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Abstract— Wir elessad-hoc networks consistof mobile nodesforming a
dynamically changingtopologywithout any infrastructur e. Multicasting in
awirelessad-hocnetwork is difficult and challenging In this paper we pro-
posea novel protocol, WirelessAd-hoc Real-Time Multicasting (WARM),
for multicasting real-time (CBR and VBR) data among nodesin a wire-
lessad-hocnetwork. The protocolis distrib uted, highly adaptive and flexi-
ble. Multicast affiliation is recever initiated. The messagings localizedto
the neighborhoodof the receving multicast memberand thus the overhead
consumeds low. The protocolenablesspatial bandwidth reusealongamul-
ticast mesh(a connectedstructur e of multicast group members). The real-
time connectionis guaranteed quality of sewice (QoS)in terms of band-
width. For VBR traffic, the trade-off betweenresewred and random-access
bandwidth for a specific packet lossrate is studied. The protocol is self-
healing in the sensethat the meshstructure hasthe ability to repair itself
when memberseither move or relaysfail. We presentsimulation resultsto
demonstratefeaturesof the protocoland show that the thr oughputis above
90% for pedestrianervironments.

|. INTRODUCTION

A wirelessad-hocnetwork consistsof a collection of “peer”
mobile nodes,capableof communicatingwvith eachother and
formingadynamicallychanginghetwork with noinfrastructure.
In orderto route packetsto a destinationnode, eachnodein
the wirelessad-hocnetwork hasto useothernodesin the net-
work asrelays. It is thereforeessentiathat the nodesin the
network establishrouting amongthemseles. The routeskeep
changingasthenodesnove or theervironmentchangegdueto
fading/interference)A numberof routing protocolshave been
proposedo enableroutingin suchanervironment[1], [2], [3].
However, theseprotocolsdo not supportreal-timetraffic, nordo
they attemptto guaranteany kind of QoS.Noneof the proto-
colsaddressnulticaststreamingof real-timedatain a wireless
ad-hocnetwork environment. In this paperwe attemptto pro-
vide a coarsegrainednotion of dedicatedservicein a wireless
ad-hometwork. Bandwidthwill bereseredin termsof time di-
visionmultiple acces§TDMA) slotsfor amulticastsessiorand
themulticaststructurewill bebuilt soasto avoid collisionsand
jamming of transmission®f mutlicastgroup members. CBR
multicastdatais streamedhroughthe resened channeldrom
the sourceto the destinationperiodically therebyensuringa
boundon delayijitter, while for VBR traffic we studythetrade-
off betweerresenedandrandom-accessandwidthin orderto
achieve a certainpaclet lossrate. Our approachs thatof con-
currentTDMA collision-free slot schedulingand route build-
ing, sothata multicastmeshis createdvith resenedbandwidth
alongthedifferentroutes.

A lot of work hasbeenpreviouslydoneonbroadcasschedul-

ing in ad-hocnetworks, which is akin to our problem([4], [5],
[6]. In [4], broadcasschedulingvasshavnto beaNP-complete
problem.Thebroadcasschedulingproblemcanbestatedasfol-
lows:
« In an ad-hocnetwork, how canone scheduletransmissions
amongnodes suchthat, whena nodetransmitsa paclet, every
neighboringnoderecevesit? Note thatthe schedulingproto-
col needgo ensurghatwhentwo nodestransmit,their paclets
do not collide at a third node(hiddenterminal). It shouldalso
ensurethattwo neighboringnodesdo not transmitat the same
time, sincethey will beunableto listento eachotherstransmis-
sions.
Any of thealgorithmsdevelopedfor solvingtheabove problem
couldbeusedo multicastdatafrom asinglesourcean anad-hoc
network. However, multicastingis differentandhasproperties
thatcanbeexploitedto improve the spatialre-useof bandwidth
(slots):
« In multicasting,not all nodesneedto transmit: only a subset
of nodegelaypacletsto all othernodes.
« Neighboringnodesthat relay multicastpaclets from a sin-
gle sessiorto different“children” cansimultaneoushtransmit
pacletsif they do not jam the receptionof ary otherneighbor
ing node. Thatis, nodesthat relay at the sametime the same
paclet, do not needto heareachothers transmissionshecause
theseransmissionarenotintendedfor eachother

