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Abstract—In thispaper weinvestigate the perfor mance of multicast rout-
ing protocols in wireless mobile ad hoc networks. An ad hoc network is
composed of mobile nodes without the presence of a wired support infras-
tructure. Inthisenvironment, routing/multicasting protocols arefaced with
the challenge of producing multihop routes under host mobility and band-
width constraints. In recent years, a number of new multicast protocols of
different styles have been proposed for ad hoc networks. However, system-
atic performance evaluations and compar ative analysis of these protocolsin
a common realistic environment has not yet been performed. In this study,
we simulate a set of representative wireless ad hoc multicast protocols and
evaluate them in various network scenarios. The relative strengths, weak-
nesses, and applicability of each multicast protocol to diverse situationsare
studied and discussed.

I. INTRODUCTION

parative analysis of ad hamicastrouting protocols has been re-
ported in [4], [6], [14], [20], but this paper is the first to conduct
a performance comparison study of ad hoc wirel@ssticast
protocols in a realistic common simulation environment. By us-
ing a detailed simulator, we provide quantitative performance
analysis of five protocols with different characteristics: AM-
Route [3], ODMRP [17], [18], [19], AMRIS [29], CAMP [10],
[11], [21], [22], and flooding. In addition to multicast routing
protocols, we also implemented a detailed and realistic model of
physical and medium access control layer protocols.

The five multicast routing protocols were simulated in diverse
network scenarios. We studied the impact of mobility on perfor-
mance by varying the speed of network hosts. We varied the

N ad hoc network [13], [15] is a dynamically reconfigurablgumber of data packet senders to emulate a variety of different

wireless network with no fixed infrastructure or central admulticast applications. One source to many receivers can corre-
ministration. Due to the limited radio propagation range of wirgspond to battlefield data dissemination. Many sources to many
less devices, routes are often “multihop.” Applications such gé&ceivers can correspond to search and rescue team communi-
disaster recovery, crowd control, search and rescue, and ag#ion. Different multicast group member sizes were simulated
mated battlefields are typical examples of where ad hoc ned-investigate the impact on performance. Various traffic loads
works are deployed. Nodes in these networks move arbitrarilyere also applied to study how traffic patterns influence mul-
thus network topology changes frequently and unpredictabfjsast protocol performance. We apply metrics that show the
Moreover, bandwidth and battery power are limited. Thesefficiency” in addition to the “effectiveness” of the protocols.
constraints, in combination with the dynamic network topologynderstanding the protocol’s efficiency gives us the ability to
make routing and multicasting in ad hoc networks extremedtudy and discuss relative strengths, weaknesses, and applica-

challenging.

bility to various situations for each multicast routing protocol.

In a typical ad hoc environment, network hosts work in The rest of the paper is organized as follows. Section II
groups to carry out a given task. Hence, multicast plays an ifresents an overview of the multicast protocols we simulate.
portant role in ad hoc networks. Multicast protocols used ihe simulation environment and methodology are described in
static networks (e.g., Distance Vector Multicast Routing Pr&ection 111, followed by simulation results in Section IV. Merits
tocol (DVMRP) [7], Multicast Open Shorted Path First (MOand shortcomings of each multicasting algorithm are discussed

SPF) [23], Core Based Trees (CBT) [2], and Protocol Indepej-Section V and concluding remarks are made in Section VI.
dent Multicast (PIM) [8]) do not perform well in ad hoc net-

works because multicast tree structures are fragile and must be 1.
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readjusted as connectivity changes. Furthermore, multicasttrees ] ] ) ]
usually require a global routing substructure such as link statdn this section, we introduce the ad hoc wireless multicast
or distance vector. The frequent exchange of routing vectd¥étocols we have selected. Basic operation procedures and im-
or link state tables, triggered by continuous topology chang&i€mentation choices are described.

yields excessive channel and processing overhead.

Various multicast protocols have been newly proposed to p

& Adhoc Multicast Routing (AMRoute)

form multicasting in ad hoc networks. However, no perfor- AMRoute [3] is a tree based protocol. It creates a bidirec-
mance study between them has yet been performed. The c@ighal shared multicast tree using unicast tunnels to provide con-

This work was funded in part by the Defense Advanced Research Pro@ts
Agency (DARPA) under contract DAAB07-97-C-D321, as a part of the Glo a

Mobile Information Systems (GloMo) program.

nections between multicast group members. Each group has at
st one logical core that is responsible for member and tree
maintenance. Initially, each group member declares itself as



TABLE | TABLE Il

PARAMETER VALUES FORAMROUTE PARAMETER VALUES FORODMRP
Periodic dIN-REQ interval 60 sec JoIN DATA refresh interval 3sec
Periodic dIN-REQ interval when no 5 sec Acknowledgment timeout fordiN TABLE || 25 msec
group members are connected to the core Maximum JDIN TABLE retransmission 3
Periodic TREE-CREATE interval 20 sec
TREE-CREATE timeout 40 sec
Core resolution algorithm Highest ID backward learning) and rebroadcasts the packet. Wherotie J

