodethat noticedthe collision do not all backoff too much. The assumptiorhereis that
the 'sfor eachnodein questionareeithersimilar or distributedin sucha way thattheaggrejatesendrate
is reducedappropriately

We concludeour discussiorwith the notethat althoughwe have de ned our probabilitiesin termsof
the probability of sendingduringa particularannouncemergeriod,in factall we wantis to know the next
time to listen or send. We may wantto turn off the CPU during unneedederiods. Fortunately onecan
getthe sameresultasactivating with probability duringeachperiodby choosinginteractvationtimesby
samplingfrom anexponentialdistribution with mean

3.5 Switching Parents

We have sofaronly talkedabouta goodstrategy for optimizingthereceving portionof communicationi.e.,

selectingandswitchingchannelsThe complementary—andasier—problemis thatof a sendeis knowing

whento switchparents Work by Woo andCullerf[WC03 shawvs thata Windowv-MeanEWMA is bothstable
andresponasie asalink estimatolin thesensorervironment.We applythis not merelyto measuraheradio
link, but to measuraghe empiricalusefulnessf alink, includingthe effectsof schedulecon icts. In short,
a nodeattemptsto switch parentswhen, for whatever reason,its messagesre not getting throughto its

parentwith very high probability A new parentis selectedrom amongthosein its parenttable,build using
announcements hasheard.

3.6 Individual NodeBehavior

For the presentdiscussionywe assumdree-basedouting. Nodesmay sendpaclets containingaggregated
sensoreadinggo ary nodethatis onehop closerto the basestation,i.e. ary nodein its parentset. How
exactly anodechooseghe “best” parentwe do notanalyzein this paper;metricsfor fairnessarediscussed
in Section5.2.

Eachnodesimply transmitsits paclet onits parents adwertisedchannel.Acknovledgementsaredone
atthelink layerandmaybeaggregyatedacrosamultiple paclets. If amessagés notsentdueto carriersense
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or, if enabledcollision detection,exponentialbacloff is performed,with somemaximumbacloff before
the parentnodeis switchedandthe paclet discardedOnekey differencefrom anormalCSMA MAC layer
is thatbacloffs arenotdonein arbitraryunitsof time; they aredonein unitsof periods.Thusanodealways
transmitson its parents channelgvenwhenit backoff.

A nodealwayslistenson its receve channelwhenit haspromisedto do so. If a messagés heard,it
stayson for aslong asit takesto completethe messageevenif it spansmultiple slots. The default listen
rateis onceperperiod;pleaseseeSection5.1for anadaptve approach.

Channehllocationandstateexchangeproceedaccordingo the algorithmsin the previous sections.

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 testthe correctnesandef cacy of our schemewe developeda simulationof a wirelesssensor
network. It is a paclet-, not bit-, level simulation,but doestake into accounthe hiddenterminalproblem,
wherea nev messageancorruptonecurrentlyin progress.Simulationwashy time step,whereeachstep
was the size of oneslot in the TDMA scheme. Radio rangewas assumedo be a perfectsphere,with
no falloff within the sphere,and perfectfalloff outside. We did not explicitly simulatelink-layer ACKs;
however, they wereaccountedor: nodesweremadeawareof which messagegot throughto the next hop
andwhich did not. Likewise, althoughour simulatorwas capableof handlingprobabilistic paclet loss,
suchlosswould only contrilute to the settingof the input parametershatcontrolthe degreeof hysteresis,
so we do not include resultswith explicit paclet loss. Lossdueto collisionsor carrier sense however,
were accountedor. The x ed parameter@are shavn in Figure4. Radio parametersvere derived from
the ChipConCC1000radio[CC1000 usedin the latestBerkeley nodes.Message-relatedarametersvere
derivedfrom typical sizesin othersensomnetwork research.

50 nodesweredistributed randomlyin a circle of radius15 units; the transmissiomadiuswas5 units.
Interestinglythis resultedn somenodesheing7 hopsfrom the basestation!

Initial parentselectionfor a nodewasdoneby arandomchoicefrom amongall possibleparentsof that
node.

Four eventstake placeduring the simulation. One nodeis added2 secondsn, 2 moreare added20
secondsn, andone of thoseis “killed” at 50 secondsn. Thesechangesareto force at leastpart of the
network to adapt.Ilt maybe helpfulto look atthe diagramdfor the network at differentpoints: seeFigures
5,6,7,and8. Solidlinesindicatea parent,dashedine indicatea potentialparent.