In our protocol,it is up to thereceversto join the multicast
sessiorandbandwidthis resened by meansof signalingpack-
ets exchangedetweenone hop neighbors. In orderto satisfy
its bandwidthrequirementanodecanconnecto different“par-
ent” nodesn differentslots. Multicastingis thereforedoneona
morerobustmesH3], insteadof atree. Somelinks will eventu-
ally fail dueto mobility, but by usingthe samesignalingmech-
anism,receverswill changeparentnodes,bandwidthwill be
reassigne@ndthe multicastmeshwill bere-configuredor the
new topology Throughsimulationswe find that at pedestrian
speedsthroughputsabove 90% are achieved, whenour proto-
col is used.

Il. TDMA FRAME STRUCTURE

We assumehalf-duplex transcerers and hence,nodescannot
transmitand receve simultaneously Therefore,sincewe are
dealingwith periodictraffic (either CBR or VBR), we assume
thatthe slottedtime is groupednto supefframes consistingof
two frameseach,frame0 andframel. In oneof theseframes
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a nodereceivesdataandin the otherit transmits,if it is are-
lay. We denotethe transmitframe of nodeN; by F;; F; takes
on avalueof 0 or 1 dependingon whetherN; cantransmitin
frameO or in framel respectrely. Figurel depictsanexample,
shaving a superframeandits constituenframes,the first one
of whichis atransmitframewhile the secondareceve frame.
Theresenedandrandom-accegsortionsof eachframearealso
shawn.

superframe
Reserved Random Reserved Random
_Access
Py | Py Py Py

slot#0 1 2 3 4 5 6 0 1 2 3 4
Frame 0 (Transmit) Frame 1 (Receive)

Fig. 1. TDMA framestructure.The noderecevesin framel andtransmitsin
frameO (henceF' = 0).

Multiple slotscanbe resered for a sessiorby a node,and
usedin eachframe. Paclketstransmittedby the sourcein each
frameare numberedsequentiallyfor thatframeandeachnode
marksits receve (transmit)slotswith the frame-sequenceum-
berof the pacletto bereceved(transmitted)n thatslot. For ex-
ample,Figurel shawvs thata noderecevespacketswith frame-
sequencaumbers and1l in slotsO and2 andtransmitspacket
0in slot4 andpacletl in slots0 and1 (multiple transmissions
arefor supportingdifferentchildrenthat cannotreceve in the
sameslot).

Paclketsin a framethatarein excessof the resened number
of slots are transmitted/receed in the random-accesportion
of the frame (this would happerin the caseof VBR traffic for
pacletsin excessof the currentmeansourcerate). The parent
nodenatifiesits childrenof thespecificrandom-accesslotsthey
haveto listento by appendingherelevantinformationto pack-
etstransmittecduringtheresened portionof the bandwidth.

Transmitschedulingfor signaling(i.e. control information)
betweennodesis donein a round-robinfashionon a separate
channel. Thetype of controlinformationexchangedwill bede-
scribedin detailedin alatersection.

I1l. CHANNEL MODEL AND CONNECTIVITY

We assumethat all nodestransmitwith the samepower, Pr.

The power receved by a node Ny dueto the transmissiorof

anodeN; is givenby Pjo = GjoPr, whereGj, denoteghe

power attenuatioron the pathbetweemodesN, andN;. Here,
we assumehatG;; follows asimplepropagatiordecaylaw, i.e.

Gi; = di_j", whered;; is the distancebetweennodesV; and
N; andny Is the power lossexponent.The signalto interference
ratio (SIR) atnode Ny, whennodeN; transmitsjs givenby:

Gjo
Zi;éj Gio

wherenodeslN; have framenumbersF; = F;, andtransmitin
thereceve slotof nodeNy. A pacletis recevedcorrectlyif its
SIR is above a certainthresholdy. Finally, we assumehat, in
theabsencef co-channeinterferencea nodecancommunicate
with nodesup to a distanced,,,.x away. This distancetypically

SIR= 1)

dependnthetransmitpower Py, the noisefloor andthe sen-
sitivity of therecevers.

In the following sectionst will be assumedhat nodeshave
knowledgeof the pathlossedo all of their one-hopneighbors.
Indeed the slow variationsof the channeldueto pathlossand
shadev fadingareeasilytracked,in contrasto fastfadingvaria-
tionsdueto multipathwhich, usually cannotbeestimateaasily
[9].

