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Abstract

This paper considers the problemof broadcastingand
informationgatheringin wirelessad-hocnetworks,i.e. in
wirelessnetworkswithoutany infrastructure in addition to
the mobile hosts.Broadcastingis the problemof sending
a packet from a source node in the network to all other
nodesin thenetwork.Informationgatheringis theproblem
of sendingonepacket each froma subsetof thenodesto a
singlesinknodein thenetwork.Mostof theproposedtheo-
retical wirelessnetworkmodelsoversimplifywirelesscom-
municationproperties.We will usea modelthat takesinto
accountthat nodeshavedifferent transmissionand inter-
ferenceranges,and we proposealgorithmsin this model
thatachievea high timeandwork-ef�ciency. Wepresental-
gorithmsfor broadcastinga singleor multiplemessage(s),
andfor informationgathering. Our algorithmshavethead-
vantage that they are very simpleand self-stabilizing, and
wouldthereforeevenwork in a dynamicenvironment.Also,
our algorithmsrequireonlya constantamountof storageat
anyhost.Thus,our algorithmscanbeusedin wirelesssys-
temswith verysimpledevices,such assensors.

1. Intr oduction

In this paper we considerthe problem of broadcast-
ing and gatheringmessagesin wirelessad-hocnetworks.
Broadcastingis a basiccommunicationprimitive for wire-
lessnetworks,andit hasthereforebeenheavily studiedboth
in thesystemsandin thetheorycommunity. Thoughbroad-
castingitself appearsto be an easyproblem,it is actually
quite hard to realizein an ef�cient and reliable way in a
mobilead-hocnetwork. Themainproblemconcerningthe-
oreticalinvestigationsis thatmobilead-hocnetworkshave
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many featuresthatarehardto modelin a cleanway. Major
challengesarehow to modelwirelesscommunicationand
how to modelmobility. Here,theoreticalwork is still rare.
Sofar, peoplein thetheoryareahavemostlylookedatstatic
wirelesssystems(i.e. thewirelessunitsarealwaysavailable
anddonotmove).Wirelesscommunicationis usuallymod-
eledusingthe packet radio network model.In this model,
thewirelessunits,or nodes,arerepresentedby agraph,and
two nodesareconnectedby anedgeif they arewithin trans-
missionrangeof eachother. Transmissionsof messagesin-
terfere at a nodeif at leasttwo of its neighborstransmita
messageat thesametime. A nodecanonly receive a mes-
sageif it doesnot interferewith any othermessage(s).

The packet radio network model is a simpleandclean
modelthatallowsoneto designandanalyzebroadcastalgo-
rithms with a reasonableamountof effort. However, since
it is a high-level model, it doeshave someseriousprob-
lemswith certainscenariosin practice.For example,in re-
ality it is not true that the transmissionrangeof a nodeis
thesameasits interferencerange.Instead,the interference
rangeof anodeis usuallyat leasttwiceaslargeasits trans-
missionrange.Not taking this into accountmay result in
broadcastingalgorithmsthat cannothandlecertainscenar-
ioswell althoughef�cient onpaper. In fact,it is notdif�cult
to constructexamples(see[16]), wheremostexisting pro-
tocolsfor broadcastingrequire
( n) roundsevenin expec-
tation whenwe considerthe situationthat the interference
rangeis biggerthanthetransmissionrange.

Thusit is necessarythat algorithmsfor broadcastingin
wirelessnetworks considerproblemsdue to interference.
Thereis a limited numberof papersthat usea model that
differentiatesbetweenthe transmissionrangeandinterfer-
encerange[1, 7, 8], but they assumethat nodesare dis-
tributedin anidealspacesothatthetransmissionrangeand
interferencerangeof every nodecanbe speci�ed in terms
of Euclideandistance.

Anotherseriouslimitation in mostof the existing algo-
rithms is theassumptionthat thesizeof thenetwork, or at



leasta linear estimateof the sizeof the network, is avail-
ableto all of thenodesin thenetwork. Without anestimate
of the sizeof the network it wasshown in [11] that in an
n nodenetwork, 
( n) time units arerequiredin expecta-
tion for asinglemessageto besentsuccessfully, if physical
carriersensingis notavailable.

