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Abstract

This paper consides the problemof broadcastingand
information gatheringin wirelessad-hocnetworks,i.e. in
wirelessnetworkswithout any infrastructue in additionto
the mobile hosts.Broadcastingis the problemof sending
a padket from a source nodein the networkto all other
nodesin the network.Informationgatheringis the problem
of sendingone padet ead from a subsef the nodesto a
singlesinknodein the network.Mostof the proposedheo-
retical wirelessnetworkmodelsoversimplify wirelesscom-
municationproperties.\e will usea modelthat takesinto
accountthat nodeshave different transmissiorand inter-
ferenceranges, and we proposealgorithmsin this model
thatachievea hightimeandwork-efciency. We presental-
gorithmsfor broadcastinga singleor multiple messge(s),
andfor informationgathering Our algorithmshavethe ad-
vantage that they are very simpleand self-stabilizing and
wouldtherefore evenworkin a dynamicervironmentAlso,
our algorithmsrequire only a constanamountof storage at
anyhost.Thus,our algorithmscanbe usedin wirelesssys-
temswith very simpledevices,sud assensos.

1. Intr oduction

In this paperwe considerthe problem of broadcast
ing and gatheringmessage# wirelessad-hocnetworks.
Broadcastings a basiccommunicatiorprimitive for wire-
lessnetworks,andit hasthereforebeenheavily studiedboth
in thesystemsandin thetheorycommunity Thoughbroad-
castingitself appeargo be an easyproblem,it is actually
quite hardto realizein an ef cient andreliableway in a
mobile ad-hocnetwork. The main problemconcerninghe-
oreticalinvestigationgs thatmobile ad-hocnetworks have
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mary featureghatarehardto modelin a cleanway. Major
challengesare how to modelwirelesscommunicatiorand
how to modelmobility. Here,theoreticalwork is still rare.
Sofar, peoplein thetheoryareahare mostlylookedat static
wirelesssystemsgi.e. thewirelessunitsarealwaysavailable
anddo notmove). Wirelesscommunications usuallymod-
eledusingthe paclet radio network model.In this model,
thewirelessunits,or nodesarerepresentetly agraph,and
two nodesareconnectedby anedgeif they arewithin trans-
missionrangeof eachother Transmissionsf messagem-
terfere at a nodeif at leasttwo of its neighborstransmita
messageat the sametime. A nodecanonly recevve a mes-
sageif it doesnotinterferewith any othermessage(s).

The paclet radio network modelis a simple and clean
modelthatallows oneto designandanalyzebroadcasalgo-
rithmswith a reasonableamountof effort. However, since
it is a high-level model, it doeshave someseriousprob-
lemswith certainscenariosn practice.For example,in re-
ality it is not true that the transmissiorrangeof a nodeis
the sameasits interferenceange.Instead the interference
rangeof anodeis usuallyatleasttwice aslargeasits trans-
missionrange.Not taking this into accountmay resultin
broadcastinglgorithmsthat cannothandlecertainscenar
ioswell althoughef cient onpaperln fact,it is notdif cult
to constructexamples(see[16]), wheremostexisting pro-
tocolsfor broadcastingequire ( n) roundsevenin expec-
tation whenwe considerthe situationthat the interference
rangeis biggerthanthetransmissiomange.

Thusit is necessaryhat algorithmsfor broadcastingn
wirelessnetworks considerproblemsdue to interference.
Thereis a limited numberof papersthat usea modelthat
differentiatedbetweenthe transmissiorrangeandinterfer
encerange[l, 7, 8], but they assumethat nodesare dis-
tributedin anideal spacesothatthetransmissiomangeand
interferencerangeof every nodecanbe speci edin terms
of Euclideardistance.

Anotherseriouslimitation in mostof the existing algo-
rithmsis the assumptiorthatthe size of the network, or at



leasta linear estimateof the size of the network, is avail-

ableto all of thenodesn the network. Without anestimate
of the size of the network it wasshown in [11] thatin an
n nodenetwork, ( n) time units arerequiredin expecta-
tion for asinglemessagéo be sentsuccessfullyif physical
carriersensings notavailable.