Since nodesmight have more than one resered slot in a
TDMA frame,they canrely ondifferentparentdo receve pack-
etsin the differentslots. This addsa degreea flexibility to the
resenationprocesssincea singleparentnodemay not be able
to relay certainpacletsin a frame, eitherbecauset doesnot
have them,or becausdt doesnot have enoughslotsto transmit
all the paclets,or becausesomeof its childrenmay experience
too high aninterferencen the slotswherethe parentcantrans-
mit the paclets. Considerfor exampleFigure2. Let all the
nodesshavn in thefigurehave threeslotsresenedfor receving
pacletspg, p1, andp.. Initially, node Ny relaysthesepaclets
to nodeNs in slots2, 3, and4. However, node N, thatis re-
laying the samepacletsto node N3 in slots0, 1, and2 strays
into the neighborhoodf node V,, andtherebycausesnterfer
enceto node Ny's transmissiorin slot 2. Thus,node N, will
no longerreceve pacletpo. If node Ny cannotrelay pg to Ny
in someotherslot (for ary of thereasonsnentionedabove), N»
canrecevethatpaclketfrom nodeN;, andthereforeshouldnow
attemptto becomeachild of thatnodealso,with theintentto re-
ceiveapacletpg from thatnodein slot0. Thus,in this scenario
nodeseceve packetsfrom multiple parents.

direction of motion _ _._.—.-

Fig. 2. Node N;'s transmissioninterferethe receptionat node N» in slot 2.
Node N2 canconnecto nodeN; to receve pacletpg in slot0, if it cannot
receve po in anotherslotfrom Njy.

It shouldbenotedherethat,in thecaseof VBR traffic, thereis
adrawvbackin having multiple parentselay pacletsto a single
child: if thereare pacletsto be transmittedin random-access
slots, thesewill be transmittedby all parents,althoughonly
one actually needsto transmit,for the pacletsto be receved
by the child. This will increasethe possibility of collisionsin
the random-accesslots. ConsideringFigure 2 for example,if
nodesN, andNV; areparentsof nodeN,, andthey have pack-
etsthatmustbe relayedto N, in random-acces$joth Ny and
N7 will transmitthesepaclets,whereanly Ny'stransmission
would be enoughfor the pacletsto berelayedto V.

1V. OVERVIEW OF WARM

WARM dealsprimarily with the transmissiorschedulingorob-
lem for a multicastsessionn a wirelessad-hocnetwork. The
mechanisnwill be presentedhy which anodereseresTDMA
slotsandattachestself to the multicastmesh whenat leastone
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of its neighborss a multicastmember We do not considerthe
casein which noneof the neighbords a multicastmember In

sucha caseasearchmightbeinitiatedto find a routefrom the
memberto the existing multicastmeshandall the nodesalong
theroutefrom thatmembeto themeshwill beforcedto join the
multicastsessiorasrelays[3]. Ourprotocolis receverinitiated,
i.e.it is upto thereceverto attemptto connecto the multicast
mesh.No specialroutinginformationis neededat relay nodes;
they would only needto maintainthe IDs of their children,the

slotswith which they transmitto them,andtheframe-sequence

numbersof the pacletsthey transmitin eachslot. Of course,
eachnodewill try to attachitself to relaysthatare ascloseto
thesourceaspossible put minimumhoproutingis a secondary
considerationwhena node cannotresere enoughbandwidth
from minimum hop relays. Finally, maintenancenformation,
whichwill bedetailedbelaw, is only exchangedamongonehop
neighborsandis not propagatedo moredistantnodes.

A. Data structures maintained at each node

A nodeis characterizedy a set Q (for a particularmulticast
session)definedas?