4.2 ChannelAllocation

The fundamentaboal of channelallocationis to minimize power while maintainingconnectiity (a high
fractionof successfullyransmittedpaclets). Onecontrol parametefor our channekwitchingalgorithmis
the sliding window sizefor receved messagesA largerwindow will give you a morestablenetwork that
canhandletransientproblemsput will be slowerto reactto changeln our experimentsthis parametedid
not seemto make a big differencewhenit was10 pacletsor more. We thususeda 10-paclet window. We
also x the parametent5 (soparentswill beheardevery 5 second®n average)..

To evaluateour channel-switchingtratey, we tried to comparghechannel-constraingoerformancef
thealgorithmagainstheideal casewhereeachnodecanselecta uniguechannel.Our metricswereenegy
consumptiorand paclet lossrates. Unfortunately in our tests,we couldnot nd an*“interesting” part of



Slotsperperiod | 10
Periodspersecond| 10
Numberof nodes| 50
Transmissiorspeed| 40 Kbps
Sendpower | 10(mA @ 3V)
Receve power | 17(mA @ 3V)
Paclet size(bytes) | 30
Maximumbacloff on carriersensgperiods) | 8
Slotsperannouncemergaclet | 1
Decayratefor announcemergend/listerprobability | 0.95
Minimum probability of listeningfor announcements 0.1
parametefrom Section3.3 | 0.5
Consecutie pacletlossedo switchparents| 3
Sensoreadingintenal | 5sec

Figure4: Fixed parameter the simulation.

the overall parametespace(thereare some20 parameters)in otherwords,with a reasonablewumberof
channelgasfew as7 slotswith 1 code),therewerevirtually no droppedpaclets(4% or so, largely dueto
two childrensendingat the sametime) evenwith thetestnodesenteringandleaving.

4.3 StateExchange

The primary“control knob” for our stateexchangealgorithmis the rateat which you expectto hearparent
announcementsThis numberis signi cant sinceit providesa temporalguarantedor connectiity in the
network. Essentiallyyou aretradingoff lower powver consumptiorfor slowver responsedo changesn the
network thatrequireroutemodi cation.

Therearetwo thingsto check: rst, thatthe parameteindeedcorrespondso thetime it takesfor new
informationto propagateandsecondhow theinput parameteaffectsthe tradeof betweenthe fraction of
pacletssuccessfullydeliveredin the faceof a changingnetwork andthe amoutof power consumedloing
Sso.

As to the former, our experimentsshaved that convergence(an optimal network by a distancevector
metric) was achieved for ary reasonablesalue of the parameterand the corvergencetime was roughly
proportionalko it.

5 Extensions

5.1 Adaptive Listen Rate

While nodesordinarily alwayslistenonceperperiod,this schemaloesnottake into accounbbseredlevels
of traf ¢, which maysuggestisteningmoreor lessoften. Thelattercaseis morecommon sincewe expect
periodwill besufciently shortthatneedingto receve multiple messageperperiodwill berare.Listening
lessoftenwill improve enegy consumptiorat the costof longerdelays. This tradeof may acceptabldor
mary applicationssowe proposethe following extension.

An EWMA estimatoris maintainedo estimatethe incomingtrafc rate. Eachtime a nodewakesup
it recordsa sampleof 0 or 1 accordingto whetheror not it receved a messagéor itself. Thenwe choose
upperandlower thresholdssuchthatif the estimatorexceedghe upperthresholdtherateis increasednd
vice-versafor the lower threshold.The thresholdsareneededo maintaina degreeof stability with respect

10
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Figure5: Theinitial stateof the network. The numbersn bracletsarethe numberof hopsfrom the base
station. Thisis alsoindicatedby the color of the nodes(if available). Solid linesindicatea parent;dashed
line indicatea potentialparent.
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Figure6: At 20 secondsn, threemorenodes(1000,1001,1002) have beenadded,but the network has
not yet adaptedo 1000 and 1001, which just arrived. 1002 is alreadyrouting paclets for the formerly
partitionednode53; nodel002arrived 2 secondsn.
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Figure7: At 50 seconds$n, nodel000is killed (it just stopsresponding)Notice,though,how theclusterof
nodesbelon andto theleft of 1000and1001hasalreadyadapteddy routingthroughthe new nodeswhich
eliminatedonehop.
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Figure8: At 150secondsn, no morechangesretaking place. The network hasadaptedo 10005 death.
Nodeswhich wereroutingthroughit have switchedparents.
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to local peaksandvalleys in trafc levels. Naturally whena nodechangests listenratefrom, say every
periodto onceevery threeperiods,it mustannouncehis fact on the announcementhannel,andideally,
inform eachchild nodeof thedecisiorwhenit recevesapaclet. To satisfythelatterrequesteachnodethat
decreasess listenrateshouldrespecthe old ratefor long enoughthateachchild hassentonepaclet to it
(andthushasbeennoti ed of thechange).