We will usea muchmoregeneralwirelesscommunica-
tion modelthat recentlyappearedin [17]. In this work we
presentself-stabilizingalgorithmsfor broadcastingandin-
formationgatheringin wirelessoverlaynetworks.To keep
this paperat a reasonablelength,we do not give a detailed
motivationfor themodeladoptedbut insteadrefertheinter-
estedreaderto [17].

1.1. Wirelesscommunicationmodel

We assumethatwe aregivena setV of mobilestations,
or nodes, that are distributed in an arbitrary way in a 2-
dimensionalEuclideanspace.For any two nodesv; w 2 V
let d(v; w) betheEuclideandistancebetweenv andw. Fur-
thermore,considerany costfunctioncwith thepropertythat
thereis a �x edconstant� 2 [0; 1) sothatfor all v; w 2 V ,

� c(v; w) 2 [(1 � � ) � d(v; w); (1 + � ) � d(v; w)] and

� c(v; w) = c(w; v), i.e. c is symmetric.

c determinesthe transmissionandinterferencebehavior of
thenodesand� boundsthenon-uniformityof theenviron-
ment.Notice that we do not requirec to be monotonicin
thedistanceor to satisfythetriangleinequality. Thismakes
surethatourmodelevenappliesto highly irregularenviron-
ments.

We assumethat the nodesusesome�x ed-ratepower-
controlled communicationmechanismover a single fre-
quency band.Whenusinga transmissionpowerof P, there
is a transmissionranger t (P) and an interferencerange
r i (P) > r t (P) that grow monotonicallywith P. The in-
terferencerangehasthepropertythateverynodev 2 V can
only causeinterferenceat nodesw with c(v; w) � r i (P),
andthe transmissionrangehasthe propertythat for every
two nodesv; w 2 V with c(v; w) � r t (P), v is guaran-
teedto receive a messagefrom w sentout with a power of
P (with high probability)aslong asthereis no othernode
v0 2 V with c(v; v0) � r i (P0) that transmitsa messageat
thesametimewith apowerof P 0.

For simplicity, we assumethat the ratio r i (P)=rt (P) is
a �x edconstantgreaterthan1 for all relevantvaluesof P.
This is nota restrictionbecausewedonotassumeanything
aboutwhat happensif a messageis sentfrom a nodev to
a nodew within v's transmissionrangebut anothernodeu
is transmittinga messageat thesametime with w in its in-
terferencerange.In this case,w mayor maynot beableto
receive the messagefrom v, so any worst casemay be as-
sumedin theanalysis.Theonly restrictionwe need,which

is importantfor any overlay network algorithmto eventu-
ally stabilize,is thatthetransmissionrangeis asharpthresh-
old. That is, beyondthetransmissionrangea messagecan-
notbereceivedany more(with high probability).

Nodescannot only sendandreceive messagesbut also
performphysicalcarriersensing,which hasnot beencon-
sideredbeforein modelsproposedin the algorithmscom-
munity. GivensomesensingthresholdT (thatcanbe �e x-
ibly set by a node)and a transmissionpower P, thereis
a carrier sensetransmission(CST)range r st (T; P) anda
carrier senseinterference(CSI) range r si (T; P) thatgrow
monotonicallywith T andP. Theranger st (T; P) hasthe
propertythatif a nodev transmitsa messagewith powerP
anda nodew with c(v; w) � r st (T; P) is currentlysensing
thecarrierwith thresholdT , thenw sensesamessagetrans-
mission(with high probability). The ranger si (T; P) has
thepropertythat if a nodev sensesa messagetransmission
with thresholdT , thentherewasat leastonenodew with
c(v; w) � r si (T; P) thattransmitteda messagewith power
P (with high probability).More precisely, we assumethat
the monotonicitypropertyholds.That is, if transmissions
from asetU of nodeswithin ther si (T; P) rangecausev to
senseatransmission,thenany supersetof U will alsodoso.
For simplicity, we will assumein thefollowing that for the
carriersenseranges,r si (T; P)=rst (T; P) = r i (P)=rt (P)
for all relevantvaluesof T .