We will usea muchmoregeneralwirelesscommunica-
tion modelthat recentlyappearedn [17]. In this work we
presentelf-stabilizingalgorithmsfor broadcastingndin-
formationgatheringin wirelessoverlay networks. To keep
this paperat a reasonabléength,we do not give a detailed
motivationfor themodeladoptediut insteadrefertheinter-
estedreaderto [17].

1.1. Wirelesscommunication model

We assumehatwe aregivenasetV of mobile stations,
or nodes that are distributed in an arbitrary way in a 2-
dimensionaEuclideanspaceFor ary two nodesv;w 2 V
letd(v; w) betheEuclideandistancebetweerny andw. Fur-
thermoreconsidemary costfunctionc with thepropertythat
thereis a x edconstant 2 [0; 1) sothatfor all v;w 2 V,

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

c(v;w) = ¢(w; V), i.e.cis symmetric.

c determineghe transmissiorandinterferencebehaior of
thenodesand boundsthe non-uniformityof the erviron-
ment. Notice that we do not requirec to be monotonicin
thedistanceor to satisfythetriangleinequality This makes
surethatourmodelevenappliesto highly irregularenviron-
ments.

We assumethat the nodesuse some x ed-ratepower-
controlled communicationmechanismover a single fre-
gueny band.Whenusingatransmissiorpower of P, there
is a transmissionranger(P) and an interferencerange
ri(P) > r¢(P) thatgrow monotonicallywith P. Thein-
terferencaangehasthepropertythateverynodev 2 V can
only causeinterferenceat nodesw with c(v;w)  r;i(P),
andthe transmissiorrangehasthe propertythat for every
two nodesv;w 2 V with ¢(v;w) r«(P), v is guaran-
teedto receve a messagérom w sentout with a power of
P (with high probability) aslong asthereis no othernode
v02 Vv with ¢(v;v9) 1 (P9 thattransmitsa messagat
the sametime with apower of PC.

For simplicity, we assumehattheratior; (P)=r;(P) is
a x edconstangreaterthan1 for all relevantvaluesof P.
Thisis notarestrictionbecauseve do notassumenything
aboutwhat happensf a messagés sentfrom a nodev to
anodew within v's transmissiorrangebut anothemodeu
is transmittinga messageat the sametime with w in its in-
terferenceange.In this casew may or may not be ableto
receve the messagdrom v, so ary worstcasemay be as-
sumedn the analysis.The only restrictionwe need which

is importantfor ary overlay network algorithmto eventu-
ally stabilize s thatthetransmissiomangeis asharpthresh-
old. Thatis, beyondthe transmissiorrangea messagean-
notbereceivedany more(with high probability).

Nodescannot only sendandreceive messagebut also
perform physicalcarrier sensingwhich hasnot beencon-
sideredbeforein modelsproposedn the algorithmscom-
munity. Given somesensingthresholdT (thatcanbe e x-
ibly setby a node)and a transmissiorpower P, thereis
a carrier senseransmissioCST)range r (T;P) anda
carrier sensanterference(CSl)rangers (T; P) thatgrow
monotonicallywith T andP. Theranger (T; P) hasthe
propertythatif anodev transmitsa messagevith power P
andanodew with c(v;w) rg (T;P) is currentlysensing
thecarrierwith thresholdT , thenw sensesmessagérans-
mission (with high probability). The rangers; (T;P) has
the propertythatif anodev senses messagéransmission
with thresholdT, thentherewasat leastone nodew with
c(v;w) rg(T;P) thattransmitteda messagevith power
P (with high probability). More precisely we assumehat
the monotonicity property holds. That is, if transmissions
from asetU of nodeswithin therg; (T; P) rangecausev to
sensatransmissionthenary supersebf U will alsodoso.
For simplicity, we will assumen thefollowing thatfor the
carriersenserangesy s (T; P)=rs(T;P) = ri(P)=ri(P)
for all relevantvaluesof T.

