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Abstract stations. Since MANETs are infrastructure-less,f- sel

organizing, rapidly deployable wireless networkeyt are

This paper reevaluates the multicast protocols forhighly suitable for applications such as home-avizaless
MANETs in terms of energy efficiency and proposesva  networking, on-the-fly conferencing, disaster resgy
robust multicast protocol, called Two-Tree Multitg&TM). ~ Wireless sensor networks, and GSM (Global System fo
Multicast protoco|s can be broad|y Categorized intao Mobile telecommunications) service extension to ddea
types, tree-based multicast and mesh-based multicasspots. Please refer to [3] for an extensive dsoason
based on the network structure along which multicas MANETS.
packets are delivered to multiple receivers. Mesabed This paper presents an energy efficient and robust
protoco|s are more robust to m0b|||ty and re5u|th'[gh multicast for MANETS. Multicasting has been stutie
packet delivery ratio. On the other hand, multicases ~ €xtensively for MANETs because its operation is
are more energy efficient than multicast meshesiis &  fundamental to many ad hoc network applicationsiirety
because mesh-based protocols depend on broadca&tose collaboration of the member nodes. A mutica
flooding within the mesh and therefore, mobile moidethe ~ Packet is delivered to multiple receivers alongeawork
mesh must receive all multicast packets during thestructure such asee or mesh which is constructed once a
multicast communication. The proposed TTM uses twdnulticast group is formed. However, the networkisture
trees, a primary and an alternative backup treeimprove  is fragile due to node mobility and thus, some menrsb
energy efficiency compared to the mesh-based mmistoc May not be able to receive the multicast packetrdter to
and to offer a better energy balance and packeiveisl improve thepacket delivery ratip multicast protocols for
ratio than the tree-based protocols. Performance MANETs usually employ control packets to periodigal
evaluation study shows that the proposed TTM savekefresh the network structure. It has been showhntiesh-
energy consumption by a factor of 1.9~4.0 comptoetie ~ based protocolgare more robust to mobility tharee-based
mesh-based multicast. In terms of combined perfooma Protocols[4] due to many redundant paths between mobile
metric, energy per delivered packet, TTM showsoug0&6 nodes in the mesh. However, a multicast mesh may
and 40% improved performance than the mesh-base@erform worse in terms of energy efficiency becatseses
multicast and the conventional shared tree multicas COstly broadcast-style communication involving more

respectively. forwarding nodes than multicast trees. Another g
aspect of energy efficiency is balanced energympsion
1. Introduction among all participating mobile nodes. In order &ximize

the lifetime of a MANET, care has to be taken not t
unfairly burden any particular node with many packe
relaying operations.

Based on the aforementioned discussion, this paper

Wireless connectivity with mobility support will beme
an important enabling technology in future compuitin
infrastructures. In particularmobile ad hoc networks .
(MANETS) [1, 2] have attracted a lot of attentioithwthe proposes theTwc_)-Trt_ae_ Multicast (TTM) prc_;tocol for
advent of inexpensive wireless LAN solutions such a MANET.S' By maintaining two trees, callgatimary and
IEEE 802.11, HIPERLAN, and Bluetoottechnologies alternative tree5 TTM consumes less energy than the
In a MANET. each node either communicates diretvitjn. mesh-based multicast and performs better than the
other nodes or indirectly through intermediate 1sode conventional tree-based multicast in terms of packe
Thus, all nodes in a MANET basically act as mobile
routers in the process of deciding and maintainimges ' Altemative path routing (APR)ursued the similar idea for routing in

without a fixed communication infrastructure, swehbase MANETs, where the main goal is to continually pe®ia path even
though the current path becomes invalid due to modlgility [5].




tree link . root node
e NUSEd 1Nk @ group member
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Figure 1. An example of tree-based multicast.

delivery ratio. Simulation study based on QualNetreceive the packet since the rest of the nodesnate
simulator [6] shows that the proposed TTM savesgne addressed[3, 4].
by a factor of 1.9~4.0 compared to the mesh-based In order to maintain the tree structure even whetes
multicast. A combined performance metric, cakdeetrgy = move, group members periodically sgoith requestgo the
per delivered packehas also been measured to assess theot node so that the multicast tree can be updasaty
general performance together with energy, whichwsho the path information included in the join requestssages.
that TTM outperforms the mesh-based and tree-basedoining a multicast group causes repori®,( join
multicast by up to 80% and 40%, respectively. messages) to be periodically sent, while leavimguéticast
The rest of the paper is organized as follows: i&arl group does not lead to any explicit action. Theqoemust
multicast protocols for MANET are described in the be carefully chosen to balance the overhead asedaiath
following section. The proposed energy efficientMT tree update and the delay caused by the tree rniog be
protocol is discussed in Section 3. Section 4 ptsseur  timely updated when nodes move [4, 8, 9].