DATA packet reaches a multicast receiver, the receiver creates a
JoIN TABLES and broadcasted to the neighbors. When a node

a core for its own group of size one. Each core periodicalfgceives a JIN TABLE, it checks if the next node ID of one of
floods bIN-REQs (using an expanding ring search) to discovehe entries matches its own ID. If it does, the node realizes that
other disjoint mesh segments for the group. When a memliieis on the path to the source and thus is part of the forward-
node receives aclN-REQ from a core of the same group but ang group. It then broadcasts its own8i TABLE built upon
different mesh segment, it replies with aidi-Ack and marks matched entries. TheodN TABLE is thus propagated by each
that node as a mesh neighbor. The node that receivesna J forwarding group member until it reaches the multicast source
Ack also marks the sender of the packet as its mesh neighbta. the shortest path. This process constructs (or updates) the
After the mesh creation, each core periodically transmite&  routes from sources to receivers and builds a mesh of nodes,
CREATE packets to mesh neighbors in order to build a shar#le forwarding group Multicast senders refresh the member-
tree. When a member node receives a non-duplica&eeT ship information and update the routes by sendioiNnJDATA
CREATE from one of its mesh links, it forwards the packet tgeriodically.
all other mesh links. If a duplicateREE-CREATE is received, a  In networks where GPS (Global Positioning System) [16] is
TREE-CREATE-NAK is sent back along the incoming link. Theavailable, ODMRP can be made adaptive to hode movements
node receiving a REE-CREATE-NAK marks the link as mesh by utilizing mobility prediction [19]. By using location and mo-
link instead of tree link. The nodes wishing to leave the grouplity information supported by GPS, route expiration time can
send the dIN-NAK to the neighbors and do not forward anype estimated and receivers can select the path that will remain
data packets for the group. valid for the longest time. With the mobility prediction method,

The key characteristic of AMRoute is its usage of virtusggources can reconstruct routes in anticipation of route breaks.
mesh links to establish the multicast tree. Therefore, as lohbis way, the protocol becomes more resilient to mobility. The
as routes between tree members exist via mesh links, the tpgiee is, of course, the cost and additional weight of GPS. The
need not be readjusted when network topology changes. N@etails of mobility prediction and the procedure are described in
members do not forward data packets and need not support Eif)].
multicast protocol. Thus, only the member nodes that form theThe data transfer phase is identical for both versions. Nodes
tree incurs processing and storage overhead. AMRoute reliefonvard the data if they are forwarding nodes and the packet
an underlying unicast protocol to maintain connectivity amortey receive is not a duplicate. Since all forwarding nodes re-
member nodes and any unicast protocol can be used. The mag-data, redundant paths (when they exist) can help deliver data
jor disadvantage of the protocol is that it suffers from temporawhen the primary path becomes disconnected because of mo-
loops and creates non-optimal trees when mobility is presentbility. Another unique property of ODMRP is its unicast capa-

Table | shows the AMRoute parameter values used in our éility. Not only can ODMRP coexist with any unicast routing
periments. The implementation followed the specification iprotocol, it can also operate very efficiently as unicast routing

[3]. protocol. Thus, a network equipped with ODMRP does not re-
guire a separate unicast protocol.
B. On-Demand Multicast Routing Protocol (ODMRP) The specification in [19] was used in our implementation. For

ODMRP [17], [18], [19] creates a mesh of nodes (the “fog_:onsistency with comparison, we used the versiithout mo-

warding group”) which forward multicast packets via floodin%!igeplrledimion' ODMRP parameter values used are shown in

(within the mesh), thus providing path redundancy. ODMR

is an on-demand protocol, thus it does not maintain route ip- . . . L

formation permangntly. It uses a soft state approach in gro{}p Ad hoc Multicast Routing protocol utilizing Increasing id-

maintenance. Member nodes are refreshed as needed and do n&umbers (AMRIS)

send explicit leave messages. AMRIS [29] establishes a shared tree for multicast data for-
In ODMRP, group membership and multicast routes are esarding. Each node in the network is assigned a multicast ses-

tablished and updated by the source on demand. Similarsion ID number. The ranking order of ID numbers is used to

on-demand unicast routing protocols, a request phase and adieect the flow of multicast data. Like ODMRP, AMRIS does

ply phase comprise the protocol. When multicast sources hav@ require a separate unicast routing protocol.

data to send, but do not have routing or membership informa-Initially, a special node called Sid broadcasts &wN

tion, they flood a &IN DATA packet. When a node receives é&sessiONpacket. The Bw-SEssioNincludes the Sid’s msm-id

non-duplicate IN DATA, it stores the upstream node ID (i.e.(multicast session member id). Neighbor nodes, upon receiving



