
An Adaptive Approa
h to Group Communi
ations in Multi Hop Ad Ho
NetworksKumar Viswanath and Katia Obra
zkaUniversity of California, Santa CruzSanta Cruz, CA 95064Tel:(831) 459-4308, Fax: (831) 459-4829E-mail 
onta
t: katia�
se.u
s
.eduAbstra
tThe diverse nature of MANETs makes it almost impos-sible for a single routing proto
ol to perform well undera wide range of operating 
onditions. Therefore the solu-tion may be to adopt an adaptive strategy to routing andthe 
o-existen
e and interoperability of di�erent routingproto
ols. Considering that MANET's are generally de-ployed in mission 
riti
al appli
ations the adaptive pro-to
ol should be 
apable of providing high reliability andtimeliness guarantees in the presen
e of mobility. To thisend we develop an adaptive 
ooding proto
ol in whi
hnodes 
an dynami
ally swit
h routing me
hanisms basedon their perspe
tive of network 
onditions. We use rela-tive velo
ity as the swit
hing 
riterion. Ea
h node period-i
ally 
omputes its velo
ity relative to that of its neighborset and based on its 
omputation swit
hes to one of thethree modes, i.e. s
oped 
ooding, plain 
ooding or hyper
ooding modes . Simulations using our adaptive proto
olunder various realisti
 s
enarios have shown that su
hproto
ols provide impressive bene�ts and 
an be used asthe basis for developing adaptive, integrated routing te
h-niques for MANET's of the future.1 Introdu
tionIn the past �ve years, routing in MANETs has re
eived
onsiderable attention from the network resear
h 
om-munity. As a result, several uni
ast routing proto
olshave been proposed. Examples in
lude Dynami
 Sour
eRouting (DSR) [4℄, Ad ho
 On Demand Distan
e Ve
tor(AODV) [11℄, Destination Sequen
ed Distan
e Ve
tor(DSDV) [10℄ et
. More re
ently, as it be
ame 
lear thatgroup-oriented servi
es are one of the primary 
lasses ofappli
ations targeted by MANETs, a number of multi-
ast routing proto
ols for MANETs have been developed.The On Demand Multi
ast Routing proto
ol (ODMRP)[5℄ and Multi
ast-Ad ho
 On Demand Distan
e Ve
tor(MAODV) [13℄ are examples of on demand routing pro-to
ols, where routes are established when a sour
e hasdata to send. Although these proto
ols perform well in


onstrained mobility MANETs, our analysis show thattheir performan
e degrades under more stringent net-work 
onditions su
h as high mobility and traÆ
 load [9℄.In general, we believe that no single multi
ast proto-
ol is optimal for all MANET s
enarios. The diversenature of MANETs makes it almost impossible for a sin-gle routing proto
ol to perform well under a wide rangeof operating 
onditions. We envision that future inter-networks will 
onsist of a wired ba
kbone and a 
olle
-tion of wired, �xed-infrastru
ture mobile, and ad ho
networks as leaves. We argue that a \global" multi
astsolution for the future internet will in
lude spe
ializedsolutions for ea
h type of network, as well as me
ha-nisms for integrating these solutions. Wired multi
astproto
ols will be used in the �xed portion of the net-work, while MANETs will use di�erent multi
ast routingme
hanisms depending on their reliability requirementsand typi
al operating 
onditions (mobility, traÆ
 load,number of sour
es and re
eivers).Our long-term goal is to provide seamless integratedmulti
ast servi
e whereby a single multi
ast group 
anspan all network types (�xed, �xed mobile, and di�er-ent types of MANETs). This would let a given hostto partake in multi
ast 
ommuni
ation regardless of the
urrently underlying network type. To this end, hostswill have to dynami
ally swit
h among di�erent multi-
ast routing me
hanisms as they move from one networkto another. To our knowledge, there is little or no experi-en
e in the network resear
h 
ommunity in multi
ast pro-to
ol inter-operation (albeit, some proposals have beenre
ently 
oated in the IETF [2, 14, 7℄) or adaptation.2 Fo
usIn this paper we 
on
entrate on the problem of providingadaptive multi
ast for di�erent types of MANET s
enar-ios. Important MANET appli
ations, in
luding battle-�eld, disaster and emergen
y res
ue operations, are mis-sion 
riti
al in nature and require MANET proto
ols toprovide high delivery and timeliness guarantees in the1