Q= {IDa HC; FJ RS; RSde&‘a RSmin; PID;
RxSlot, RxSeq, SIR, G, TxSlot, TxSeq, US}

where:

¢ ID: thenodesuniquelD;

+ H('" thenodes hop-countj.e. the numberof hopsfrom the
source;

o F': abit whichindicateghetransmitframeof thesupefframe
(Figurel);

« RS: thenumberof receve slotsthatarecurrentlyreseredby
thenode;

e RSges the desirednumberof resenedslots,asestimatecoy
thenode basedn the currenttraffic load,;

e RSpnin: the minimum acceptablenumberof resered slots.
This depend®ntheacceptabl@acletlossrate’. Notethat, RS
andthe availablenumberof random-accesslotsdeterminethe
currentpaclketlossrateatthenode;

« PID: a vector which representghe parentsof the node,
PID[i],« =0,1,...,RS — 1. Notethatall parentamusthave
identical hop counts,and that someor all of the elementsof
PID[i] mightbeidentical(i.e. thesameparentransmitsmulti-
ple pacletsin eachframeto its child);

« RxSlot: avectorwhich lists the receve slots of the node,
RzSlotli],i=0,1,...,RS — 1;

+« RxSeq: a vectorindicating the frame-sequencé which
paclets are receved in the receve slots, RxSeql[i], i
0,1,...,RS —1. Thenoderecevespacletwith sequencaum-
ber RxSeqli] in slot RzSlot[i]. This is requiredfor sorting
pacletsaccordingo theirframe-sequenceumbers;

« SIR: avectorcontainingthe SIR of the nodein its receve
slotsRxSlot, SIR[i],i=0,1,...,RS - 1;

« Gy avectorrepresentinghe pathlossesbetweenthe node
andeachof its parents(@,[i],« = 0,1,...,RS — 1,

(2)

IHereandthroughouthis work, bold typefaicedenotesa vectorquantity

2Note that paclets that are transmittedin random-accesslots may not be
receved correctlyif the SIR at the recever nodeis belov a certainthreshold.
Thesepacletswill beconsideredost.

o TxSlot: a vectorwhich lists the slots in which the node
transmitgempty if thenodeis notarelay);

« TxSeq: avectorindicatingthe sequencen which paclets
aretransmittedn thetransmitslots. Thatis, the nodetransmits
pacletwith frame-sequenasumberT’zSeg([i] in slotTz.Slot[i];
o US: avectorwhichliststheslotnumberf thetransmitslots
unusabléby the node. Theseareslotsin which the nodecannot
transmitsincesuchatransmissiorwould causesxcessie inter-
ferenceto someneighboringhodethatrecevesin thesameslot.

As long asa nodehasat least RS,,;, slotsresened andit
successfullyreceves pacletsfrom its parentsin theseslots, it
will consideiitself to be connectedo the multicastmesh.If the
nodereceveslessthanRSnin pacletsin thereseredportionof
thebandwidthjt becomeslisconnectedandwill setits RS = 0
andwill attemptto reconnecto themulticastsession.

B. Sgnaling information exchanged

Nodesparticipatingin the multicastsessiortake turnsto trans-
mit their statusinformationon a signalingchannelin a round-
robinfashior?. Specifically anodeN; will transmitthe follow-
ing setin its own signalingslot:

Or = {ID, HC, F, RS, RxSlot,, RxSeq, PIDy,
TxSlot, TxSeq, US} (3)

whereRxSlot,, RxSeq; andPID; containvectorsRxSlot,
RxSeq andPID respectiely, andpotentiallysomeadditional
terms,asexplainedbelow.

Thisinformation,collectedoy neighboringnodesjs dualpur-
pose:

a) Node N;, throughits broadcassignalingmessagecan at-
temptto resere morereceve slots,if RS < RSges Thisin-
cludesthe casewhen RS = 0, i.e. whenthe nodeis discon-
nected.Thenodethen,would appendherequiredextrareceie
slotsto vectorRxSlot of equation(2). It will alsoappendhe
potentialparent§rom whomit canrecevein theseslotsandthe
correspondinframe-sequenasumberof thepacletsit is miss-
ing, to vectorsPID andRxSeq respectiely (if RS = 0, then
thesevectorsare all empty). Thus, vectorsRxSlot;, PID,
andRxSeq; of (3) arecreated.
b) Neighboring nodeswill updatetheir neighborhooddata-
basedy meansof thedatabroadcastetly N;. Theentry, NB;,
of theneighborhoodiata-baseontainghefieldsof O, thees-
timatedpathlossbetweerthe two nodes(NB;.G) andthetime
stampwhichrepresentthelasttime thatnodeN; sentanupdate
messagd NB;.t). In addition, neighboringnodeswill update
their correspondingpaclet schedule{TxSlot and TxSeq),
andthe field representingheir unusableslots (US), aswill be
explainedbelow. To this end, nodesmaintaina childrendata-
baseand an unusableslots data-base An entry, CH;, of the
childrendata-baséasthefields:

e« CH;.ID: thechild'sID;