1.2. Relatedwork
Broadcastingin wirelessad-hocnetworks hasbeenex-

tensively studiedin theliterature,especiallyin themoreap-
plied ad-hocnetworking community. See[18] for a survey.
To thebestof ourknowledge,ourpaperis the�rst work that
formally developsandanalyzesbroadcastalgorithmsunder
amodelwith separatetransmissionandinterferenceranges.

All of the work on the broadcastproblem cited be-
low assumea staticnetwork scenariowherethe transmis-
sion andinterferencerangesof a nodearethesame.In an
early work, Chlamtacand Weinstein[3] presenteda de-
terministic centralizedbroadcastprotocol which assumes
completeknowledgeof the network topology and which
runsin O(D log2 n) time, wheren is thenumberof nodes
and D is diameterof the network. Bar-Yehudaet al. [2]
were the �rst to presenta distributed algorithm for the
broadcastingproblem in ad-hocwirelessnetworks with-
out assumingany topologicalknowledge,except immedi-
ateneighborhood,of thenetwork. Their algorithmhadex-
pectedO(D logn + log2 n) time. In [14] a lower bound
of 
( D log (n=D)) is shown for any randomizedbroad-
cast protocol. In [13, 4] randomizedprotocols with ex-
pectedruntimeof O(D log(n=D) + log2 n) arepresented
— in [13] the underlyingtopologyis assumedto be sym-
metric,while in [4] thisassumptionis dropped.

Adler and Scheideler[1] presentapproximationalgo-
rithmsfor theunicastproblemin wirelessad-hocnetworks



undertheassumptionthatthetransmissionandinterference
rangesarenot thesame.However they still assumea sim-
pli�ed diskmodelbasedonEuclideandistances.Moreover,
theirunicastalgorithmdoesnottranslatedirectly into anef-
�cient broadcastingalgorithm.

The problemof information gatheringin wirelessnet-
works is studiedmostly in the context of wirelesssensor
networks. The authorsof [10] constructa tree on which
gatheringandaggregationcanbeperformed.However, they
do not deal with inherentproblemssuchas channelcon-
tentionandinterferenceandalsodo not provide theoretical
boundsontimeandwork. Informationgatheringandaggre-
gationhave alsobeenstudiedin [5, 12, 15, 19, 9] but a rig-
orousformal analysisfor wirelessadhocnetworkshasnot
beenperformedprior to this work.

1.3. Our results

We considertwo importantcommunicationproblemsin
wirelessad hoc networks,namely, broadcastingandinfor-
mationgathering.

The problemof broadcastingcan be describedas fol-
lows.Givenastaticconnectedwirelessnetwork of n nodes,
minimize the total time andwork to sendm � 1 broad-
castmessagesoriginatingfrom asourcenodes to all nodes
in the network. In Section3, we considerthe simplecase
wherea single nodes is the sourceof a single broadcast
message,i.e., m = 1. In Section4, we extend our algo-
rithm to handlethecasethatnodes is thesourceof multi-
plebroadcastmessages.

Informationgatheringis anotherimportantcommunica-
tion primitive in wirelessnetworks.Theproblemhasappli-
cationsin many scenariosin sensornetworks [10, 19, 6],
andmaintainingconnectivity with basestationsin a multi-
hopwirelessnetwork. The problemof informationgather-
ing canbe describedas follows. Given a staticconnected
wirelessnetworkof n nodesamongwhichm packetsarear-
bitrarily distributedanda sink nodes in thenetwork, min-
imize the total time andwork requiredfor sendingthe m
packetsto thesink node.In Section5, we presentandana-
lyzeasimplestrategy for informationgathering.

Ouralgorithmsareself-stabilizing(i.e.,canstartin anar-
bitrary state)andcanthereforeadaptto changesin a wire-
less ad-hocnetwork. Our algorithmsdo not require any
knowledgeof the sizeof the network. For our algorithms
to work correctly, it suf�ces that the nodesin the network
have identi�ers that are locally different.We only require
that the nodessynchronizelocally into roundsup to some
reasonablysmall time difference,which canbe easilyac-
complishedusingGPSsignalsor any form of beacons.An-
otherimportantfeatureof our algorithmsis thata constant
amountof storageat any nodesuf�ces even in the caseof
gathering.Theabovepropertiesmakeouralgorithmsappli-
cableto sensornetworkswithoutany modi�cations.