presen
e of mobility and permanent or temporary out-ages. The primary motivation to use 
ooding as the ba-sis for our adaptive multi
ast routing framework, is that
ooding and its variations perform 
onsiderably betterthan other proto
ols su
h as MAODV and ODMRP [9℄over a wide range of mobility and traÆ
 load 
onditions.Another fa
tor is that 
ooding and its variations inter-operate easily. However, we note that adaptive 
oodingmay not ne
essarily be most suited for all MANET s
e-narios. We propose 
ooding variations as the �rst stepin investigating the merits of adaptive- over non-adaptiverouting me
hanisms. We are also 
urrently investigatingother adaptive proto
ols whi
h are not based on 
ooding.The routing proto
ol we propose in this paper inte-grates s
oped 
ooding, plain 
ooding, and hyper 
oodinginto a single adaptive proto
ol. Nodes 
an swit
h among
ooding variations based on their own per
eption of the
urrent network 
onditions. This paper analyses the per-forman
e of the integrated routing proto
ol and 
om-pares it with plain 
ooding, and also stand alone versionsof s
oped and hyper 
ooding. We study the performan
eof the proto
ol for multi
ast and broad
ast 
ommuni-
ation. Our study 
onsiders typi
al MANET s
enariossu
h as res
ue operations and 
onferen
ing. Simulationsresults show that the adaptive proto
ol performs 
onsis-tently well, with reliability gains on the order of 20% forthe res
ue and 
onferen
e s
enarios. For higher mobilitys
enarios the adaptive proto
ol performed better than
ooding and similar to hyper 
ooding with mu
h lowerrouting overhead than hyper 
ooding.The rest of the paper is organized as follows. In thenext se
tion, we overview the adaptive routing proto-
ol and also des
ribe the swit
hing 
riterion used by thenodes to swit
h from one variation to another. Se
tion 4des
ribes the simulation environment used, in
luding adetailed des
ription of the simulation parameters. In se
-tion 5 we present simulation results for both multi
astand broad
ast in arti�
ial mobility s
enarios. We alsopresent the performan
e of the adaptive proto
ol undermore realisti
 ad ho
 s
enarios in se
tion 5.3. Finally inse
tion 6 we present some 
on
luding remarks as well asour future work and dire
tions.
3 Proto
ol OverviewWe developed an adaptive multi
ast proto
ol based on
ooding and its variations. The resulting adaptive 
ood-ing proto
ol has three modes of operation namely, S
opedFlooding, Plain Flooding, and Hyper Flooding [9℄. Ea
hnode is 
apable of operating in any of the three modesand 
an swit
h modes based on its own perspe
tive of thenetwork 
onditions. The 
riterion for swit
hing modes isexplained in detail later.

3.1 S
oped Flooding ModeThe basi
 prin
iple behind S
oped Flooding is to redu
ere-broad
asts to avoid 
ollisions and minimize overhead.S
oped Flooding is suitable for 
onstrained mobility en-vironments (as in the 
ase of 
onferen
e s
enario) wherenodes do not move mu
h and thus plain 
ooding willlikely yield unne
essary redundant re-broad
asts. Thework in [8℄ showed that a re-broad
ast 
an provide be-tween 0{61% additional 
overage over what was already
overed by a previous transmission. The 
overage area ofsubsequent retransmission redu
es drasti
ally and dropsdown to 0.05% when the number of retransmissions isgreater than four.Di�erent heuristi
s 
an be used in de
iding whether tore-broad
ast a pa
ket. In our s
oped 
ooding implemen-tation, ea
h node periodi
ally transmits hello messageswhi
h also 
ontain the node's neighbor list. Nodes usehello messages to update their own neighbor list and addre
eived lists to their neighbor list table. When a nodere
eives a broad
ast, it 
ompares the neighbor list of thetransmitting node with its own neighbor list. If the re-
eiving node's neighbor list is a subset of the transmittingnode's neighbor list, then it does not re-broad
ast thepa
ket. In our simulations we did not require the neigh-bor lists to be stri
t subsets of one another; an 85% over-lap was 
onsidered suÆ
ient to prevent re-broad
asts.3.2 Hyper Flooding ModeRe
all that due to the mission-
riti
al nature of typi
alMANET appli
ations, we try to provide high deliveryguarantees. Hyper 
ooding is suitable for high mobilitys
enarios where high reliability is required. The pri
ehyper 
ooding pays is its high overhead.Nodes in hyper 
ooding mode periodi
ally transmithello messages. When a neighbor re
eives a hello mes-sage, it adds the hello message originator to its neigh-bor list (if the list does not already 
ontain that node).Similarly to plain 
ooding, when a node re
eives adata pa
ket, it simply re-broad
asts the pa
ket and alsoqueues it in its pa
ket 
a
he. Additionally, re-broad
astsare triggered by two other events: re
eiving a pa
ketfrom a node whi
h is not in the 
urrent neighbor listor re
eiving a hello message from a new node. In these
ases, nodes transmit all pa
kets in their 
a
he. Therationale behind re-broad
asts is that \newly a
quired"nodes 
ould have possibly missed the original 
oodingwave on a