« CH; RxSlot: the vector of recerve slots of the child,
i. e.slotsin whichthechild recevesfrom the specificnode;

3Sincesignalinginformationis transmittedn round-robinfashion,jit is inter
ferencefreeandis receved by nodesup to adistancedmax avay.
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« CH.t: eachcomponenof this vector CH .t[i] denoteshe
lasttime at which the nodetransmittedo thechild in the corre-
spondingeceie slot CH .RxzSlot][i].

An entry US; of theunusableslotsdata-basdasthefields:
« US;.s: thepositionof theunusableslotin theframe;
« US;.t: thetime atwhichthis entrywaslastrefreshed.
The nodecanrendera slot usableagain,if the slotis not re-
freshedn the US beforeatimeoutperiod.

C. Connection procedure

In orderto explaintheconnectiorprocedureof the protocol,as-
sumethatnodeNy hasa smallernumberof resenedslotsthan
whatis desiredput thenodeis notdisconnectedrom the multi-

castmeshthatis RSnin < RS < RSgesfor Ng. First, No will

determinghe frame-sequenceumbersof the pacletsfrom the
multicastsessiorthatit is notreceving in the resened portion
of thebandwidth? Then,usingits neighborhoodiata-baseéVB,

the nodewill look for neighborsthat are alreadytransmitting
thesepaclets (for supportingothernodes)whosehop-countis
lessthanits own by one. This will be doneby inspectingthe
fields NB;.TxSeq in the databasefor all neighborsN; such
that NB;.HC = HC — 1. For eachsuchneighborN;, that
transmitsone of the missing paclets, say paclet with frame-
sequenc@umberNB;.TzSeg[k] in slot NB;.T'zSlot[k], node
Ny will estimatethe SIR for NV;'s transmissiorin that slot. If

Ny sensesireceve power P in thatslot, thenanestimateof the
SIR, for N;’stransmissiowould be:

(4)

If the estimatedSIR is larger than the threshold~y, node
Ny canreceve the correspondingmissing packet from node
Nj. Therefore,it will appendNB;.ID, NB;.TzSlot[k] and
NB;.TzSeq[k] to PID, RxSlot and RxSeq, respectiely,
andinclude thesefields in the signalingpaclket. This process
continuesuntil either node Ny meetsits desiredresenation
bandwidth,RSqes Or thereis no otherneighborthatis already
relayingthe missingpacket, andfrom which Ny couldreceive
thatpaclet.

If after this procedure,node Ny is still missing multicast
paclets, it will identify neighboringnodeswith hop-countone
lessthanits own thatcanaddtransmitslotsto their TxSlot, in
orderto relay the missingpaclets. To this end,for eachneigh-
bor N;, No will examinethesetof slotsleft aftersubtractinghe
slotsin NB;.TxSlot aswell the slotsin NB;.US. For each
oneof the remainingslots (if thereareary), Ny will estimate
theSIR,if N; wereto relayapacletto Ny in thatslot:

NB,.G - Pr

IR=
S P

5)
whereP is thepowersensedh theslot. If the STR > ~, Ny can
receve pacletsfrom IV; in the specificslotandwill proceedo
make N; its parent.lt will addN;'s D, the specificslotandthe

4Note that paclets with frame-sequenceumbersirom 0 to RSges — 1 will
be scheduledo be receved in the resered portion of the bandwidth,while
paclets with larger frame-sequencaumberswill be receved in the random-
accesportionof thebandwidth.

frame-sequenceumberof the missingpaclet to vectorsPID,
RxSlot andRxSeq respectiely.

If node Ny is disconnectedrom the multicastmesh(RS =
0), it alsofollows the above procedureput it first triesto use
asparentsieighborsvith theminimumhopcount.If Ny cannot
find RSmin Slots,to receve pacletsfrom theseneighborsit will
try to obtainthe pacletsfrom neighborswith ahopcountgreater
thanthe minimum by one,andso on. It is worth noting that,
sinceall parentsof a node have the samehop count, routing
cyclesareprecluded.