simulation study, which shows the superiority of MT Depending on the number of trees per multicast grou
compared to mesh-based and tree-based multicastlyfi  tree-based multicast can be further classifiepeassource
concluding remarks are given in Section 5. tree multicastand shared tree multicasf10]. While per-
source tree is established and maintained for saaice
2. Multicast Protocolsfor MANETS node of a multicast group, shared tree multicatized a

single shared tree for all multicast source nodés.the

This section briefly overviews the research effdas  Per-source tree, each multicast packet is forwaaledg
multicast protocols targeting MANETs. They can be the most efficient path from the source node tchesnd
broadly categorized into two typewee-based multicast €very multicast group member, but this method iseulot

andmesh-based multicadtased on the multicast structure. Of control overhead to maintain many trees. On ater
hand, shared tree multicast has lower control @amth

Tree-based M ulticast because it maintains only a single tree for a rasti group

Tree-based multicast is generally used in wired ancdnd thus is more scalable [8, 11]. However, thé panot
infrastructured mobile networkée,, mobile networks with ~ hecessarily optimal, and the root node is easigrloaded
base stations) as well as in MANETs. Figure 1 shaws due to the sharing of the single tree.
example of a multicast tree. The tree consista odot ]
node (), three intermediate nodey, (s andt), seven Mesh-based Multicast
member nodes of a multicast group, and ten trdes.liA Aforementioned tree-based protocols, however, nuty n
multicast packet is delivered from the root nede seven
group members. For node, for instance, the packet 2 gecent wireless LAN standards, such as IEEE 80aisually adopt
transmission is relayed through two tree links, fromr sleep period operatiofin order to reduce power consumptiom,., a
to g and thenq to u. This requires two transmissions and  communication subsystem goes into energy conseslaep mode if it
two receives. Now consider the last transmissiomfg to has no data to send or receive [7]. If a node sangsicast packet to a

) . ) X L receiver, other neighbor nodes except the recaleenot receive the
u. Even though all nodes within nods radio transmission packet, and continue to sleep to save preciouggnklowever, when a

range can receive the multicast packet, only nodeill node sends broadcast a packet, all neighbor nodiss wake up and
receive the packet.




perform well in the presence of highly mobile nodesComparison of Multicast Protocols
because multicast tree structure is fragile andiai¢e be Table 1 compares the various multicast protocols. A
frequently readjusted as the connectivity changesew explained above, mesh-based multicast protocolfonper
approach unique to MANETSs is tmeesh-based multicast better than tree-based protocols in terms of génera
A mesh is different from a tree since each noda mesh  performance, such as packet delivery ratio anadste
can have multiple parents. Using a single mestctstre However, tree-based protocols are more preferabEnw
spanning all multicast group members, multipledirkist  energy is the primary concern. A quantitative asialy
and other links are immediately available whenghmary  showed that mesh-based multicast consumes around
link is broken due to node mobility. This avoidedquent  (f+1)/2 times more energy than tree-based multicastrevhe
network reconfigurations, which minimizes disrupBoof  f is the average node connectivity [12]. Another intgat
on-going multicast sessions and reduces the contrahspect of energy efficiency is balanced energywmpsion
overhead to reconstruct and maintain the netwaodctstre.  among all participating mobile nodes. Shared tra#icast
Note that these redundant links become availabbause is particularly bad in this regard because the obthe tree
multicast packets are broadcast forwarded. takes on more responsibility for routing, consumasre
Figure 2 shows an example of the mesh-based nsiltica battery energy, and stops working earlier thanrotioeles.
for the MANET of Figure 1. Note that it includesxsi This leads to MANET partitioning as well as reduced
redundant links in addition to ten tree links. A ltimast network lifetime. On the other hand, per-source-trased
packet is broadcast within a multicast mesh. Thasding  multicast protocols show better traffic distributiand thus,
a packet fromR to U involves three transmission®,(Q better energy balance [13]. Table 1 also includes t
and U) and fourteen receives (5 neighbors Rf 6 characteristics ofwo-Tree Multicast (TTM)which will be
neighbors ofQ, and 3 neighbors dfl). For example, the discussed in detalil in the next section.
transmission from nod® is received not only by but
also by neighbor nodeR, S T, W, andX. The redundant
link from Q to Wmay be useful when the path frd?o W
is broken as shown in Figure 2(b). Although these