ount of its mobility. This in
reases over-all reliability by ensuring that new nodes entering thetransmission region of a node re
eive data pa
kets whi
hthey otherwise would have missed. Nodes periodi
allypurge their pa
ket 
a
he to prevent ex
ess re-
ooding ofthe pa
kets.2



Parameter Value Des
riptionHold Table Purge Interval 5 se
s Duration after whi
h the Pa
ket 
a
he is purgedMin Hello Interval 3 se
s Minimum value of the Hello IntervalMax Hello Interval 4 se
s Maximum value of the Hello IntervalNeighbor Table Purge Interval 5 se
s Duration after whi
h neighbor entries are purgedFlooding Interval 25 mse
s Jitter period for re-broad
astsTable 1: Proto
ol Spe
i�
 Parameters.3.3 Swit
hing Among Proto
olsOne fundamental issue in the design of integrated mul-ti
ast is de
iding when a node should swit
h proto
olsand whi
h proto
ol to swit
h to. Every node needs tomake its own de
ision based on its per
eption of 
urrentnetwork 
onditions.For the 
urrent version of adaptive 
ooding, we 
hoserelative velo
ity as the preliminary 
riterion nodes useto swit
h among the di�erent 
ooding variations. Therationale for using relative velo
ity as the swit
hing 
ri-terion is based on our 
omparative performan
e studyof plain, s
oped, and hyper 
ooding [9℄. Our simulationresults indi
ate that proto
ol performan
e (e.g., pa
ketdelivery ratio) is highly dependent on mobility.The proposed relative-velo
ity based swit
hing 
rite-rion works as follows. Nodes send velo
ity (speed anddire
tion) information as part of hello messages. Ea
hnode is then able to 
ompute its velo
ity relative to itsneighbors. We use only immediate neighbor informationto 
al
ulate a node's relative velo
ity. This way a nodedoes not have to a
quire global knowledge in order tobuild its per
eption of the network 
urrent 
onditions.If a node's relative velo
ity is higher than a pre-de�nedthreshold, the node swit
hes to hyper 
ooding mode. Ifthe relative velo
ity is below a lower threshold, s
oped
ooding is used. Otherwise, the node swit
hes to plain
ooding. Clearly, if a node dete
ts no 
hanges in its rel-ative velo
ity, it will keep running the 
urrent 
oodingvariant.All nodes start o� in plain 
ooding mode. Cur-rently, hello messages are sent every Hello Interval se
-onds whi
h is also the frequen
y at whi
h nodes re
om-pute relative velo
ity. The upper swit
hing thresholdis set to 25 m/s, while the lower threshold is 10 m/s.These thresholds are parti
ular to the s
enarios 
onsid-ered and were arrived at by experimenting with di�erentthreshold values for our di�erent s
enarios. One point tobe noted is that nodes a
quire neighbor velo
ity infor-mation on
e every Hello Interval se
onds. This ensuresthat ea
h node runs the same routing me
hanism for aminimum period of 3 se
onds before it 
an potentiallyswit
h to another me
hanism, preventing os
illations.Sin
e mobility is one of the most important parame-ters that a�e
t the performan
e of the routing proto
olwe 
hose relative velo
ity as the swit
hing methodologyfor the adaptive proto
ol. We are 
urrently investigat-