1.2. Relatedwork

Broadcastingn wirelessad-hocnetworks hasbeenex-
tensvely studiedin theliterature especiallyin themoreap-
plied ad-hocnetworking community See[18] for asuney.
To thebestof ourknowledge ourpapeiis the rst work that
formally developsandanalyzesroadcasglgorithmsunder
amodelwith separatéransmissiorandinterferenceanges.

All of the work on the broadcastproblem cited be-
low assumea static network scenariowherethe transmis-
sionandinterferencerangesof a nodearethe same.n an
early work, Chlamtacand Weinstein[3] presentech de-
terministic centralizedbroadcastprotocol which assumes
completeknowledge of the network topology and which
runsin O(D log? n) time, wheren is the numberof nodes
and D is diameterof the network. BarYehudaet al. [2]
were the rst to presenta distributed algorithm for the
broadcastingoroblemin ad-hocwireless networks with-
out assumingary topologicalknowledge,exceptimmedi-
ateneighborhoodpf the network. Their algorithmhad ex-
pectedO(D logn + log? n) time. In [14] a lower bound
of ( Dlog(n=D)) is shownn for ary randomizedbroad-
cast protocol. In [13, 4] randomizedprotocolswith ex-
pectedruntimeof O(D log (n=D) + log® n) arepresented
— in [13] the underlyingtopologyis assumedo be sym-
metric,while in [4] thisassumptions dropped.

Adler and Scheideler[1] presentapproximationalgo-
rithmsfor the unicastproblemin wirelessad-hocnetworks



undertheassumptionthatthetransmissiorandinterference
rangesare not the same However they still assumea sim-
plied diskmodelbasedn EuclideardistancesMoreover,
theirunicastalgorithmdoesnottranslatedirectlyinto anef-
cient broadcastinglgorithm.

The problem of information gatheringin wirelessnet-
works is studiedmostly in the context of wirelesssensor
networks. The authorsof [10] constructa tree on which
gatheringandaggreyationcanbe performedHowever, they
do not deal with inherentproblemssuchas channelcon-
tentionandinterferenceandalsodo not provide theoretical
boundsontime andwork. Informationgatheringandaggre-
gationhave alsobeenstudiedin [5, 12, 15, 19, 9] but arig-
orousformal analysisfor wirelessad hoc networks hasnot
beenperformedprior to this work.

1.3. Our results

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

The problemof broadcastingcan be describedas fol-
lows. Givena staticconnectedvirelessnetwork of n nodes,
minimize the total time and work to sendm 1 broad-
castmessagesriginatingfrom a sourcenodes to all nodes
in the network. In Section3, we considerthe simple case
wherea single nodes is the sourceof a single broadcast
messagei.e., m = 1. In Section4, we extend our algo-
rithm to handlethe casethatnodes is the sourceof multi-
ple broadcasmessages.

Informationgatheringis anotherimportantcommunica-
tion primitive in wirelessnetworks. The problemhasappli-
cationsin mary scenariosn sensometworks [10, 19, 6],
andmaintainingconnectvity with basestationsin a multi-
hop wirelessnetwork. The problemof informationgather
ing canbe describedasfollows. Given a static connected
wirelessnetwork of n nodesamongwhichm pacletsarear
bitrarily distributedanda sink nodes in the network, min-
imize the total time andwork requiredfor sendingthe m
pacletsto the sink node.In Section5, we presentandana-
lyze a simplestratgy for informationgathering.

Ouralgorithmsareself-stabilizing(i.e., canstartin anar-
bitrary state)and canthereforeadaptto changesn a wire-
less ad-hocnetwork. Our algorithmsdo not require ary
knowledgeof the size of the network. For our algorithms
to work correctly it sufces thatthe nodesin the network
have identi ers that arelocally different. We only require
thatthe nodessynchronizeocally into roundsup to some
reasonablysmall time difference which canbe easily ac-
complishedusingGPSsignalsor any form of beaconsAn-
otherimportantfeatureof our algorithmsis thata constant
amountof storageat ary nodesufces evenin the caseof
gatheringTheabove propertiesmake our algorithmsappli-
cableto sensometworkswithoutarny modi cations.