redundant communications can be useful, they alsstew Tree Multicast (TTM) which not only reduces the total

more energy in battery-operated mobile nodes. Som . .
redundant links are not used at all. For example, a%nergy consumption but also alleviates the eneafgnoe

transmission fron@ to X is of no use becauseis neither a problem without haw_ng adverse effect on the gdnera
member nor an intermediate node of the multicastigr perfcl)rmance. I.TTM s a trge-based multicast prdtO(r:]o
Node X wastes energy receiving the packet but eventualh}:"mp oying multi-destined unicast-based trees ans t
discards it. In summary, the broadcast forwardiragipces consumes less energy than mesh-based protocolssedt
redundantllinks which’im roves the packet delivet a shared tree rather than per-source trees in twdmroid

’ P P AEYC the tree construction and maintenance overhead.
but spends more energy than the tree-based mtiticas

3. Energy Efficient Two-Tree Multicast

This section introduces a new multicast protodap-

o) Tree link from Pto W
is not valid any more

tree link
IS € link . root node

................. redundant lini® group member

(a) 8—node multicast group  (b) The corresponding multicast mesh
(Wreceives from P) (Wreceives from @ via a redundant link)

Figure 2. An example of mesh-based multicast.



Protocols

Characteristics

Packet
delivery ratio

Tree/mesh
construction &
maintenance
overhead

Latency due
to link error

Total energy
consumption

Balanced
energy
consumption

Table 1. Multicast protocols and their comparisons.

Per—source tree
multicast

Bad:
Due to link error

Bad:
One tree per sender

Bad:
Need to construct a
new tree

Good:
Unicast delivery

Good:
Multiple trees

Shared tree
multicast

Bad:
Due to link error

Good:
One shared tree is
used

Bad:
Need to construct a
new tree

Good:
Unicast delivery

Bad:
Single tree is used

Mesh—-based
multicast

Good:
Redundant paths

Moderate:
Constructing the
forwarding mesh

Good:

Redundant links are
used when tree links
become invalid

Bad:
Broadcast flooding

Good:

Distributed to
forwarding nodes in
the mesh

Two—-Tree Multicast
(TTM)

Moderate:
Alternative tree is always
ready

Moderate:
Alternative tree is
constructed while the
primary tree is used

Moderate:

Alternative tree is used
when the primary tree
becomes invalid

Good:
Unicast delivery

Good:

Alternative tree is used
when the primary tree is
overloaded

primary tree link
seseseseree alternative tree link @) root node

e IS EA. 1iNK @ group member

(b) Alternative backup tree
for the same multicast group

(a) Primary tree for 8—node
multicast group

Figure 3. An example of twotreesin TTM.

Unique to TTM is the use of two trees callpdmary replacement is also useful for alleviating the gmer
and alternative trees for a multicast group. When the balance problem inherent in shared tree multidéasthort,
primary tree becomes unusable or overloaded, thdTM is designed to take advantages of the three
alternative tree takes on the responsibility of pienary  conventional multicast protocols as shown in Tdble
tree and a new alternative tree is immediately trooted Using the same examples shown in Figures 1 and 2,
for future use. A group member with the largestairimg Figure 3 shows the two trees constructed for theesa
battery energy is selected as the root node ofnthe multicast group of eight members. The primary tree
alternative tre& Two trees can reduce the latency problemconsists of grimary root (rp), three intermediate nodes,
when a link error occurs on the primary tree byand seven receiver nodes. On the other hand,tdreative
immediately switching to the alternative tree. Treetree consists of aalternative root(r,), one intermediate
node, and seven receiver nodes includingAs in tree-
based and mesh-based multicast protocols, TTM
reconstructs two trees periodically (e.g., everge8onds
[4]) using periodic join messages sent by all nemenodes

% The similar idea has been adopted inrthat relocation schemavhere
the root node is periodically replaced with the oear to center
location to achieve the shortest average hop disténom the root to
all receiver nodes [14].



Table 2. Host operation for the TTM protocal. (Messagesin each procedure are described in time sequence.)

Sender Primary root (r,) Alternative root (r,) Member nodes

Tree construction and maintenance procedure

Periodically send a join
message to s, and r,.
Receive join messages from the member nodes. Construct a
multicast tree based on the forwarding paths that the join
messages traverse.