ing other swit
hing 
riteria as well. Depending upon therequirements of the network, nodes 
an swit
h routingme
hanisms based on the network 
ondition parameters,su
h as traÆ
 load, or multi
ast group 
hara
teristi
s,su
h as number of senders or re
eivers. Nodes 
an pe-riodi
ally monitor the network for the traÆ
 load andswit
h proto
ols when the traÆ
 ex
eeds 
ertain thresh-olds. In our analysis of multi
ast proto
ols we observedthat 
ertain proto
ols ( eg. ODMRP ) performed wellwhen the sender to re
eiver ratio was small. If the nodeshave information about the number of re
eivers belong-ing to the multi
ast group they 
an use this informationto swit
h routing me
hanisms.4 MethodologyWe used the network simulator ns-2 for our simula-tions. ns was originally developed at Lawren
e Berke-ley National Laboratory (LBNL) [6℄. Currently it is be-ing extended as part of the VINT proje
t [3℄ involvingUSC/ISI, Xerox PARC,LBLN, and UC Berkeley. Ns isa dis
rete-event simulator whi
h started as a simulationenvironment for wired networks and has been extendedto simulate mobile wireless environments. In parti
ular,we use the CMU Monar
h group extensions that enablens version 2 (ns-2) to simulate MANETs [1℄. Some ofthe s
enarios were generated using a s
enario generatorfor ad ho
 networks [12℄.4.1 Simulation EnvironmentAll simulations 
onsist of 50 nodes pla
ed in a 1000x1000meter �eld. Ea
h node transmits 250 pa
kets (256 bytesea
h) at various times during the simulations. We use aCBR traÆ
 generator for some of the s
enarios. Node
hannel bandwidth is set to 2 Mbit/se
 and their trans-mission range is 225 meters. The total simulation du-ration is set to 400 se
onds to ensure that senders havesuÆ
ient time to �nish transmitting all data pa
kets.Mobility ModelEx
ept for the 
onferen
e and disaster s
enarios, the mo-bility model used is a modi�ed version of the random-waypoint model (also known as the boun
ing ball model).In this model nodes start o� at random positions withinthe �eld. Ea
h node then 
hooses a random dire
tion3



and keeps moving in that dire
tion till it hits the ter-rain boundary. On
e the node rea
hes the boundary it
hooses another random dire
tion and keeps moving inthat dire
tion till it hits the boundary again.In the 
ase of the 
onferen
e and disaster s
enarios,besides original random waypoint, we use the randommotion model. The mobility patterns for these s
enariosis explained in greater detail in 5.3.TraÆ
 ModelA 
onstant bit rate (CBR) traÆ
 generator was used forall the s
enarios. The senders start transmitting the datapa
kets at random times within the �rst 25 se
onds of thesimulation. For the the 
onferen
e s
enario, the speakeris atta
hed to a CBR sour
e transmitting 1 pa
ket/se
for the �rst 150 se
onds of the simulation and at 0.8pa
kets/se
 for the remainder of the simulation.Overall network traÆ
 is maintained 
onstant at 20pa
kets/se
 even in the simulations where we vary thenumber of senders. This is a

omplished by adjustingthe inter-pa
ket interval.5 ResultsWe ran ea
h simulation (keeping all parameters 
onstant)�ve times, ea
h time using a di�erent seed value. Seedsvaried from 1000 to 5000 in steps of 1000. Ea
h reporteddata point represents the average a
ross all �ve runs. Inour simulations the senders are 
hosen randomly fromamong all the nodes. For the multi
ast s
enarios, re-
eivers are also 
hosen at random among all nodes. There
eivers join as members of the multi
ast group and re-main as members throughout the simulation.For the s
enarios (ex
epting the 
onferen
e and dis-aster s
enarios) we have three di�erent mobility groups
onsisting of 20, 15 and 15 members ea
h. Ea
h groupis assigned a parti
ular velo
ity and all nodes in a mo-bility group start so that they are positioned adja
entto other nodes of the same mobility group. In these s
e-narios the velo
ity of ea
h group is varied a
ross di�erentsimulation runs resulting in di�erent values of the overallrelative velo
ity. A node belonging to one mobility group
an traverse other mobility groups 
hanging the relativevelo
ity of its immediate neighborhood. This may triggerthe node to swit
h routing proto
ols.We investigated both sides of the proto
ol reliability(i.e., delivery ratio) versus eÆ
ien
y (overhead) trade-o�.Pa
ket delivery ratio measures proto
ol reliability asso-
iated to its ability to deliver pa
kets to all re
eivers.Overhead measures proto
ol eÆ
ien
y in terms of theamount of additional information (both data and 
on-trol) the proto
ol generates.