The proofsareomittedin this versionbut canbe found
in [16]. Beforeproceedingfurther, in Section2 we present
somepreliminaryde�nitions andassumptionsusedin the
paper.

2. Preliminaries
Our resultsbuild ontopof adistributedalgorithmfor or-

ganizingthewirelessnodesinto aconstantdensityspanner,
proposedrecentlyin [17]. A constantdensityspanneris de-
�ned asfollows.GivenanundirectedgraphG = (V; E), a
subsetU � V is calleda dominatingsetif all nodesv 2 V
areeitherin U or have anedgeto a nodein U. A dominat-
ing setU is calledconnectedif U formsa connectedcom-
ponentin G. The densityof a dominatingset is the maxi-
mumoverall nodesv 2 U of thenumberof neighborsthat
v hasin U. In ourcontext, constantdensityspanneris acon-
necteddominatingsetU of constantdensitywith theprop-
erty that for any two nodesv; w 2 V therearetwo nodes
v0; w0 2 U with f v; v0g 2 E, f w; w0g 2 E, anda pathp
from v0 to w0 alongnodesin U so that the lengthof p is
at mosta constantfactorlargerthanthedistancebetweenv
andw in G.

Let V bethesetof nodesin thenetwork. For any trans-
missionranger , let thegraphGr = (V; E) denotethegraph
containingall edgesf v; wg with c(v; w) � r . Throughout
thispaper, r t denotesthetransmissionrangeandd(u; v) de-
notestheshortestdistancebetweenu andv in Gr t . Further-
more,let D (s) = maxv2 V d(s; v).

Thespannerprotocolfor Gr t presentedin [17] consists
of threephasesthatarecontinuouslyrepeatedin roundsas
shown in Figure1. The task of PhaseI is to obtain a set
U � V of active nodesso that U forms a constantden-
sity dominatingsetin Gr t . As U maynotbeconnected,ad-
ditional phasesare requiredto arrive at the constantden-
sity spanner. The taskof PhaseII is to arrangenodesin U
into color classesthatkeepnodeswith thesamecolor suf-
�ciently far apart from eachother. Only a constantnum-
ber of different colors is neededfor this, wherethe con-
stantdependson� asde�ned in Section1.1.Everynodeor-
ganizesits roundsinto time framesconsistingof asmany
roundsastherearecolors,anda nodein U only becomes
active in PhaseIII in the roundcorrespondingto its color,
alsoreferredto astheroundownedby thatactivenode.The
taskof PhaseIII is to interconnectnodesin u; v 2 U such
thatd(u; v) � 3 via a setG of gatewaynodes. (SeeFigure
2). Eachphasehasa constantnumberof time slotsassoci-
atedwith it, whereeachtime slot representsa communica-
tion stepasshown in Figure1. To achieve interferencefree
communicationamongthe active nodes,the coloring ob-
tainedin PhaseII is used.Nodesin V n(U [ G) arereferred
to as inactivenodesandthe constantd̂ refersto the num-
berof activenodesthatarewithin theinterferencerangeof
any node.
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Figure 1. Timeline of the spanner protocol.
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Figure 2. Constant density spanner

In [17], it was shown that sucha spannercan be con-
structedin O(� log � logn + log4 n) timesteps,with high
probability, where� is themaximumnumberof nodesthat
arewithin thetransmissionrangeof a node.

3. IsolatedBroadcasting
In this sectionwe considertheproblemof broadcasting

a single message.Let nodes be the sourceof the broad-
castmessage.Sinces hasa maximumdistanceof D(s) to
any nodein Gr t , D (s) is a lower boundon thetime anop-
timal of�ine algorithmneedsto broadcastamessagefrom s
to all nodes.Ourgoalis to comeupwith abroadcastscheme
so that the time neededby thebroadcastmessageto reach
all nodesis ascloseto D(s) aspossible.We usethe con-
stantdensityspannerconstructionof [17] asthebasis.If s
is not an active node,i.e., s 62U, then let ` be someac-
tive nodethat is within thetransmissionrangeof s. Thens
�rst sendsthemessageto `. Thebroadcastschemethenpro-
ceedsin roundsthataresynchronizedamongthenodes.In
thebroadcastschemebelow, ` refersto theID of anactive
nodethatownsthecurrentslot.Every itembelow is asepa-
ratetimestep.