Multicast message dellvery procedure

Send a multicast
message to o
Send a multicast message to
the member nodes.
Receive a multicast
message from o

Tree replacement procedure

Send a control message to 7,
about the tree replacement.
Receive a control message
from 7, and select a new
alternative root (r,). Send a
control message both to the
sender(s) and all the
members including r,"about
the tree replacement. Receive a control message
from r,. Send a join
request message to r, (/e.,
anew r,) and r,"

to rp, and r.. Note that the join message includes 4. Perfor mance Evaluation
information about the remaining battery energy bé t

corresponding member node, which will be used lecs@ 4 1 Simulation Environment
root node of a new alternative tree. The two rootas

independently construct multicast trees based od th |, this section, the performance of the proposet¥ T3
forwarding paths that the join messages traversee(T eyalyated via simulation. Our simulation studybased
construction and maintenance procedure). When desen o, QualNetsimulator [6], which is a commercial version of
node intends to send a multicast packet, it forwafte  GloMoSim[16]. QualNet is a scalable network simulation
packet torp, thenr, delivers the message to the memberqq| for wireless and wired networks and supportside
receivers along tree links of the primary tree [14]  range of ad hoc routing protocols. QualNet sinasad
(Multicast message delivery procedure). .. realistic physical layer that includes a radio oaptmodel,
When a tree connection is broken due to node mbili y54io network interfaces, and the IEEE 802.11 mediu
during the_join interval ory’s residue_ll energy reduges 10 @ gecess  control (MAC) protocol using thdistributed
predetermined threshold, the primary tree yields it coogination function (DCF) The radio hardware model
responsibility to the alternative tree, i, sends a control 550 simulates collisions, propagation delay, aighas
message to, notifying that the alternative tree will take the gtenuation.
role of the primary tree. Upon receiving the cohtro  The proposed TTM protocol is implemented within the
message, the alternative roof) (selects a new alternative QualNet simulation framework. We compared TTM wéth
root () that has the largest rer_naining battery energymesh-based multicast protocol, ODMRP [4], and sing|
among the member nodes. ~ Thepinforms the sender(s) shared tree multicast (STM) whose operation priesipre
and all the members |ncIL_1d|rrg‘ of the tree replacem_ent. described in [11]. For all three simulated prots¢dhe
When each member receives a control messagerffoln  perjodic join message is transmitted every 3 sesfond

sends a join request message.td.e., the new) andra’  The overhead due to the control messages, sucheas t
(Tree replacement procedure). The shared tree aasiti

prOtOCO: plescrlb_ed Im [11] IS. used ;S the baSICtI. * In ODMRP, itis called JOIN DATA message. Otparameters used
protocol in our implementation. Table 2 summarites in simulating ODMRP are the acknowledgement timdoutlOIN

operations for implementing the proposed TTM protoc TABLE and the maximum number of JOIN TABLE retraiissions:
25 milliseconds and 3, respectively [4].




control messages transferred during the tree reyplact, is

included in the simulation.

M obility, Traffic and Energy M odel

Our evaluation is based on the simulation of 40itaob
nodes moving over a square area of 19AM00 metéerfor
15 minutes of simulation time. The radio transnaussi

(CBR) In our simulation, anulticast CBR (MCBR$ource
and its corresponding destinations are randomlgcted
among 40 mobile nodes, where the number of degiirsat

is varied from 4 to 40 to see the effect of theugrsize on

the performance. An MCBR source sends a 512-byte
multicast packet every 100 milliseconds during the
simulation. For simplicity, we assume a multicagtssage

range is assumed to be 250 meter and a free spacensists of one data packet.

propagation channel is assumed with a data ra2eMibps.
Mobile nodes are assumed to move randomly accotding
therandom waypoint modédl]. Two parametersnaximum
node spee@ndpause timegdetermine the mobility pattern
Each node starts moving fiom
randomly selected initial position to a target poimhich is
also selected randomly within the simulated areadeN

of the mobile nodes.

In this paper, we are specifically interested imalto
energy consumption and energy balance across diilleno
nodes. For each node, energy consumption is mehstire
the radio layer during the simulation. According ttee
specification of IEEE 802.11-compliant WaveLAN-tbm
Lucent, the power consumption varies from 0.045t%Vat
(9mA x 5V) in sleep mode to 1.25 and 1.50 Watts (230mA

speed is chosen to be between O and the specified 5V and 250mAx 5V) for receiving and transmitting
maximum speed (2 or 20 meters/second for low agtl hi modes, respectively. The instantaneous power itiptiat

node speed, respectively).
point, it stays there for the pause time (30 sesprhd

then repeats the movement.