TABLE Il TABLE IV

PARAMETER VALUES FORAMRIS PARAMETER VALUES FORCAMP

Periodic beacon interval 1sec Number of cores in the network 1

Max allowed beacon losses 3 Periodic beacon interval 3 sec

NEw SEssIONlifetime 3sec Periodic update interval 3sec

Acknowledgment timeout fordiN-REQ 2 sec Age out anchor timeout 45 sec

Random broadcast jitter time 50 msec Heartbeat interval 15 sec
Request retransmission interval 9 sec
Max number of dIN REQUESTretransmission 3

the packet, calculate their own msme-ids which are larger than the
one specified in the packet. The msm-ids thus increase as they
radiate from the Sid. The nodes rebroadcast ti&MNESSION  JoIN REQUESTtowards one of the multicast group “cores,” or
message with the msm-id replaced by their own msm-ids. Eaaftempts to reach a member router by an expanding ring search
node is required to broadcast beacons to its neighbors. The hefébroadcast requests. Any duplex member of the node can re-
con message contains the node id, msm-id, membership sta¢psnd with a 1IN Ack, which is propagated back to the source
registered parent and child’s ids and their msm-ids, and partitiohthe request.
id. A node can join a multicast session by sendin@aJREQ. Periodically, a receiver node reviews its packet cache in or-
This JoIN-REQ is unicasted to a potential parent node with der to determine whether it is receiving data packets from those
smaller msm-id than the node’s msm-id. The node receiving theighbors which are on the reverse shortest path to the source. If
JoIN-REQ sends back aqlN-Ack if it already is a member of not, the node sends either & BRTBEAT or a RUSH JOIN mes-
the multicast session. Otherwise, it send®&JREQ.PASSIVE  sage towards the source along the reverse shortest path. This
to its potential parent. If a node fails to receive @N-ACK  process ensures that the mesh contains all such reverse shortest
or receives adIN-NAK after sending adIN-REQ, it performs  paths from all receivers to all senders. The nodes also period-
“Branch Reconstruction (BR).” The BR process is executed igally choose and refresh their selected “anchors” to the multi-
an expanding ring search until the node succeeds in joining kst mesh by broadcasting updates. These anchors are neighbor
multicast session. nodes which are required to re-broadcast any non-duplicate data
AMRIS detects link disconnection by a beaconing mechpackets they receive. A node is allowed to discontinue anchor-
nism. If no beacons are heard for a predefined interval of timieg neighbor nodes which are not refreshing their connections.
the node considers the neighbor to have moved out of radi@an then leave the multicast mesh if it is not interested in the
range. If the former neighbor is a parent, the node must rejainulticast session and is not required as anchor for any neighbor-
the tree by sending a0IN-REQ to a new potential parent. If theing node.
node fails to join the session or no qualified neighbors exist, it CAMP relies on an underlying unicast routing protocol which
performs the BR process. guarantees correct distances to all destinations within finite
Data forwarding in done by the nodes in the tree. Only thtéme. Routing protocols that are based on the Bellman-Ford al-
packets from the registered parent or registered child are fgorithm cannot be used with CAMP, and CAMP needs to be
warded. Hence, if the tree link breaks, the packets are lost umtitended in order to work with on-demand routing protocols.

the tree is reconfigured. Our implementation of CAMP followed the specification in
Our AMRIS implementation followed the specification in[10]. Table IV shows the CAMP parameter values used in our
[29]. The AMRIS parameter values are shown in Table Ill.  simulation. Periodic beacon interval is 3 seconds, but the bea-
con is sent only when no packet has been transmitted during the
D. Core-Assisted Mesh Protocol (CAMP) beacon interval.

CAMP [10], [11], [21], [22] supports multicasting by creat-
ing a shared mesh structure. All nodes in the network maintA:Tn Protocol Summary
a set of tables with membership and routing information. More- Table V summarizes key characteristics and properties of the
over, all member nodes maintain a set of caches that contpimtocols we simulated. Note that ODMRP requires periodic
previously seen data packet information and unacknowledged
membership requests. CAMP classifies nodes in the network as
duplex or simplex members, or non-members. Duplex members
are full members of the multicast mesh, while simplex mem-
bers are used to create one-way connections between sedd@n@tocols |

TABLE V
SUMMARY OF PROTOCOLS

AMRoute | ODMRP | AMRIS| CAMP| Flood |

only nodes and the rest of the multicast mesh. “Cores” are useacbnfiguration Tree Mesh Tree Mesh | Mesh

to limit the flow of JoIN REQUESTpackets. Loop-Free No Yes Yes Yes Yes
CAMP consists of mesh creation and maintenance proc¢eependency on Yes No No Yes No

dures. A node wishing to join a multicast mesh first consultunicast Protocol

a table to determine whether it has neighbors which are alrea®riodic Messaging || Yes Yes Yes Yes No

members of the mesh. If so, the node announces its membersiiBnirol Packet Flood || Yes Yes Yes No No