1. If ` received the broadcastmessagein the previous
roundandit is the �rst time it received the broadcast
message,̀ sendsout thebroadcastmessage.

2. If v is a gateway nodeand hasalreadyreceived the
broadcastmessage,thenv sendsoutanRTS(Request-
To-Send)signalwith probabilityp.

3. If v is a gateway nodeanddecidednot to sendout an
RTS signalor v is an active node,thenv checksif it
correctlyreceivedanRTS signal.If so,andv hasnot
receivedthebroadcastmessageyet,v sendsoutaCTS
(Clear-To-Send)signal.

4. If v is agatewaynodeandsentoutanRTSsignal,then
v checksif it senseda CTS signal.If so, v sendsout
thebroadcastmessage.

Noticethatinactivenodesjustneedto listento thewire-
lesschannelin orderto receivethebroadcastmessageeven-
tually. This is becauseour spanneralgorithm [17] makes
surethat messagetransmissionsof active nodesin step1
above never interfereat an inactive node. The following
theoremsdemonstratethat the above protocol hasa high
time andwork ef�ciency. We neglect the cost for sending
and sensingthe RTS/CTSsignalsin arriving at the work
bound.

Theorem3.1 Given the constantdensityspannerof Gr t

as in [17], the broadcastalgorithm with p = 1=d̂ needs
O(D(s) + logn) rounds,with high probability, to deliver
thebroadcastmessage to all nodes.

Theorem3.2 Given the constantdensityspannerof Gr t

as in [17], the broadcastalgorithmneedsO(W (s)) work,
where W (s) is theoptimalwork requiredto senda broad-
castmessage froms to all nodes.

The broadcastalgorithm can also be made to self-
stabilizeby makingsimplechangesto thealgorithmabove
asshown in [16].

4. BroadcastingMultiple Messages
Next we look at thecasethatthesources wantsto send

out multiple broadcastmessagesinsteadof just one.Then
s attachescontinuoussequencenumbersto the messages,
startingwith 1.

The broadcastschemeproceedsin roundsthat aresyn-
chronizedamongthe nodes.Eachactive or gateway node
v keepstrack of two numbers,i v and j v . Numberi v de-
notestheminimummessagenumberv hasnot receivedso
farandnumberj v denotestheminimummessagenumber(v
knows aboutsinceits lastsuccessfultransmissionattempt)
anodeof distanceatmostr t from v hasnot receivedsofar.
In thebroadcastschemebelow, ` refersto the ID of anac-
tive nodethatownsthecurrentslot. Initially, for eachgate-
way andactive nodev, i v =j v =1. In eachround,everynode
v 6= s doesthefollowing.Eachitembelow representsasep-
aratetimestep.

1. If ` received the broadcastmessagewith sequence
numberi 0 = i ` in the previous round, then it sets
i ` = i ` + 1 andsendsout thebroadcastmessagewith
sequencenumberi 0.
If v is a gateway nodeandreceiveda broadcastmes-
sagewith sequencenumberi 0 = i v , thenit setsi v =
i v + 1.

2. If v is an active or gateway node,then it sendsout
an(RTR, i v ) message(RTR means“ready-to-receive”)
with probability p. If v decidesnot to sendout an
RTR message,it checkswhetherit is able to receive
an(RTR, i 0) message.If so,it setsj v = minf j v ; i 0g.



3. If v is agatewaynodeandi v > j v , thenit sendsoutan
(RTS, j v ) messagewith probabilityp.
If v is a gateway nodeanddecidednot to sendout an
RTSmessageor v is anactivenode,thenv checksif it
correctlyreceivedan(RTS, j 0) messagewith j 0 = i v .
If so,v sendsouta CTSsignal.