5.2 Adding Fairness

Onedif cult to avoid issueit that somenodeshave to route more paclets than others. Someof this is
unavoidable: edgenodesdont have asmuchwork sincethey don't needto routearnything. With a small
diametemetwork, "a lot” of nodesareonthe edge,e.g. for 5 hops,9/25 ( ) arein the outermosthop
assuming uniform distribution circularly aroundthe basestation.

If nodesarecarefulaboutchoosingparentspetwork lifetime canbe extendedespeciallyif somenodes
have longerbatterylife. We needa metricwherebyeachnodecandecidewhich possibleparentto sendto.
Themetricis goingto besomefunctionof thetamet's batterylevel, thetamget's currentforwardingrate,and
theenegy requiredof thesendeto reachthetamet. Thesevaluesaregleanedrom periodicstateexchange
messagethateachnodewill sendout.

6 RelatedWork

Therehave mary beermary effortsin theareaof enegy-avarecommunicationsecently Thereareroughly
threeclasse®f schemesTinyOS' Low-power listening[], which operatesatahardwarelevel; drop-inMAC
layer replacementsincluding S-MAC[YHEO02] and T-MAC[VLO03]; and explicit schedulingapproaches,
including TRAMA[ROGO03, Flexible Paver SchedulinglHDBOR andDuraNet[MTWO03.

6.1 Existing Approaches

TRAMA TheTraf c-Adaptive MediaAcces§{ TRAMA) protocolis anexplicitly schedulegystemNodes
mustmaintainconsistentwo-hoptopologyinformation,alongwith the schedule®f every nodein this ra-
dius. Usingthe information,the nodescan gure out whenit is safeto sendwithout causinga collision.
Lateny canalsobe high sincethe scheduleperiodis sufciently large that paclets are more frequently
gueuedat eachnode. It is not known how easyit is to maintaintwo-hop-radiusnformationin practice,
especiallyin thefaceof faulty nodesandchangingtopology TRAMA attemptdo fail in suchaway asto
presere correctnessit is not clearto whatextenta real network would engagehis mode,which hashigh
enegy consumption.

Flexible Power Scheduling The Flexible Powver Scheduling(FPS)[] approactof Hohlt et al. takesthe
approachthattrafc consistsof o ws andthat bandwidthshouldbe resered for these o ws from each
nodeto the basestation. This is achieved usinga supply-and-demanchodel. Eachnodedemands certain
amountof bandwidthaccordingo thetraf c it generateandthetrafc it mustforwardfrom its descendants
in the routing tree. The nodes parentsuppliesthe bandwidthby making reserationsfor eachunit of
bandwidthto be sentduring someparticulartime slotin eachperiod. Thetime slot is long enoughthat if
thereis interferencewith someother pair of nodes,a standardCDMA MAC canresolhe it. The bene t
of this approachis that end-to-endyield is good, sinceenoughbandwidthis resered all the way to the
root of thetree. Peakdn traf ¢ arehandledby buffering at the sourcenodes(sincethey mustrespectheir
resenations);this meansthat, rst, reserationsmustbe madefor the expectedaveragesendingrate and
that, secondateny during peaktimescanbe high. This could be problematicsinceeachperiodis on
the orderof secondsComparedvith STEAM, FPSreduceshe precisionof requiredtime synchronization
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andmayhave somevhatbettersteady-statperformancetthe costof longlateny andthe needfor queues
during peakperiods.

DuraNet DuraNetattackghereducedroblemof ad-hometworkswith relatively stableconnectiity. The
ideaisto setupa x edpairwisescheduleéhatensuresiocon icts. Duringaninitial setupphaseRTS/CTSis
usedcleverly to scheduldimesfor futurecommunicationsWhenapair of nodescansuccessfullyexchange
an RTS/CTS,they know thatthat offsetinto the periodis free for communicatiorduring eachsubsequent
roundof communication.DuraNethasthe adwantageof beingalmostperfectlyef cient, sincethe sender
andrecever alwaysagreeandhave no con icts with othernodes.The disadwantageof the schemads thatit
is not particularlyrobustto changesn theinterferenceopologyor joins andleaves. Thusit is likely to be
well suitedto relatively staticmonitoringapplications.