As mentionecdearlier node Ny will broadcasa maintenance
pacletin its signalingslot. This packetwill containthe fields
shavn in equation(3). WhennodeN,'s neighborgreceve this
broadcaspaclet, they will firstexaminethefield whichliststhe
parentID’s of Ny, PID;. EachneighbornodeN; will find
elementsPID; [k] that containits own ID. For eachsuchel-
ement,N; will checkwhetherNy is in its childrendata-base,
andis alreadyreceving pacletswith frame-sequenceumber
RxSeq, [k] in slot RzSlot,[k] from N;. If so, N; will sim-
ply refreshthe pertinenttime entry in its children data-base,
i.e. CH.t. If Ny isnotin its childrendata-basenodeN; will
checkif it alreadyrelayspacletswith frame-sequenceumber
RzSeq [k] in slot RzSlot,[k] to someotherchildren. If thisis
thecasethenN; will addnodeNj to its childrendata-basesa
child receving the abore mentionedpacletsin the abose men-
tionedslot. Finally, if N; is nottransmittingin slot RzSlot, [k],
andthis slotis notunusablgi.e. it is notin the US of N;), N;
will add N, asits child asin theabove case It will alsoaddslot
RzSloty[k] to its transmitslotsvectorTxSlot and RzSeq [k]
to thetransmitsequenceectorTxSeq.

Next, eachneighbornode NV; will considerthe elements
PIDs[k] of PID4, thatdo not containits own ID. This would
imply that node Ny will be receving paclets from different
neighborsin the correspondingslots. For eachsuchelement,
for whichID # PID,[k], N; will addtheslot (of thetransmit
frame),with numberRzSlot, [k] to its unusableslotvectorUS,
but only if it is notalreadyusingthis slotto transmit.By adding
slot RzSlot, [k] to US, nodeN; will precludeitself from using
this slotin thefutureto relay paclets,andhencepotentiallyin-
terferewith Ny’sreceptiorin thesameslot. Notethat, N; might
be ableto useslot RzSlot, [k] for transmissionif Ny's SIRin
thatslot wassufficiently highin spiteof sucha transmissionin
that case,lV; would have to be ableto estimateN,’s SIR and
that would entail Ny broadcastingsIR andinterferencenfor-
mationfor eachoneof its receve slots. While this variationis
possiblejt is notconsideredhere.

It is to benotedthat,if thenetwork wereto bestatic,the pro-
tocolis designedoasto ensurghatnodeghatarealreadycon-
nectedto the multicastmeshare not jammedby new members
thattry to connect.Considerfor example,Figure3. Node Ny
broadcast#ts maintenanc@aclet attime t. Supposdhatnode
N1’s ID is containedn PID; for slot s, eitherbecauséVy is
alreadyconnectedo N; andrecevesfrom NV in slots, or be-
causeit requestdor the first time to receve pacletsfrom Ny
in slots. At thattime, neighborN,, uponreceving Ny's mes-
sagewill update(or add)slot s in its unusableslotsdata-base.
Assumealsothat Node N, hasnot yet broadcasteits mainte-
nancepacket, whennode N3 transmitsa maintenanc@acletin
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Requestto B to become parent at slot s
time tAt

Fig. 3. Thereceptionof node Ny is protectedrom jammingsinceslot s is in
theunusableslot vectorof nodeNs.

which N, is identifiedasa parentwhich would transmitin the

sameslot s (thisimpliesthat N,'s signalingslotcomesafterthat

of N3 in theroundrobin signalingperiod). Node N, will sim-

ply ignore this messagesinceslot s is alreadyin its unusable
slot vector and hencecannotbe usedfor transmission.Thus,

if nodeNy hassuccessfullyconnectedo node Ny, its connec-
tion is protectedrom beingjammed.Node N3 will learnof the

updatedunusableslots of node N, laterin the samesignaling
period,andin the next signalingperiodmay try to connectto

N, by meansof anotherslot, or may attemptto connectto an-

othernode.Ontheotherhand,if Ny wasattemptingto connect
to nodeN; andthis attemptailedfor somereasor(for example
Ny alsohad“stale” informationwith regardto slot s, andthis

slotis alreadyin the unusableslot vectorof N;) slots will not

be updatedn the unusableslotsdata-basd/S of N, for some
time andwill subsequentlpperenderedisableagain.