via a CAMP UDATE. Otherwise, the node either propagatesa



messaging @IN DATA) only when sources have data packets In our experiments, we employed RTS/CTS exclusively for
to send. unicast control packets directed to specific neighbors (e.g.,
replies). All other transmissions use CSMA/CA. We chose this
lIl. SIMULATION MODEL AND METHODOLOGY configuration to minimize the frequency and deleterious effects
The simulator for evaluating multicasting protocols was inef collisions over the wireless medium. We did not employ frag-
plemented within the GloMoSim library [28]. The GloMoSimmentation because our data packets were small enough that the
library is a scalable simulation environment for wireless neg&dditional overhead would reduce overall network throughput.
work systems using the parallel discrete-event simulation ca- .
pability provided by PARSEC [1]. Our simulation modeled & Multicast Protocols
network of 50 mobile hosts placed randomly within a 1800 When implementing the multicast protocols, we followed the
x 1000n area. Radio propagation range for each node wapecifications of each protocol as defined in the published liter-
250 meters and channel capacity was 2 Mbits/sec. There watere. We directly queried the protocol designers about details
no network partitions throughout the simulation and the averagéich were not specified in the publications (e.g., various timer
number of neighbors for each node was 6.82. Each simulatiealues, core selection algorithm, etc.). ODMRP and AMRIS do
executed for 600 seconds of simulation time. Multiple runs withot require underlying unicast protocol to operate, but AMRoute
different seed numbers were conducted for each scenario amdl CAMP do. While AMRoute can work with any protocol,

collected data was averaged over those runs. the designers of CAMP specifically state that it can operate only
) with certain unicast protocols [10]. We have implemented one
A. Channeland Radio Model of those protocols, WRP [24], a distance-vector based unicast

A free space propagation model [26] with a threshold cutoffuting protocol developed by the same group which developed
was used in our experiments. In the free space model, B&MP. For a fair comparison, WRP was used as the underlying
power of a signal attenuates agd> whered is the distance unicast protocol also for AMRoute. The source code of each
between radios. In addition to the free space channel model, W@tocol was independently validated by two of the authors.
also implemented SIRCIM (Simulation of Indoor Radio Chan- ,
nel Impulse-response Models) [27] which considers muItipaRr Traffic Pattern
fading, shadowing, barriers, foliages, etc. SIRCIM is more ac- A traffic generator was developed to simulate constant bit rate
curate than the free space model, but we decided against usiagrces. The size of data payload was 512 bytes. The senders
SIRCIM in our study because: (a) the complexity of SIRCIMvere chosen randomly among multicast members who in turn
increases simulation time by three orders of magnitude; (b) thvere chosen with uniform probability among 50 network hosts.
accuracy of the channel model does not affect the relative raffkie member nodes join the multicast session at the beginning
ing of the multicasting protocols evaluated in this study; and (of the simulation and remain as members throughout the sim-
SIRCIM must be “tuned” to the characteristics of the physicalation. Hence, the simulation experiments do not test/account
environment (e.g., furniture, partitions, etc.), thus requiring far the overhead produced in the session leave process.
much more specific scenario than we are assuming in our exper- )
iments. E. Metrics

In the radio model, we assumed the ability of a radio to lock We have used the following metrics in comparing protocol
onto a sufficiently strong signal in the presence of interferingerformance. Some of these metrics were suggested by the IETF
signals, i.e., radio capture. |If the capture ratio (the ratio @ ANET working group for routing/multicasting protocol eval-
an arriving packet's signal strength over the sum of all collidsation [5].
ing packets) [26] was greater than a predefined threshold valyepacket delivery ratio: The ratio of the number of data pack-
the packet was received while all other interfering packets wesgs actually delivered to the destinations versus the number of
dropped. data packets supposed to be received. This number presents the
, effectiveness of a protocol.

B. Medium Access Control Protocol « Number of data packets transmitted per data packet de-

The IEEE 802.11 MAC with Distributed Coordination Funciivered: ‘Data packets transmitted’ is the count of every individ-
tion (DCF) [12] was used as the MAC protocol. DCF is theal transmission of data by each node over the entire network.
mode which allows mobiles to share the wireless channel in @his count includes transmissions of packets that are eventually
ad hoc configuration. The specific access scheme is Carnitopped and retransmitted by intermediate nodes. Note that in
Sense Multiple Access/Collision Avoidance (CSMA/CA) withunicast protocols, this measure is always equal or greater than
acknowledgments. Optionally, the nodes can make use of R&e. In multicast, since a single transmission can deliver data to
guest To Send/Clear To Send (RTS/CTS) channel reservatinaltiple destinations, the measure may be less than one.
control frames for unicast, virtual carrier sense, and fragmentaNumber of control bytes transmitted per data bytes de-
tion of packets larger than a given threshold. By setting timelisered: Instead of using a measure of pure control overhead,
based upon the reservations in RTS/CTS packets, the virtual aag- chose to use the ratio of control bytes transmitted to data
rier sense augments the physical carrier sense in determirytes delivered to investigate how efficiently control packets are
when mobile nodes perceive that the medium is busy. Fragmeititized in delivering data. Note that not only bytes of control
tation is useful in the presence of high bit error and loss rates,@ckets (e.g., beacons, route updates, join requests, acknowledg-
it reduces the size of the data units that need to be retransmitteents, etc.), but also bytes of data packet headers are included



in the number of control bytes transmitted. Accordingly, only
the data payload bytes contribute to the data bytes delivered.  1#s——— : : : : : ;

o Number of control and data packetstransmitted per data ¢+ T
packet delivered: This measure shows the efficiency in terms |
of channel access and is very important in ad hoc networks since’s ;
link layer protocols are typically contention-based. :