The proofsareomittedin this versionbut canbe found
in [16]. Beforeproceedindurther, in Section2 we present
somepreliminary de nitions and assumptionsisedin the

paper

2. Preliminaries

Ourresultsbuild ontop of adistributedalgorithmfor or-
ganizingthewirelessnodesinto a constantlensityspanner
proposedecentlyin [17]. A constantlensityspanneis de-

ned asfollows. GivenanundirectedgraphG = (V;E), a
subsely V is calledadominatingsetif all nodesv 2 V

areeitherin U or have anedgeto anodein U. A dominat-
ing setU is calledconnectedf U formsa connectedcom-
ponentin G. The densityof a dominatingsetis the maxi-
mumover all nodesv 2 U of the numberof neighborghat
v hasin U. In ourcontext, constantdensityspanneiis acon-
necteddominatingsetU of constandensitywith the prop-
erty thatfor any two nodesv;w 2 V therearetwo nodes
viwl 2 U with fv;vig 2 E, fw;w% 2 E, andapathp
from v° to w® alongnodesin U so thatthe length of p is
atmosta constanfactorlargerthanthe distancebetweenv

andw in G.

LetV bethesetof nodesin the network. For ary trans-
missionranger, letthegraphG, = (V; E) denotehegraph
containingall edges v; wg with c(v;w)  r. Throughout
thispaperr; denoteghetransmissiomangeandd(u; v) de-
notesthe shortestistancebetweeru andv in G,, . Further
more,let D (s) = maxy2y d(s;v).

The spanneiprotocolfor G,, presentedn [17] consists
of threephaseghatare continuouslyrepeatedn roundsas
shawvn in Figure 1. The task of Phasel is to obtaina set
U V of active nodesso that U forms a constantden-
sity dominatingsetin G;, . As U maynotbeconnectedad-
ditional phasesare requiredto arrive at the constantden-
sity spannerThetaskof Phasdl is to arrangenodesin U
into color classeghatkeepnodeswith the samecolor suf-

ciently far apartfrom eachother Only a constanthnum-
ber of differentcolorsis neededfor this, wherethe con-
stantdepend®n asde nedin Sectionl.1.Every nodeor-
ganizesits roundsinto time framesconsistingof as mary
roundsastherearecolors,anda nodein U only becomes
active in Phasdll in the roundcorrespondingo its color,
alsoreferredto astheroundownedby thatactive node.The
taskof Phasdll is to interconnechodesin u;v 2 U such
thatd(u;v) 3 via asetG of gatevaynodes (SeeFigure
2). Eachphasehasa constantnumberof time slotsassoci-
atedwith it, whereeachtime slot represents.communica-
tion stepasshawvn in Figurel. To achieve interferencdree
communicationamongthe active nodes,the coloring ob-
tainedin Phasdl isusedNodesin V n(U[ G) arereferred
to asinactive nodesandthe constantd refersto the num-
berof active nodesthatarewithin theinterferencaangeof
ary 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 showvn that sucha spannercan be con-
structedn O( log logn + log* n) time stepswith high
probability, where is themaximumnumberof nodeshat
arewithin thetransmissiomangeof a node.

3. Isolated Broadcasting

In this sectionwe considerthe problemof broadcasting
a single messagel et nodes be the sourceof the broad-
castmessageSinces hasa maximumdistanceof D (s) to
ary nodein G, , D(s) is alower boundon thetime anop-
timal of ine algorithmneedso broadcasamessagérom s
toall nodesOurgoalis to comeupwith abroadcasscheme
sothatthe time neededby the broadcastmessagédo reach
all nodesis ascloseto D (s) aspossible. We usethe con-
stantdensityspanneiconstructionof [17] asthe basis.If s
is not an active node,i.e., s 62U, thenlet * be someac-
tive nodethatis within the transmissiorrangeof s. Thens
rst sendd¢hemessagéo . Thebroadcasschemehenpro-
ceedsn roundsthataresynchronizedamongthe nodes.n
the broadcasschemebelow, * refersto the ID of anactve
nodethatownsthe currentslot. Everyitem below is a sepa-
ratetime step.