4. If v is a gateway nodeandsentout an(RTS, j v ) mes-
sage,thenv checksif it senseda CTSsignal.If so,v
sendsout thebroadcastmessagewith sequencenum-
ber j v . Afterwards,v setsj v = minf j v + 1; i v � 1g.
If v is a gateway nodeanddid not senda messagebut
received a broadcastmessagewith sequencenumber
i 0 = i v , thenit setsi v = i v + 1.

Thesourcenodes usesthesameprotocolasabovewith
theonlydifferencethatit onlyexecutesthe�rst step.Thein-
activenodesjustneedto listento thewirelesschannelin or-
der to receive thebroadcastmessageseventually. Thefol-
lowing theoremsdemonstratethat this protocolhasa high
timeandwork ef�ciency.

Theorem4.1 Giventheconstantdensityspannerof Gr t as
in [17], theconcurrentbroadcastalgorithmwith p = 1=2d̂
needsO(D(s) + m + logn) rounds,with high probability,
to deliverm broadcastmessagesto all nodes.

Theorem4.2 Giventheconstantdensityspannerof Gr t as
in [17], thebroadcastalgorithmneedsO(W (s;m)) work,
where W (s;m) is the optimal work required to sendm
broadcastmessagesfroms to all nodes.

The above protocolalsocanbe madeto self-stabilizeand
thedetailscanbefoundin [16].

5. Inf ormation Gathering
Wenow considerthesituationwhereatotalof m packets

distributedin anarbitrarywayamongthenodesin thewire-
lessnetwork areto bedeliveredto a sink nodes in thenet-
work. Firstly, notethat 
( m + D(s)) is a lower boundon
any solutionfor the informationgatheringproblem.In the
following, we describea 2-stageprotocolto performinfor-
mationgatheringef�ciently . Eachstagehasaconstantnum-
berof reservedtime slots,4 slotsfor stage1 and4 slotsfor
stage2.

5.1. Stage1: Building Gathering TreeT(s)
We �rst show how to build the gatheringtreerootedat

s. All internalnodesin this treewill belongto U [ G. The
sink nodes, if it is not in U [ G, selectsan active node`
suchthatd(`; s) = 1 andsendsa routepacket to ` with se-
quencenumberof 0 of theform hROUTE; s;0i . Therestof
thenodesdo thefollowing. Initially, d0(s; v) = 1 ; � (v) =
NULL 8v 2 U [ G. Let d0(s; s) = 0 and� (s) = s.

1. If u 2 U [ GreceivesamessagehROUTE; v; d0(s; v)i
from v with a sequencenumber of d0(s; v) and if

d0(s; v) + 1 < d0(s; u), then u sets� (u) = v and
d0(s; u) = d0(s; v) + 1. Nodeu alsosets�ag (u) = 1
in this case,indicatingthatu hasto senda routemes-
sagesinceu updatedits predecessor. If u 62U [ G
andd0(s; v) + 1 < d0(s; u) andv 2 U, then u up-
dates� (u) = v andd0(s; u) = d0(s; v) + 1.

2. If u 2 U [ G andd0(s; u) 6= 1 and�ag (u) = 1 then
u sendsan RTS signalwith probabilityp to be deter-
minedlater.

3. If u 2 U[ Gandu receivedanRTSsignalthenu sends
aCTSsignal.

4. If v 2 U [ G and v sent an RTS signal and re-
ceives a CTS signal then v sendsa route packet
hROUTE; v; d0(s; v)i and sets �ag (v) = 0 signify-
ing thattheupdatehasbeennoti�ed.

Set T(s) = (VT ; ET ) with VT = V and
ET = f (v; � (v)) jv 2 VT g where � (v) is set as in
step (1) of the above protocol. Due to the proper-
tiesof thespanner[17], for theabove constructionit holds
thatmaxv2 V dT (s) (s; v) � 5 maxv2 V d(s; v). Thefollow-
ing lemmacanbeshown [16].

Lemma 5.1 Giventheconstantdensityspannerof Gr t as
in [17], to constructT(s) the protocol given above with
p = 1=d̂, takesO(D(s) + logn) timestepsw.h.p.