5.1 Multi
ast Results5.1.1 Pa
ket DeliveryWe 
ompute pa
ket delivery ratio as the ratio of totalnumber of pa
kets re
eived by the nodes to the totalnumber of pa
kets transmitted times the number of re-
eivers. For the multi
ast s
enario, we use 10 and 20senders and the number of re
eivers is set at 20 nodes.We simulate two multi
ast groups ea
h with ten re-
eivers. The re
eivers 
an be members of both multi
astgroups.The graphs in �gure 1 show how proto
ol reliabilityvaries with node mobility whi
h is expressed in terms ofaverage relative velo
ity. The average relative velo
ity is
omputed as follows. The relative velo
ity of ea
h nodewith respe
t to its neighbors is 
al
ulated throughout theduration of the simulation and is then averaged over allnodes.It 
an be observed from �gure 1 that initially thedelivery ratio in
reases as the group mobility in
reases(whi
h in turn in
reases the relative velo
ity) but startsdegrading at higher values of the relative velo
ity. In ours
enarios members of the same mobility group are startedo� at adja
ent positions in the topology. This results inpa
ket drops due to 
ollisions and the hidden terminalproblem at lower speeds. As the mobility of the nodesin
reases they start moving outside the transmission re-gion of other nodes and this 
auses lesser pa
ket 
olli-sions whi
h results in an in
rease in the pa
ket deliveryratio. However as the relative velo
ity in
reases beyond40 m/s (�145 kms/hr), in
reased mobility of the nodes
auses them to move outside the radio range of theirneighbors more frequently resulting in lower pa
ket re-
eption. In 
ase of the adaptive 
ooding proto
ol, nodesrely on neighbor information to de
ide if they retrans-mit pa
kets. Neighbor information may be
ome staleas the mobility of the nodes in
reases resulting in lowerpa
ket delivery ratio at higher speeds. It 
an be seenfrom the graphs that hyper 
ooding performs better thanthe adaptive proto
ol at lower speeds. This is be
ause atlower speeds adaptive 
ooding swit
hes to s
oped 
ood-ing mode in an attempt to redu
e redundant retrans-missions. As the relative velo
ity in
reases it swit
hesto 
ooding and hyper 
ooding modes resulting in higherpa
ket delivery ratios similar to stand alone hyper 
ood-ing. As expe
ted at higher speeds the performan
e ofs
oped 
ooding starts to degrade in 
omparison with theother variations.5.1.2 Routing OverheadRouting overhead is 
omputed as the ratio between thenumber of 
ontrol bytes to the number of data bytesre
eived. In adaptive 
ooding the 
ontrol overhead a
-
ounts for the hello messages and also the overhead gen-4
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eiversFigure 1: Pa
ket Delivery Ratio as a fun
tion of Node Mobilityerated by retransmits in hyper 
ooding. In the 
aseof plain 
ooding the overhead 
onsists of the 
oodingheader information required to forward the pa
kets.It 
an be observed that at low mobility (< 20 m/s)the routing overhead of adaptive 
ooding is lower thanthat of 
ooding but it in
reases as the relative velo
ityin
reases and approa
hes that of hyper 
ooding. Thisis a similar to the behavior observed in the delivery ra-tios. At low speeds the nodes use s
oped 
ooding toforward the pa
kets whi
h redu
es the overhead but athigh relative velo
ities the nodes swit
h to 
ooding andhyper 
ooding modes whi
h results in greater number ofre-broad
asts thus in
reasing the routing overhead. Therouting overhead of 
ooding and s
oped 
ooding remainalmost 
onstant with s
oped 
ooding having the lowestoverhead.From the results outlined above we 
an see that theadaptive proto
ol performs 
omparably to 
ooding evenoutperforming 
ooding when the relative velo
ity isgreater than 20 m/s. For higher values of the relative ve-lo
ity its performan
e approa
hes that of hyper 
ooding.The interesting fa
t is that it a
hieves this performan
eat 
onsiderably lower routing overhead than hyper 
ood-ing. Note that in 
ase of adaptive 
ooding the overheadin
ludes the 
ost in
urred to obtain neighbor positionand velo
ity information. At lower speeds the di�eren
ein pa
ket delivery ratios between 
ooding and adaptive
ooding is around 2-3% whereas the routing overhead ofadaptive 
ooding is lower by about 10%.5.2 Broad
ast ResultsThe results obtained for broad
ast s
enarios show similartrends to that observed in multi
ast s
enarios. The only