1. If ° receved the broadcastmessagéan the previous
roundandit is the rst time it recevedthe broadcast
message, sendoutthebroadcastnessage.

2. If v is a gatavay node and hasalreadyreceved the
broadcastmessagethenv sendoutanRTS (Request-
To-Send)signalwith probabilityp.

3. If v is a gatavay nodeanddecidednot to sendout an
RTS signalor v is an active node,thenv checksif it
correctlyrecevedan RTS signal.If so,andv hasnot
recevedthebroadcasimessagget,v sendoutaCTS
(ClearTo-Send)signal.

4. If v is agatavay nodeandsentoutanRTS signal,then
v checksif it senseda CTS signal.If so,v sendsout
thebroadcastessage.

Noticethatinactive nodegust needto listento thewire-
lesschannein orderto recevethebroadcasimessageven-
tually. This is becauseour spanneralgorithm [17] makes
surethat messagdransmission®f active nodesin stepl
above never interfereat an inactive node. The following
theoremsdemonstratehat the above protocol hasa high
time andwork ef ciency. We neglectthe costfor sending
and sensingthe RTS/CTSssignalsin arriving at the work
bound.

Theorem 3.1 Given the constantdensityspannerof Gy,
asin [17], the broadcastalgorithm with p = 1=& needs
O(D(s) + logn) rounds,with high probability, to deliver
thebroadcastmessgeto all nodes.

Theorem 3.2 Given the constantdensityspannerof Gy,

asin [17], the broadcastalgorithm needsO(W (s)) work,
whee W (s) is the optimal work requiredto senda broad-
castmessge froms to all nodes.

The broadcastalgorithm can also be made to self-
stabilizeby makingsimplechangego the algorithmabove
asshovnin [16].

4. BroadcastingMultiple Messages

Next we look at the casethatthe sources wantsto send
out multiple broadcastmessagemmsteadof just one. Then
s attachescontinuoussequencenumbersto the messages,
startingwith 1.

The broadcasschemeproceedsn roundsthat are syn-
chronizedamongthe nodes.Eachactive or gatevay node
v keepstrack of two numbers,i, andj,. Numberi, de-
notesthe minimum messag&umberv hasnot receved so
farandnumberj, denotesheminimummessagaumber(v
knows aboutsinceits lastsuccessfutransmissiorattempt)
anodeof distanceat mostr; from v hasnotrecevedsofar.
In the broadcasschemebelow, * refersto theID of anac-
tive nodethatownsthe currentslot. Initially, for eachgate-
way andactive nodev, i, =j,=1. In eachround,every node
v 6 sdoesthefollowing. Eachitembelow representasep-
aratetime step.

1. If ° receved the broadcastmessagewith sequence
numberi® = i- in the previous round, thenit sets
i+ = i+ + 1 andsendsoutthe broadcastnessagevith
sequencaumberi®.

If v is a gatavay nodeandreceved a broadcasmes-
sagewith sequenceumberi® = i, thenit setsi, =
iv+ 1.

2. If v is an active or gatevay node,thenit sendsout
an(RTR,iy) messagéRTR meansready-to-recere”)
with probability p. If v decidesnot to sendout an
RTR messageit checkswhetherit is ableto receve
an(RTR, 19 messagdf so,it setsj, = minfj,;i%.



3. If visagatavaynodeandiy > j,, thenit sendsoutan

(RTS,jv) messageavith probability p.
If v is a gatavay nodeanddecidednotto sendout an
RTS messager v is anactive node thenv checksf it
correctlyrecevedan (RTS,j 9 messagavith j © = .
If so,v sendsouta CTSsignal.