IV. SIMULATION RESULTS
A. Mobility Speed
A.1 Scenarios

06F %% SRREEET SRR -
i

acket Delivery Ratio

04 CAMP ---x--- ]

Each node moved constantly with the predefined speed. Mov- E\\ ® o AMROUTE -~
ing directions of each node were selected randomly, and when ©
nodes reached the simulation terrain boundary, they bounced?[ t
back and continued to move. The node movement speed was e
varied from 0 km/hr to 72 km/hr. In the mobility experiment, 20
nodes are multicast members and 5 sources transmit packets af o 10 20 30 40 50 60 70
the rate of 2 pkt/sec each. Mobilty Speed (km/h)

A.2 Results and Analysis Fig. 1. Packet Delivery Ratio as a Function of Mobility Speed.
Fig. 1 illustrates the packet delivery ratio of the protocols un-
der different speeds. ODMRP shows good performance everdiseconds after the link break for AMRIS to start tree readjust-
highly dynamic situations. ODMRP provides redundant routggent. A number of packets can be lost during that period. There
with a mesh topology and the chances of packet delivery to dese possible solutions to this problem, but they all have respec-
tinations remain high even when the primary routes are unavaie drawbacks. If beacons are sent more often, that could in-
able. The path redundancy enables ODMRP to suffer only migrease packet collisions. If the number of allowed beacon losses
imal data loss and be robust to mobility. In fact, ODMRP wais decremented, a node may attempt to find a new route when the
as effective as flooding in this experiment. link is not broken but beacons are lost due to collisions. Find-
CAMP, which also uses a mesh topology, shows a better p#gg the optimal beacon interval and allowed number of beacon
formance than protocols which use trees. However, CAMP dgsses for AMRIS is beyond the scope of the paper and we used
hibited poorer performance than we had expected, especidllg values recommended by the AMRIS designers. The result
under mobility. A major reason CAMP was not as effective dbat surprised us was for zero mobility. While other protocols
ODMRP was that many packets headed to distant routers in gh@wed data delivery ratio approaching unity, AMRIS delivered
mesh were not delivered. In CAMP, since the paths to distagnly 60% of data packets. Since each node sends beacons ev-
destinations have fewer redundant paths than those closer toahesecond, there are a number of packets contending for the
center of the mesh, they are more prone to occasional link bregk@nnel. The beacon size of AMRIS s relatively large com-
preventing a vital “anchoring” node from successfully receivingared to other protocols that send beacons (see [29]). Thus,
packets. Most of the successful packet transmissions occuthif beacon traffic combined with the data traffic causes a large
this mesh center, and require fewer data transmissions per gmber of collisions leading to 40% drop. Under very light data
livery than transmissions to the mesh edges. In addition, in tigffic, AMRIS shows improved performance as will be shown
presence of mobility and link breaks, WRP (which is the unicaist Fig. 8.
protocol CAMP prefers to coexist with) can require a period of AMRoute was the least effective of the protocols with mo-
network re-convergence in regards to a subset of destinationitity. Although its delivery ratio is near perfect in no mobil-
During this interval, this subset of destinations will be markeity, it fails to deliver a significant number of packets even at
as unreachable by the loop-detection facilities. If the group cdmv mobility speeds. The delivery ratio steadily worsens as the
is a part of this subset of temporarily unreachable nodes, tmebility speed is increased. One of the reasons AMRoute per-
multicast routing updates regarding mesh maintenance will fi¢ms so poorly is due to the formation of loops and the creation
postponed, which also contributes to delays in mesh responseftsub-optimal trees when mobility is present (at 72 km/hr, the
mobility. average hop count was nearly 8 while other protocols were be-
AMRIS shows a poor delivery ratio compared to protocolew 4). Loops occur during the tree reconstruction phase when
that use mesh configuration. Since AMRIS builds a shared treeme nodes are forwarding data according to the stale tree and
for data dissemination, there is only one path between meothers according to the newly built tree. The existence of loops
ber nodes. If a single tree link breaks because of node moig<critical in protocol performance because they cause serious
ments, packet collision, or congestion, destinations can not oengestion. At some instants, nodes had up to 13.75 packets
ceive packets. AMRIS detects node movements and tree bredispped per second. The loss of packets due to buffer overflow
by a beaconing mechanism. Nodes send beacons every sechas two consequences. First, if a data packet is dropped in the
and neighbors are considered to have moved away if 3 consearly stage of its multicast tree traversal, a large portion of tree
utive beacons are not received. Thus, in the best case, it takesnbers will not receive it. Second, if control packetgEE-
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Fig. 2. Number of Data Packets Transmitted per Data Packet Delivered &ga3. Number of Control Bytes Transmitted per Data Byte Delivered as a
Function of Mobility Speed. Function of Mobility Speed.