interesting observation from the results is that the over-head for broad
ast is lower than multi
ast for the samenumber of senders. In multi
ast every pa
ket whi
h isre
eived by the forwarding nodes does not 
ount towardsa unique data pa
ket re
eived. Only those data pa
ketsre
eived by multi
ast group members are used in 
al
u-lating the total unique pa
kets re
eived. However thetotal number of re-broad
asts remains almost the samefor multi
ast and broad
ast. This results in a lower rout-ing overhead for the broad
ast s
enarios.5.3 Other S
enariosWe have also used the adaptive 
ooding proto
ol undervarious realisti
 ad ho
 s
enarios. These s
enarioswere generated using the s
enario generator [12℄ whi
huses two parameters, the model-spe
 and s
en-spe
 togenerate mobility s
enarios. The model-spe
 
onsistsof the mobility pattern spe
i�
ations. The mobilitymodel used 
an be �xed waypoint, random waypointor brownian motion. The s
en-spe
 
ontains pre
isespe
i�
ations of ea
h node in the s
enario su
h as themobility model, the extent of movement of the node inthe topology, the o�set of the node in the topology, thespeed of the node and the pause time. For the 
onferen
es
enario the speaker node and 20 other nodes whi
hwere randomly 
hosen transmitted CBR pa
kets, whilein the disaster s
enario 4 nodes representing heli
optersand 16 other randomly 
hosen nodes transmitted CBRpa
kets.The 
onferen
e s
enario 
onsisted of a total of 50 nodeswith one speaker node and three groups of audien
es, i.e.audien
e1, audien
e2 and the wanderers. The speaker5
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eiversFigure 2: Routing Overhead as a fun
tion of relative mobility of nodesFlooding Type Pa
ket Delivery Ratio % Routing Overhead Average Delay( Bytes Xmitted per Data byte re
eived) (mse
s)Adaptive Flooding 90.8 0.07 33.56Plain Flooding 70.6 0.08 28.03S
oped Flooding 84.4 0.07 39.06Hyper Flooding 74.8 0.097 46.32Table 2: Conferen
e S
enarionode remained almost stationary through out the dura-tion of the simulation. Both audien
e groups 
onsistedof 20 members moving with speeds between 2-5 m/s.The movement of the audien
e groups was modeled usingbrownian motion and nodes were restri
ted to a subset ofthe topology. The �nal group or the wanderers 
onsistedof 9 nodes who were 
apable of moving over the entiretopology. The speeds for these nodes were randomly 
ho-sen between 1-5 m/s with pause times between 0-1 se
.The random waypoint model was used as the mobilitymodel for all the wanderer nodes.The se
ond s
enario was that of a disaster-res
ue op-eration with a total of 50 nodes in a 1000 x 1000 �eld.This s
enario 
onsisted of 4 heli
opters, a res
ue teamof foot soldiers and 2 teams on vehi
les. The heli
optersmoved with speeds ranging between 0-40 m/s a

ordingto the �xed waypoint model with pause times between0-1 se
s. The �rst vehi
le team 
onsisted of 20 nodeswhile the se
ond team 
onsisted of 6 nodes. The mem-bers of both vehi
le teams moved a

ording to the ran-dom waypoint model with speeds ranging between 5-20m/se
. The team of foot soldiers 
onsisted of 20 nodes.The mobility model used for this team was the randomwaypoint model with speeds ranging between 5-10 m/se
and pause times between 0-2 se
s. The 
overage area forea
h team was a subset of the entire topology whi
h didnot overlap with the 
overage area of any other team.The tables 2 and 3 present the results for these two