4. If v is agatevay nodeandsentoutan (RTS, ) mes-
sagethenv checksif it sensedch CTSsignal.If so,v
sendsout the broadcastnessagevith sequenceium-
berj,. Afterwards,v setsj, = minfj, + 1;i, 1g.
If v is agatevay nodeanddid not senda messagéut
receved a broadcasmessagavith sequenceaumber
i%= i,, thenit setsi, = iy + 1.

The sourcenodes usesthe sameprotocolasabove with
theonly differencehatit only executeghe rst step.Thein-
active nodegustneedto listento thewirelesschannein or-
derto receve the broadcastmessagesventually The fol-
lowing theoremsdemonstratéhat this protocolhasa high
time andwork ef ciency.

Theorem4.1 GiventheconstandensityspannefG,, as
in [17], the concurentbroadcastalgorithmwith p = 1=24
need<D(D (s) + m + logn) rounds,with high probability,
to deliverm broadcasimessgesto all nhodes.

Theorem4.2 GiventheconstandensityspannenfG,, as
in [17], the broadcastalgorithm needsO(W (s; m)) work,
whele W (s;m) is the optimal work required to sendm
broadcastmessgesfroms to all nodes.

The above protocolalso canbe madeto self-stabilizeand
thedetailscanbefoundin [16].

5. Information Gathering

We now considethesituationwhereatotal of m paclets
distributedin anarbitraryway amongthenodesin thewire-
lessnetwork areto be deliveredto a sink nodes in the net-
work. Firstly, notethat ( m + D(s)) is alower boundon
ary solutionfor the information gatheringproblem.In the
following, we describea 2-stageprotocolto performinfor-
mationgatheringef ciently . Eachstagehasaconstanhum-
berof resenedtime slots,4 slotsfor stagel and4 slotsfor
stage?.

5.1. Stagel: Building Gathering TreeT (s)

We rst shov how to build the gatheringtree rootedat
s. All internalnodesin thistreewill belongtoU [ G. The
sink nodes, if it isnotin U [ G, selectsan active node”
suchthatd("; s) = 1 andsendsaroutepacletto ™ with se-
guencenumberof 0 of theform HROUTE; s; 0i . Therestof
thenodesdo thefollowing. Initially, d(s;v) = 1 ; (v) =
NULL 8v2 U[ G.LetdYs;s) = 0and (s) = s.

1. If u2 U[ GrecevesamessagéROUTE;v;d¥(s; V)i
from v with a sequencenumberof d(s;v) and if

d¥s;v) + 1 < dqs;u), thenu sets (u) = v and
d%s;u) = d%s;v) + 1. Nodeu alsosetsag (u) = 1
in this casejndicatingthatu hasto sendaroutemes-
sagesinceu updatedits predecessolf u 62U [ G
andds;v) + 1 < d%¥s;u) andv 2 U, thenu up-
dates (u) = vanddys;u) = dqs;v) + 1.

2. 1fu2 U[ Gandd¥s;u) 6 1 and ag(u) = 1then
u sendsan RTS signalwith probability p to be deter
minedlater.

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

4. 1f v 2 U[ G andv sentan RTS signal and re-
ceives a CTS signal then v sendsa route paclet
HROUTE; v; d(s; V)i and sets ag(v) = O signify-
ing thatthe updatehasbeennoti ed.

Set T(s) = (Vr;Et) with Vy =V and
Er = f(v; (V))jv 2 Vrg where (v) is setasin
step (1) of the above protocol. Due to the proper
ties of the spanneif17], for the above constructiorit holds
thatmaxzv dr(s)(s;v) 5 maxzy d(s;v). Thefollow-
ing lemmacanbe shavn [16].

Lemma 5.1 Giventhe constantdensityspannerof G,, as
in [17], to constructT(s) the protocol given above with
p= 1=4, takesO(D(s) + logn) timestepsa.h.p.