TinyOS TheTinyOSlow-powerlisteningmodemakesa physical-layeadjustmentsfollows:

1. Choosea particularduty cycle . Theduty cycle basicallyis the fraction of time the radio may be
turnedon (typically for listening;the sendrateis usually x edby the sensorsamplingrate). For our
example,letus , or 1%.

2. Turnontheradiofor 1% of thetime, sayfor 2 msevery 200ms.

3. Duringthisintenal, listenfor a specialstart symbolbeingbroadcastlf you hearone,keeptheradio
on andwait for theactualmessagelf not,turntheradio off.

4. If you area sendersenda startsymbolfor (in this case)200 ms, thensendthe actualmessagelt is
necessaryo sendfor thefull 200ms—ingeneralfor atime inverselyproportionato —sothatthe
intendedrecever will be awake.

This schemewhile simpleandrequiringno extra coordinationhastwo undesirablg@ropertiesFirst, as
deceasessendersandlistenersmuststayon sendfor anincreasingamountof time. Secondisteners
mustlistento messagegand, moreimportantly long startsymbols)that are not destinedfor them. This
is wastedenegy. Low-power listeningis mosteffective whenthe messageateis very low. In this case,
steady-statenegy consumptioris whatis mostimportant,andlow-power listeningallows usachieve alow
duty cycle transparentlandwithoutany overhead.

S-MAC S-MAC is adrop-inMAC layerreplacementor a default CSMA MAC. Its ef cacy is basedon
the simpleprinciplethatif every nodebuffersits outgoingmessageghenall the nodessendtheir buffered
messageduringa short,intenseburst, thenthe nodescanturn off their radiosbetweerbursts.It usesx ed
onperiodsand x edoff periods.Synchronizingheseperiods—maintainingirtual clustes— canbetricky,
andin somecasesiodesmay have to adoptmultiple schedulesThe schemaalsorequiresenoughmessage
buffer spaceo storeall queuednessages.

T-MAC T-MAC is animprovementover S-MAC in thatit usesvariable-lengthon- periodsand certain
otheroptimizationghatattemptto reduceproblemssuchasearly sleepingandsend-priorityfor nodeswith
full buffers. While goodresultswereachiezedin simulationof staticnetworks, it is not clearhow well the
protocolperformsin moredynamicsituationswith joins, leaves,andchangingnterference.
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Other RelatedWork Xu etal.[XHEOQ considera neighborhood-agidive schemehut it doesnot have
multiple channelsandthusachiezesduty cyclesontheorderof 50%ratherthanafew percent.

We have discussedhe CFP coloring algorithm[MFO0] in Section3.3; aswe have noted,though,our
problemhereis not in fact graphcoloring, thoughour solutioncertainlyowesa debtto its local, dynamic
approach.

Birthday protocols[MBO0] (seeSection3.4) areanef cient solutionto neighbordiscorery. Our metric
is different(temporalguaranteesf connectity), but again,our algorithmbuilds on this approach.

RamanathaandRosales-Hain[RR(JGxplorea methodof topologycontrolby adjustingtheradiosend
power andsensitvity. We feelthisis animportantareato considemwhendealingwith overloadechodeswe
planto investigatethis approactwithin our framework.

7 Conclusion

We have presented new systemof communicationn sensonetworksthatcombinesa TDMA MAC with a
simple,adaptve methodof routingpacletsthatachiezeslow overheadwithoutsacri cing connectiity. Our
algorithmsweredesignedo be distrituted, iterative approximationgo theoreticaloptima. Our simulation
shawvs thatcorrectnesss achieved, althoughwe do not have tight boundson how fastor within whatfactor
of optimalpower our algorithmperforms.

Thereare someother openquestions:how importantis fairness? Do you want fewer nodesto live
longer perhapsnaintaininga singleconnectedree,or for all the nodesto die atthe sametime?

We have only begun to explore the huge parameteispaceof our system. Thereis a lot of room for
furtheranalysis but we feel that our framework givesus a goodstartingpoint for achiezing ef cient low-
power operatiorwith realisticassumptions.
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