Of course,undermobility, as nodesmaove into the vicinity
of eachother excessie interferencewill be causedn resered
slotsandnodeswill loseconnectvity with someof theirparents.
Then,following the proceduresutlinedearlier they will try to
re-afiliate to themulticastmesh.

V. PERFORMANCE OF WARM

Performancef WARM wasevaluatedusingParseca C based,
discretesventparallelsimulationlanguagedevelopedat UCLA
[11]. Fifty nodeswereconsiderecndweredispersedn anarea
of onesquareilometer In all casestheminimumSIR required
for apacletto besuccessfullyecevedwassetaty = 10 dBand
the pathlossexponenty wassetto four. We consideiCBR traf-
fic to begin with, andeachnodeneedgo resene only oneslot
in the superframefor recevving paclets(RSges = RSmin = 1).
Thefirst simulationwe performedassumedhatall nodeswere
static. Our aim wasto computethe numberof slots,aswell as
the numberof relaysrequiredin orderto connectall the nodes
to the multicastmesh. We computedthis numberfor various
valuesof the maximumtransmissiomangedm,x. Resultsfrom
onehundreddifferentnodepositionswerefound andaveraged,
andare presentedn Tablel. The numberof slotsreportedis
per superframe.This table shows that, as expected(sincefor
a given nodethe numberof neighborsincreaseswith dy,,y),
fewer relaysarerequiredfor largervaluesof d,,., in orderto
have completeconnectvity, andhencefewer slotsaresuficient
to supportthe multicastsession.As dm.x decreaseshe aver-
agedggreeof nodesdecreasesThus,morerelaysareneededo
supportthe multicastsessionandone expectsthat the number
of slotsrequiredfor completeconnectvity increasesHowever,

TABLE |
# OF SLOTS PER SUPERFRAME AND # OF RELAYS, VS. dmax
(RSDES = RSmin = 1)-

[ dmax(m) [ Slots | Relays]

250 8 19
300 8 14
350 6 9
400 6 9
500 4 6

spatialre-useof TDMA slotsincreasesvith decreasingl,ax,
sincetheco-channeinterferencelsodecreasei this casefor
dmax = 250 meters,19 relaysare neededand 8 slotsare re-
quired,while for dmax = 500 meters,6 relaysand4 slotsare
enough.

Next, we evaluatethe performanceof WARM undermobil-
ity. We fix thevaluesof dp ., t0 be250meters We alsoassume
thatthereareten slotsper superframessignedor the session,
althoughfrom tablel we seethatonly eightareneededn the
average.The extra slotswill improve performancen termsof
recevedpaclets,aswill beseerbelov. We assumehat, out of
the 50 nodes,10 nodesare mobile andall mobile nodesmove
with the samespeed Nodesrandomlyselectadirection(anan-
gleis choseruniformly between0 and 360 degrees)andmove
alongastraightiine. They chooseanew randondirectionaftera
randomintenal which is exponentiallydistributedwith amean
valueof oneminute. Finally, nodesthat reachthe boundaryof
the roamingareasimply bouncebackinto the areaby choos-
ing a new randomdirection. A signalingperiodis assumedo
follow every 1000dataslots. Resultswerecomputedor 7 dif-
ferentcombinationsf mobile nodes(beginning from the same
initial network) andanaverageof thecombinationss presented
in Figure 4 in the form of percentagef multicastdatapack-
etsreceved (throughput)versusthe speedof the mobiles. Two
casesreconsideredyherein the sourcenodeis eitherstaticor
mobile. Obsenrethat,if thesourcenodeis static,thethroughput
remainsvery high (90%) even at high speeds.However, when
the sourcenodeis mobile, the throughputsuffers as speedin-
creases.

Throughputimproveswith the numberof slotsavailablefor
resenation. Figure5 presentshroughputversusiumberof slots
in thesuperframassignedor themulticastsessionfor thecase
in which the sourceis mobile andthe speedconsidereds 15
Km/h. As it canbe seenfrom Tablel andFigure5, although
only 8 slotsareneededntheaveragedor full connectvity of the
staticnetwork, throughputundermobility would be poorwhen
only 8 slotsareassignedHowever, by assignindLO slotsfor the
multicastsessionwe obsere a 10% improvementin through-
put.