CREATE, JOIN-ACK, etc.) are dropped, the tree is not properly : : : : :
built or becomes segmented and data will not be delivered. An- e
other reason for AMRoute ineffectiveness is its dependency Qn_ T |
the underlying unicast protocol. AMRoute relies on the unicast -
protocol to set up bidirectional tunnels between group membeqss [y
for the multicast tree. However, as shown in [25], when mob|l F HIRIS 2
ity speed increases, the bidirectional link assumption in ad hcgc
networks becomes weak (i.e., a node can reach a neighbor%gﬁ
node, but not necessarily vice versa). In our experiments, unidi-
rectional “critical” links existed in AMRoute trees. Critical links $
are such that packets sent by the one end of the link are mosé“ly4 i
received by the other end but not vice versa. A great number ' ‘
of packets are lost at these critical links. Since there are no Q;l-z | oo g I
ternate routes in the AMRoute shared tree (although AMRoute § ,.»—*"""
creates the mesh in order to build a tree, data is forwarded only
by tree nodes), data delivery ratio is very low. . = = = m = = -
Fig. 2 shows the number of data transmissions per data deliv- Mobility Speed (km/h)
ery to destinations. AMRoute has the highest number of tra 4. Number of Total Packets Transmitted per Data Packet Delivered as a
missions because of loops. We can observe that protocols ug,—_unction of Mobility Speed.
ing meshes (i.e., ODMRP and CAMP) transmit more data pack-
ets than AMRIS, which uses a tree. In fact, ODMRP transmits
nearly as much data as flooding because it exploits multiple reessages onto WRP updates and those packets play a role in
dundant routes for data delivery. overhead growth. In ODMRP, the control overhead remains rel-
The control byte overhead per data byte delivered is showtively constant because no updates are triggered by mobility.
in Fig 3. Remember that data packet header is included in cal®N DATA refresh interval was set constant to 3 seconds and
trol overhead. Flooding has no control packets. Hence, orfignce no additional overhead is required as mobility increases.
the data header contributes to control overhead and this ovdMRoute has the highest ratio because of the data headers that
head does not increase with mobility. Other protocols generggught in the loops. The high ratio is also due to the formation
increasing overhead as speed increases. AMRIS shows a {wnefficient trees. During the tree creation phase, an inefficient
control overhead compared to other multicast schemes. The pi¢e can be formed when theREE-CREATE packets from dis-
mary reason is that it transmitted less data packets (as seetairi mesh neighbors arrives earlier than packets from nearby
Fig. 2). CAMP shows a larger control overhead under high moodes (e.g., due to network congestion, etc.). The non-optimal
bility than ODMRP because of its reliance on the unicast rodtee results in having longer hops between member nodes and
ing protocol WRP, which sends triggered updates. WRP suffénrsreasing the number of data transmissions.
from exponential growth in control traffic overhead under in- The number of all packets transmitted per data packet deliv-
creasing mobility. Moreover, CAMP piggybacks its own updatered is presented in Fig. 4. An interesting result is that CAMP
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has a smaller number of transmissions than ODMRP. This r%me source, to rebroadcast multicast update packets it receives
sult stems from two factors. First;, ODMRP transmits moﬁ% ’ p P

data packets on redundant paths than CAMP. Second, althoh;;i“ally. Hence increasing the number of sources increases the

CAMP has more control overhead bytes, the number of cor dundant paths in the mesh. AMRIS and AMRoute perfor-

trol packet transmissions is lower since CAMP updates are plge oo k\]/ve:sdutr;aﬁictretﬁ b?/ntrl]t(ia nutmber iofnsenders because they
gybacked onto WRP updates. Again, AMRIS has the small € a shared tree for the mufticast session.

number of packet transmissions because it uses a tree and -1g. 6 shows the control overhead per data byte dellvergd.
Route has the highest value because of loops. very protocol except ODMRP shows a constant value. While

the other three multicast protocols form a shared mesh or tree,
ODMRP builds per-source meshes. If the number of senders
_ increases, morealN DATA packets are propagated and con-

B.1 Scenarios trol overhead grows accordingly. We can speculate from this

In this experiment, the multicast group size is set constant'§fUlt that ODMRP in its present form may not be as efficient
20, node mobility speed is slow (1 m/s), and network traffic loaf] N€tworks where a large number of nodes (e.g., hundreds and
is relatively light (10 pkt/sec). The number of multicast sendef@0usands) are multicast sources.
range in the sef1, 2, 5, 10, 20. A single sender represents . .
a class lecture scenario, while at the other extreme, 20 sencFe'rsMUItlcaSF Group Size
model a video conference situation. C.1 Scenarios

We varied the number of multicast members to investigate the
scalability of the protocol. While fixing the number of senders at