s
enarios. For the 
onferen
e s
enario adaptive 
oodingdelivered about 20% more pa
kets than 
ooding. An in-teresting observation in this s
enario is that it attainsthis higher reliability at a lower overhead than plain
ooding. For this s
enario the mobility of the audi-en
e groups is quite limited ( 0-5 m/s) and restri
tedto a 
ertain area of the topology. Using 
ooding and hy-per 
ooding proves to be an overkill sin
e a large num-ber of the retransmissions results in 
ollisions leading topa
ket drops. However adaptive 
ooding uses the s
oped
ooding mode to restri
t the re-broad
asts resulting inhigher pa
ket delivery ratios and lower overhead. An-other observation is that for this s
enario, \stand-alone"s
oped 
ooding performs better than both 
ooding andhyper 
ooding. From the delay statisti
s it is observedthat 
ooding has the lowest delay as 
ompared to othervariations. This is be
ause 
ooding almost always de-livers pa
kets along the shortest path. The delay of hy-per 
ooding is the greatest be
ause nodes hold pa
ketsin their pa
ket 
a
he and retransmit them when theya
quire new neighbors. Given the low mobility of themembers, nodes a
quire new neighbors less frequentlyand hen
e have to hold the pa
kets in their pa
ket 
a
hefor longer durations before they retransmit them. Thisin
reases the overall delay for hyper 
ooding.In 
ase of the disaster s
enario adaptive 
ooding's de-livery ratio is about 16% greater than plain 
ooding.S
oped 
ooding performs relatively well with 81% pa
ket6
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(b) Routing Overhead: 20 Senders 50 Re
eiversFigure 3: Broad
ast ResultsFlooding Type Pa
ket Delivery Ratio % Routing Overhead Average Delay( Bytes Xmitted per Data byte re
eived) (mse
s)Adaptive Flooding 86.4 0.09 55.447Plain Flooding 69.8 0.08 28.593S
oped Flooding 81.8 0.076 55.35Hyper Flooding 73.3 0.112 67.86Table 3: Disaster S
enariodelivery ratio. For this s
enario the average relative ve-lo
ity of the s
enario is quite low. Only the 
hoppers havesigni�
ant mobility with small pause times. Floodingand hyper 
ooding are not as e�e
tive sin
e redundantbroad
asts 
ompounds the hidden terminal problem andresults in pa
ket losses due to 
ollisions. As expe
ted therouting overhead for s
oped 
ooding is the lowest whilethat of adaptive 
ooding is marginally higher than plain
ooding.6 Con
lusions and Future WorkIn summary, the paper investigates an adaptive, inte-grated approa
h to group 
ommuni
ations. MANETs ofthe future will be 
omposed of heterogenous networksspanning di�erent network types. The diverse natureof su
h MANETs make it impossible for any one proto-
ol to be be optimal under all s
enarios and operating
onditions. This 
alls for spe
ialized multi
ast solutionsfor ea
h type of network and the means for integratingthose solutions. To this end we have proposed an adap-tive approa
h to routing where the nodes dynami
allyswit
h routing me
hanisms based on their per
eption ofnetwork 
onditions. Our adaptive proto
ol in
orporatesdi�erent variations of 
ooding in whi
h nodes 
an swit
hfrom one mode of 
ooding to another depending on theirmobility.

We reported simulation-driven experiments 
omparingthe adaptive proto
ol with plain 
ooding hyper 
oodingand s
oped 
ooding for both broad
ast and multi
ast s
e-narios. The results demonstrate that the adaptive pro-to
ol performs 
onsistently well in terms of both pa
ketdelivery ratios and routing overhead. At low mobility,for both multi
ast and broad
ast adaptive 
ooding per-forms 
omparably to plain 
ooding. This performan
e isobtained at signi�
antly lower routing overhead. As mo-bility of nodes in
reases adaptive 
ooding still performs
ommendably and its routing overhead approa
hes thatof hyper 
ooding. However in 
ase of multi
ast, the rout-ing overhead is higher than broad
ast. We also evaluatedthe adaptive proto
ol under typi
al MANET s
enarioslike disaster-res
ue operations and 
onferen
e s
enario.Adaptive 
ooding's delivery ratio was about 16% higherthan plain 
ooding, whi
h was a
hieved at a lower rout-ing overhead. The most important observation is thatgiven the diversity of MANETs, adaptive proto
ols are
apable of providing 
onsistent performan
e bene�ts overa wide range of operating 
onditions. Our simulation re-sults highlight these performan
e bene�ts and form thebasis for other adaptive routing me
hanisms whi
h arenot based on 
ooding.We are 
urrently working on evaluating other adaptiveproto
ols whi
h do not utilize 
ooding me
hanisms. Thisposes interesting 
hallenges su
h as:(1) Interoperability and integration issues.7



(2) Me
hanisms for a
tive, on-the-
y swit
hing amongdi�erent multi
ast routing me
hanisms as a mobile host
hanges the network type it is part of.We are also investigating the e�e
t of using otherswit
hing 
riteria su
h as network load, number ofsenders and re
eivers and reliability. Nodes 
an periodi-
ally monitor the network for the traÆ
 load and swit
hproto
ols when the traÆ
 load ex
eeds 
ertain thresh-olds.Referen
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