Next, we considerthe caseof VBR traffic. Here,we assume
thatnodescanestimateaccuratelythe meantraffic rate[7], [8]°,

51t mustbe notedthatestimatinghe meantraffic rateof a VBR traffic source
is notaneasyproblem.Also, duringabruptincrease®f the mean pacletswill
be queuedandwill be relayedmostly throughrandom-accesslots, until more
bandwidthis resered, thus increasingthe paclet droppingrate. We do not
considettheseproblemsin our simplifiedmodel.
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andfocusonthe problemof partitioningatotal numberof slots
into resenableandrandom-accegsortions,suchthata specific
paclet lossrateis achiesed. Obviously, by assigningresened
slotsto supportthe peaksourcerate,the pacletlossratewill be
zero(in a staticnetwork) but bandwidthutilization will bevery
poor. Thequestionis, how muchbandwidthabose the meando
we have to assignto a multicastsessiorin orderto have anac-
ceptablepacletlossrate?In oursimplifiedmodel ,thepacletar
rival processt the sourceis assumedo be Poissordistributed,
with meanrateof onepaclet persuperframdwith theassump-
tions madeabove we canscalethe meanto be one). Packets
thatarein excessof the resened bandwidthare transmittedin
the random-accesportion of the transmitframe. Thereis no
gueuingandthereforedelayjitter is boundedy the durationof

onesuperframg10 ms). We have setRS.,in, = RSgesandthe
total numberof slotsto be allocatedfor the multicastsession
to enablecontentionfree schedulingis obtainedby multiply-
ing RSqes by 8 (which is the numberrequiredfor RSges = 1,
asseenfrom Tablel). Figure6 presentghe paclet lossprob-
ability versustotal available numberof slotsin a superframe,
for different RSqes for a static network of 50 nodesand with
dmax = 250. Statisticaveregatheredrom nodeswith themax-
imum hop-countwhich are expectedto have the worst paclet
lossrate. From Figure6, notethatthe abscissaf the left-most
point of eachcurve corresponds$o the total numberof resered
slots, which is a multiple of eight. The correspondingaclet
lossrateis the fraction of pacletsper framethatarein excess
of RS4es Sincetherearenorandom-accessotsin this caseand
thesepacletsaredroppedatthe source FromFigure6, it is ob-
viousthatassigningnly onereseredslot (RSqes= 1) for each
node,andreceving all pacletsin excessof thefirst onein the
random-accesportion, resultsin very severe paclet lossrate.
However, for RSges = 2 (in which case,as canbe seenfrom
Figure6, thereare 16 resened slotsandabout10% of paclets
aretransmittedusingrandom-accessysing 24 random-access
slots, for a total of 40 slotsin the superframethe paclet loss
rateis slightly above 1%. Note herethat RSg4es = 2 corresponds
to themeansourcerateplusonestandardieviation.
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Fig. 6. Pacletlossprobabilityfor a Poissorarrival ratewith meanonepaclet
persuperframess. total numberof slotsin the superframendfor different
numberof reseredslots, RSges

VI. CONCLUSIONS-FUTURE WORK

In this paperwe proposea novel protocolto streamreal-time
multicastdatato nodesin awirelessad-hocnetwork. The mul-
ticaststructurds built suchthatcollisionsareavoidedwhendata
is beingstreamed The protocolis distributedandthe informa-
tion is beingexchangednly betweenonehop neighbors.The
multicaststructurewhichis built hasself-healingfeatures Sim-
ulationresultsshav thatthroughpuiabove the 90%thpercentile
for pedestriarspeedg~ 10 Km/h) is achieved. The propor
tion of reseredandrandom-accedsandwidthneededor VBR
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sourcesvasalsostudiedwith asimplifiedmodel. Resultsguan-
tify thetrade-of betweerbandwidthreserationandpacletloss
ratefor themulticastsession.

A studyof the exactsignalingbandwidthneededor the ex-
changeof maintenanc@acletsis underway. Additionally, we
arelooking for waysto adapttherandom-accesstratgies(like
RTS/CTSor CSMA andits variantg10]) for thesignalingchan-
nel, which would make our protocol completelyscalableand
morerobustto mobility.
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