The packet delivery ratio as a function of the number of mup, mobility speed at 1 m/s, and network traffic rate at 10 pkt/sec,
ticast senders is shown in Fig. 5. As the number of sourcé¢ multicast group size was varied from 5 to 40 members.
increases, performance of flooding slightly degrades as more i
packets are lost by collision, congestion, and channel cdn:2 Results and Analysis
tention. ODMRP shows robustness to the number of sourcesThe routing effectiveness of protocols as a function of mul-
In fact, performance even improves with number of senders hizast group size is illustrated in Fig. 7. Flooding and ODMRP
cause of increasing number of forwarding nodes and thus beterformance were not affected by the number of multicast mem-
path redundancy. ODMRP limits the number of sources thia¢rs. CAMP, on the other hand, performs markedly better as the
can send JIN DATA at the same time. Whenever a sourceumber of receivers increases. Since the mesh becomes mas-
needs to flood adiN DATA, it listens if any other source is sive with the growth of the members, more redundant routes
flooding the packet. It proceeds to send tlmeNJ DATA only if  are formed and that improves the performance. If only a small
no flooded packets are received within a certain period. Thusjymber of nodes join the multicast session, the mesh actually
the number of collisions decreases and the the protocol remaappears closer to a tree for distant nodes, and the performance is
effective. Like ODMRP, CAMP shows improved performanceeflected in this graph. AMRIS also shows improvements with
with a larger number of senders due to the increase in the nuitme member size growth, but they are less dramatic than CAMP
ber of anchors that each node requires. Each member nodebesause redundant routes are not established in AMRIS. AM-
guests every neighbor which is in the reverse shortest pathRoute shows the complete opposite behavior. As the group size

B. Number of Senders

B.2 Results and Analysis
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increases, the delivery ratio actually drops. This behavior is d(®MRP is also affected by load, but the packet loss rate is less
to the “critical” links that exist in the AMRoute multicast treesevere than flooding because the number of data packet trans-
(critical links were described in section IV-A). As the group sizanissions is less than flooding. Although ODMRP shows the
increases, the number of tree links increases and the probab#igyne patters of behaviors as CAMP, it gives a better delivery
of sources being isolated in the tree by critical links increasesrate because it has less control overhead and suffers less buffer
well. overflows than CAMP.

D. Network Traffic Load V. DiscussioN
In previous sections, we have studied the effectiveness and
efficiency of several multicast protocols. In this section, we
To study the impact of data traffic load on multicast protocolgymmarize the merits and shortcomings of protocols and derive
we varied the load on the network. There were 5 senders and é@@gestions for improvements. We also explain why our results
multicast group size was 20. In this experiment, there was Bfifer from previous works by other researchers for some of the
node mobility. Therefore, the packet drops are only caused Bibtocols. Finally, we share some of the lessons we have learned
buffer overflow, collision, and congestion. The network traffigynile conducting the study.
loads used were between 1 pkt/sec and 50 pkt/sec.

D.1 Scenarios

A. Protocol Analysis

D.2 Resuits and Analysis AMRoute showed some promise in its simplicity and scalabil-

Packet delivery ratios for various traffic loads are shown iity in the number of senders. However, the presence of unidirec-
Fig. 8. AMRIS was the most sensitive to traffic load. AMRISional “critical” links prevented reliable data delivery. The prob-
delivers a high percentage of data packets in extremely light loledn became worse as mobility was increased. Other drawbacks
(i.e., less than 5 pkt/sec). As the load increases however, theabBAMRoute were the existence of loops and inefficient forma-
tio drops rapidly. As explained in section IV-A, the transmissiotion of trees. A possible improvement for AMRoute is to take
and the size of beacons resulted in numerous packet collisiorachability information (i.e., packets sent to a neighbor/packets
AMRoute performance is nearly perfect when the packet ratereceived from that neighbor) into account when selecting tree
relatively low, but it drops rather quickly when the traffic loadinks. Using this method, the impact of unidirectional critical
is increased. The degradation is caused by buffer overflowlaiks can be reduced. In addition, introducing adaptivity into the
the members in the tree and at the mesh nodes that connecipitogocol (e.g., periodic REE-CREATE interval) can build more
tree members. CAMP performance is also affected by traffoptimal trees. Most importantly, a loop prevention mechanism
load. As the load increases, the number of collisions and packaist be utilized for AMRoute to be efficient.
losses increase. When important control packets are dropped)DMRP performed well in most of our experiments. Pro-
anchor construction can be delayed and data packets can failitting redundant paths by the formation of mesh configuration
reach all the anchors. The degradation follows a pattern simitande the protocol robust to mobility. The protocol did not yield
to flooding and ODMRP, indicating a common behavior in meséxcessive overhead in high mobility scenarios because no con-
based data delivery. Flooding shows worse delivery ratios theal packets are triggered by link breaks. However, when there
ODMRP as load grows. Since every data packet is flooded, thiee a large number of multicast senders, the protocol may suffer
number of collisions and buffer overflows grows with the loadrom excessive control overhead. Enhancements to make the



protocol more scalable to large member groups must be deveks multicast protocols. In our study, the mesh protocols per-
oped. formed significantly better than the tree protocols in mobile sce-