A separate application file specifies the trafficveell as
application type: FTP, HTTP, Telnet opnstant bit rate

When a node reaché¢artiet
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Figure 4. Total energy consumption.

by time delay to obtain the energy consumed. Famgte,
data transmission of a 512-byte packet consumemilii
Joules (1.50W 512bytes< 8bits/2Mbps).
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Figure5. Peak-to-mean ratio.
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4.2 Simulation Resultsand Discussion

Energy Performance: Total Energy Consumption and
Energy Balance
Figures 4(a) and 4(b) show the total energy consomp
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40 5
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Energy per delivered
packet (UWhr/packet)
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(&)}
T

Energy per delivered
packet (UWhr/packet)
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(b) At high node speed (0~20 m/sec)

Figure 7. Energy per delivered packet.

consumption over all nodes. In the ideal case, thi®
becomes one when the total energy consumptioneislgv
distributed. In practice, the ratio is larger thame and a
smaller peak-to-mean ratio indicates better enbeggnce.
Figures 5(a) and 5(b) show the peak-to-mean ratidahfe

for mesh-based multicast, STM, and TTM at low nodemesh-based multicast, STM, and TTM. As can be &een
speed (0~2 m/sec) and high node speed (0~20 m/sedfje two figures, the mesh-based multicast and T&blilt

respectively. As shown in the two figures, both Sand

in smaller peak-to-mean ratio than STM. For STMg th

TTM consume less energy than the mesh-based nailticaratio in some cases is over 10, which means theggne

by a factor of 1.9~4.0. Moreover, even with highdeo

consumption of the most overloaded node is 10 timese

mobility, STM and TTM consume almost the same arhounthan the average energy consumption indicatingriause

of energy as those with low node mobility, while tinesh-
based multicast consumes less energy than thaedbw
node mobility case. Thus, it can be inferred thE¥Sand
TTM are less sensitive to node mobility in termstathl
energy consumption compared to the mesh-basedcasilti
Also, note that the total energy consumption ineesa
linearly with the group size.

In order to measure the energy balance, we obséheed
peak-to-mean ratioi.e., the energy consumption of the

energy imbalance. With high node speed, all threthaus
become slightly worse (i.e., peak-to-mean ratiasease)
compared to those with low node speed. Also naie ftir
all three methods, the energy balance is improvitd tive
increase in group size.

General Performance: Packet Deélivery Ratio and
Energy per Delivered Packet
Packet delivery ratio is compared in Figures 6@ a

most utilized node divided by the average energyb(b). Since the data traffic during the simulatisnbased



on UDP rather than TCP, some data packets maysdbe lo
As can be seen in the two figures, the mesh-basititast
performs better than STM and TTM mainly due to the
redundant links within the mesh. However, TTM istére
than STM because it uses two trees. At fast nodedspas [4]
shown in Figure 6(b), the packet delivery ratighef mesh-
based multicast becomes worse than that at slove nod
speed. On the other hand, the packet deliverysrafi®TM

and TTM with fast node mobility are almost the samse [5]
those with slow node mobility and thus, it can bfeired
that STM and TTM are less sensitive to node mabilit
terms of packet delivery ratio compared to the rizsded
multicast.

From the above simulation results, it is clear fREM is
the choice when energy is the primary concern. Hewet
is also clear that mesh-based protocol performs vaeen
packet delivery ratio is important. To better urstiend the  [7]
tradeoff between energy consumption and general
performance, we introduce a new performance metric,
energy per delivered packethich is the ratio of the total
energy consumption over the total number of efietyi
delivered packets. Figures 7(a) and 7(b) show tlergy
per delivered packet for the mesh-based multicaiEM,
and TTM with low node speed (0~2 m/sec) and higtleno
speed (0~20 m/sec), respectively. In both casesyl TT 9]
outperforms the mesh-based multicast and STM hpifsc
of 1.0~1.8 and 1.0~1.4, respectively.

(3]

(6]

(8]

5. Concluson [10]
This paper reevaluated the multicast protocols gseg

for MANETs in terms of energy efficiency, and prepd

an energy efficient multicast protocol called Twed

Multicast (TTM). TTM consumes less energy than the

mesh-based multicast because it uses multi-destined

unicast-based multicast trees. TTM results in impd

(11]

energy balance and packet delivery ratio compavethe [12]
conventional shared tree multicast (STM) becauseaiit
switch to the alternative tree when the primarye tie
overloaded or becomes invalid. [13]

According to our simulation study, the proposed TTM
protocol saves energy consumption by a factor 8+4.0
compared to the mesh-based multicast. In terms of a
combined performance metric, energy per delivesaket,

TTM resulted in up to 80% and 40% improved [14]
performance over the mesh-based multicast and STM,
respectively.

[15]
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