5.2. Stage2: Gathering on T(s)
In thegatheringtree,T(s), constructedin stage1, each

nodehasan uniquepathto the sink nodes via the prede-
cessorpointers� . Nodesusethis pathsystemto eventually
deliverpacketsto s.

The active nodeusesthe �rst time slot to deliver pack-
etsandthesecondandthird time slotsareusedto coordi-
natetheactionsof theinactivenodes.Nodes̀ 2 U [ Ghave
a queue,Q` , which canhold a constantnumberof packets.
Thisqueueworksasa �rst-in-�rst-out list andsupportsop-
erationsenqueueanddequeuewhich adda packet andre-
turna packet respectively to Q` .

In thefollowingwhenwereferto inactivenodes,it is im-
plicit thatwearereferringto thoseinactivenodesthathavea
packet to send.Inactivenodeshaveastateamongf awake,
asleep g. Initially all inactive nodesare in the asleep
state.

1. If ` is active andhasa non-emptyqueue,then` sends
thepacketdequeue(Q` ) duringthetimeslotownedby
`. This packet hasa destination� (`) andnodesother
than� (`) discardthepacketand� (`) storesthepacket
by calling enqueueon Q� ( ` ) . In the secondtime slot,
theactivenodeslistento thechannel.
If g is agatewaynodeandhasanon-emptyqueuethen
g sendsanRTSmessagecontainingtheid of � (g) with
probabilityp, wherep is to bedeterminedlater.



2. If u 2 U [ GandQu is not full andu receivesanRTS
messagecontainingthe id of u then u sendsa CTS
message.
If u is inactiveandhasapacketto sendandu is awake
then u sendsan I-RTS (for Inactive-RTS)signal to
� (u) with a probability1=2.

3. If g is a gateway nodeandsentan RTS signal in the
previoustimestepandreceivesaCTSsignalfrom� (g)
then g sendsthe packet dequeue(Qg) to � (g). This
packet hasa destination� (g) andothernodesthat re-
ceive thepacket ignoreit.
If ` is active and` receivesan I-RTS signal from an
inactive node u then ` sendsan I-CTS signal. If `
sensesa busychannelbut doesnot receive any I-RTS
signal, then ` sendsa collision messageof the form
h̀ ; COLLIDE i . Otherwiseif ` sensesa free channel
then` sendsa freemessageof theform h̀ ; FREEi .

4. If u is inactive andasleep andreceivesa freemes-
sagethenu becomesawake. If u is inactive andde-
cided not to sendan I-RTS messagein the previous
timestepandu is awake andreceivesacollisionmes-
sagethenu decidesto goto asleep statewith proba-
bility 1=2. If u is inactiveandsentanI-RTSin theear-
lier stepandgetsanI-CTS thenu sendsthepacket to
� (u).

Let � m denotethedensityof nodesthathaveapacket to
send(notethat� m � m). Thefollowing theoremsdemon-
stratethatthegatheringprotocoldescribedaboveis ef�cient
in termsof the time andwork. The work performedwhile
sendingtheRTS/CTSsignalsandthe I-RTS/I-CTSsignals
is ignoredwhile arriving at thework bound.

Theorem5.2 Given the constantdensityspannerof Gr t

as in [17], and a gathering tree T(s) with sink node s,
the informationgatheringalgorithm presentedabove with
p = 1=d̂ needsO(m + � m logn log � m + D(s) + logn)
timestepsw.h.psothatall them packetsreach thesinks.

Theorem5.3 Oncea stablegatheringtreehasbeencon-
structed, the gathering protocol describedabove needs
O(W 0(s)) work, where W 0(s) is the optimal work re-
quired to send all the m messages to the sink node
s.

Further, thealgorithmsfor both thestagescanbemade
to self-stabilizeby makingnecessarychangesasshown in
[16].

6. Conclusions
In thispaper, weusetherealisticmodelfor wirelesscom-

municationof [17] to designalgorithmsfor broadcasting
andinformationgatheringin wirelessad-hocnetworks.The
naturalnext stepswould beto directly addressnodemobil-
ity andnodefaults,andto studymorecomplex communi-
cationtaskssuchasanycastingandmulticasting.
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