AMRIS performance was very sensitive to mobility andharios. In trees, when routes are invalidated due to node move-
traffic load. The main reasons for the poor performance wengents, the packets must be buffered or dropped until the tree is
the number of transmissions and the size of beacons. As shaeconfigured. On the other hand, redundant routes in the mesh
in section IV-D, beacons caused a number of packet collisiopovide alternate routes for data delivery in the face of mobil-
even when nodes are stationary. In more dense networks, itiieand link breaks. Data packets can still reach the destinations
performance may become worse. We believe AMRIS can fdile the primary route is being reconstructed.
improved by using a beaconing mechanism similar to CAMP. Using detailed lower layer (i.e., link layer and physical
If the beacon is sent only when no packet has been transmiiyer) implementations in the network simulator along with pro-
ted in given interval, the number of beacon transmissions cgfiammable mobility patterns highlighted differences in the pro-
be reduced while still delivering node information to neighbokocol tolerance to various wireless network conditions. We
ing nodes. In addition, the selection of Sid can affect the shaggongly recommend fellow researchers to use publicly available
of the tree and possibly its performance. The research into #igulators which are validated by frequent use and which permit
Sid selection algorithm along with beaconing methods will helgplication of the experiments.
improve AMRIS.

CAMP has good control traffic scalability for increasing mul-
ticast group size. SinceodN REQUESTSonNly propagate until
they reach a mesh member, CAMP does not incur exponentiaiiVe have conducted a performance evaluation of five multi-
growth of multicast updates as the number of nodes and gratsst protocols that have been proposed for ad hoc networks. The
members increase. However, it is dependent upon the uniagsannel, radio, IEEE 802.11 MAC protocol, and multicast pro-
routing protocol for behaviors regarding network convergenegcols (AMRoute, ODMRP, AMRIS, CAMP, and flooding) have
and control traffic growth in the presence of mobility. WRP$een carefully implemented. The detailed simulator has enabled
response to link breaks is not immediate, and can incorrectly dg-to perform fair and accurate comparisons of the multicast pro-
duce a link break in the presence of high network load. CAMf3cols under a realistic wireless environment, for a broad range
may perform better if it is modified so as to operate with apf parameters including mobility, number of senders, multicast
on-demand routing protocol. As shown in [4], [6], [14], [20],group size, and traffic load.
on-demand protocols performed favorably in terms of control o general conclusion is that, in a mobile scenario, mesh-
packet overhead and response to mobility. If CAMP were abjased protocols outperformed tree-based protocols. The avail-
to leverage these advantages, it should dramatically improvedisijity of alternate routes provided robustness to mobility. AM-
packet delivery ratio and control overhead. Route performed well under no mobility, but it suffered from

loops and inefficient trees even for low mobility. AMRIS was
B. Related Works effective in a light traffic environment with no mobility, but

As of October 1999, only CAMP and ODMRP designers hawgs performance was susceptible to traffic load and mobility.
performed simulation study of their protocols. AMRoute anG@AMP showed better performance when compared to tree pro-
AMRIS performance evaluation have not been published. tacols, but with mobility, excessive control overhead caused
simulation works reported in [10], [21], [22], the results areongestion and collisions that resulted in performance degrada-
quite different from the results we have obtained in our expeion. ODMRP was very effective and efficient in most of our
iments. In [10], [21], [22], a simplified simulator was usedsimulation scenarios. However, the protocol showed a trend of
A perfect channel was assumed and radio propagation was ragidly increasing overhead as the number of senders increased.
considered. FAMA [9] was used as the medium access controlye experimented with scenarios which we thought were the
protocol, which is different from IEEE 802.11 [12], the emergmost representation of ad hoc wireless network applications.
ing standard MAC protocol for wireless LAN, that we used ipjowever, we did not cover every possible situation. While the
our simulation. Only a small portion of network hosts had mgesylts of this paper can provide guidelines, the final selection
bility (5 out of 30 or 15 out of 30) in their study. The critical of 3 multicast protocol should take into account other consider-

nodes for CAMP performance (e.g., core, senders), however, g8ons which cannot be evaluated via simulation alone.
mained stationary. All the nodes in [10], [21], [22] were multi-

cast session members, which is not realistic in typical multicast
applications. The network traffic load was extremely light (4

packets/sec). Information on data size, radio propagation rangewe thank Rajesh Talpade of Bellcore, Chun Wei Wu of Uni-
or simulation terrain range were not given. Thus, the results\@rsity of Singapore, and Ewerton Madruga of University of
[10], [21], [22] are somewhat limited. In any way, they cannatalifornia, Santa Cruz for answering our questions about pro-
be directly compared to the results from this paper. tocols details of AMRoute, AMRIS, and CAMP. We also thank
Evan Tsang, Yung-Szu Tu, and Brent Murata of University of
California, Los Angeles for helping the simulation process. We

While implementing and evaluating multicast protocols, ware also grateful of Ronn Ritke and James Stepanek of Univer-
have learned a great deal and would like to share our expedity of California, Los Angeles for helpful comments and sug-
ence with researchers who design and implement ad hoc wigestions.

VI. CONCLUSIONS
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