5.2. Stage2: Gathering onT(s)

In the gatheringtree, T (s), constructedn stagel, each
nodehasan uniquepathto the sink nodes via the prede-
cessolpointers . Nodesusethis pathsystemto eventually
deliver pacletsto s.

The active nodeusesthe rst time slot to deliver pack-
etsandthe secondandthird time slotsare usedto coordi-
natetheactionsof theinactvenodesNodes 2 U[ Ghave
aqueueQ-, which canhold a constannumberof paclets.
Thisqueueworksasa rst-in- rst-out list andsupportop-
erationsenqueueand dequeuewnhich add a paclket andre-
turnapacletrespectielyto Q-.

In thefollowing whenwe referto inactve nodesit isim-
plicit thatwe arereferringto thoseinactvenodeghathave a
pacletto send.Inactive nodeshave a stateamongf awake,
asleep g. Initially all inactive nodesarein the asleep
state.

1. If * is active andhasa non-emptyqueuethen’ sends
thepacletdequeu€Q-) duringthetime slotownedby
*. This paclet hasa destination (*) andnodesother
than (7) discardthepacketand () storeshepaclet
by calling enqueueon Q (). In the secondime slot,
theactive nodedistento thechannel.
If g is agatevay nodeandhasanon-emptyqueuethen
g sendsanRTS messageontainingtheid of (g) with
probabilityp, wherep is to bedeterminedater.



2. Ifu2 U[ GandQy is notfull andu recevesanRTS
messageontainingthe id of u thenu sendsa CTS
message.

If uisinactiveandhasapacketto sendandu is awake
then u sendsan I-RTS (for Inactive-RTS)signal to
(u) with a probability 1=2.

3. If g is a gatavay nodeandsentan RTS signalin the
previoustime stepandrecevesaCTSsignalfrom (Q)
then g sendsthe paclet dequeu€Qg) to (g). This
paclet hasa destination (g) andothernodesthatre-
ceivethepacletignoreit.

If * is actve and” recevesan I-RTS signalfrom an
inactve nodeu then” sendsan I-CTS signal. If °

sense® busy channelbut doesnot receive ary I-RTS
signal,then” sendsa collision messagef the form

h'; COLLIDE i. Otherwiseif = sensesa free channel
then” sendsafreemessagef theform h'; FREE..

4. If uisinactive andasleep andrecevesa free mes-
sagethenu becomesawake. If u is inactive andde-
cided not to sendan I-RTS messagen the previous
time stepandu is awake andrecevesacollisionmes-
sagethenu decidedo gotoasleep statewith proba-
bility 1=2. If u isinactive andsentanI-RTSin theear
lier stepandgetsan|-CTS thenu sendsthe pacletto

(u).

Let n denotethedensityof nodeghathave apacletto
send(notethat ,, m). Thefollowing theoremslemon-
stratethatthegatheringorotocoldescribedborveis ef cient
in termsof the time andwork. The work performedwhile
sendingthe RTS/CTSsignalsandthe I-RTS/I-CTSsignals
is ignoredwhile arriving atthework bound.

Theorem 5.2 Given the constantdensityspannerof Gy,
asin [17], and a gatheringtree T(s) with sink nodes,
the information gatheringalgorithm presentedabove with
p= 1=GneedsO(m+ o, lognlog m + D(s)+ logn)
timestepsw.h.psothatall them padcetsread thesinks.

Theorem 5.3 Oncea stablegatheringtree has beencon-
structed, the gathering protocol describedabove needs
O(WQs)) work, whee WYs) is the optimal work re-
quired to send all the m messges to the sink node
S.

Further the algorithmsfor both the stagescanbe made
to self-stabilizeby makingnecessarghangesasshavn in
[16].

6. Conclusions

In thispaperwe usetherealisticmodelfor wirelesscom-
municationof [17] to designalgorithmsfor broadcasting
andinformationgatheringn wirelessad-hocnetworks.The
naturalnext stepswould beto directly addressiodemobil-
ity andnodefaults,andto studymore complex communi-
cationtaskssuchasarycastingandmulticasting.
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