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Abstract— Mesh-based multicast routing protocols for multi-hop
wireless ad hoc networks (MANETs) build multiple paths from
senders to receivers. Higher redundancy results in higher reliability
because packets can be delivered even in the presence of links
breaking. However, in less dynamic environments, in which links
break less frequently, the additional redundancy may not be needed in
terms reliability and may significantly increase overhead. This paper
investigates the tradeoffs between reliability and efficiency in mesh-
based multicast protocols for MANETs. We introduce an adaptive
mesh-based multicast mechanism that controls mesh redundancy
based on link lifetime. Mesh redundancy is measured by the number
of paths from each receiver to the core of the group’s mesh, which
serves as the address of the group.

Through simulations, we compare the performance of the adaptive
mesh-building protocol against the non-adaptive version (which builds
the mesh with maximum redundancy), and against ODMRP for a wide
range of scenarios with varying mobility, group members, number of
senders, traffic load, number of multicast groups and terrain size. Our
results show that adjusting mesh redundancy based on link lifetime
can maintain high packet delivery ratios with less overhead compared
to non-adaptive mesh-based multicast protocols.

Keywords— Ad hoc networks, routing, multicasting, multicast
mesh, multicast tree.

I. I NTRODUCTION

1 The objective of a multicast routing protocol for mobile
ad hoc networks (MANETs) is to support the dissemination of
information from a sender to all multicast group members while
trying to use the available bandwidth efficiently in the presence
of frequent topology changes. In MANETs, node mobility and
the fact that wireless links are more prone to transmission
errors result in higher packet drop probability when compared
to wired networks. Therefore, multicast routing protocols that
provide route redundancy (i.e., routing packets along multiple
paths from source to receivers), typically outperformed multicast
routing mechanisms that offer no redundancy. Based on this
observation, numerous MANET multicast protocols that provide
route redundancy by building amesh connecting senders to
receivers have been proposed including [1], [2], [3], [4], [5].
Section II describes this prior work. Because MANET nodes
typically have limited power, processing, storage, and commu-
nication capabilities, redundancy can incur significant overhead
in these resource-constrained networks, even though it provides
higher packet delivery ratios.

1This work was supported in part by the Jack Baskin Chair of Computer
Engineering at UCSC and by the National Science Foundation under grant
CNS-0435522

The contributions of this paper are two-fold. First, in Section III,
we introduce an adaptive mesh-based multicast mechanism that
controls mesh redundancy based on link lifetime. This is moti-
vated by experimental results showing that the impact of redun-
dancy is directly correlated to the lifetime of network links. In
other words, when link lifetime is high, having larger redundancy
in the network does not significantly increase packet delivery ratio.
However, when links are more volatile, having greater redundancy
has considerable impact on reliability.

The proposed adaptive mesh-based multicast mechanism con-
trols mesh redundancy based on link lifetime. It elects a core
and every node in the network knows its distance to the core
based on multicast announcements exchanged periodically by
every node. Neighbors of a node with a shorter distance to the
core are considered its parents. Mesh redundancy is measured by
the number of paths from each receiver to the mesh’s core. Every
node in the network estimates link lifetime and redundancy in its
neighborhood as described in Section III-F. Mesh redundancy is
increased as link lifetime decreases.

The process of mesh building is receiver initiated. If the
measured redundancy is too low for the measured link lifetime,
a receiver increases the number of parents it includes in the
mesh. Similarly, if the measured redundancy is too high for the
measured link lifetime, the number of parents which are included
in the mesh are reduced. If the measured redundancy is within the
permissible range for the measured link lifetime, then the number
of parents included in the mesh is left unchanged.

The other contribution of the paper is to investigate the trade-
offs between reliability and efficiency in mesh-based MANET
multicast protocols. To this end, we compare the performance
of adaptive mesh-based multicast against its non-adaptive version
and ODMRP [3] in Section IV, a widely-known mesh-based
MANET multicast protocol. Through extensive simulations using
a wide range of MANET scenarios with varying mobility, traffic
load, group members, number of senders, number of multicast
groups and terrain size, we show that adjusting mesh redundancy
based on link lifetime can maintain high packet delivery ratios at
higher protocol efficiency when compared to non-adaptive mesh-
based multicast protocols.

II. RELATED WORK

As many of the possible applications for ad hoc networks
e.g. battlefield scenarios, search and rescue operations, policing,
firefighting etc. have the need for one to many communication,



there has been considerable research in multicasting in ad hoc
networks. Over the years, several multicast routing protocols have
been proposed for MANETs [1], [2], [3], [6], [7], [8], [9], [10],
[11], [12], [13], [14], [15], [4], [16], [5]. For the purposes of our
discussion, the approaches taken to date can be classified into
tree-based and mesh-based approaches.

A tree-based multicast routing protocol establishes and employs
either a shared multicast routing tree or multiple source-based
multicast routing trees (one for each group source) to deliver
data packets from sources to receivers of a multicast group.
Recent examples of tree-based multicast routing approaches
are the multicast ad hoc on-demand distance vector protocol
(MAODV) [7], and the adaptive demand-driven multicast rout-
ing protocol (ADMR) [11]. In contrast, a mesh-based multicast
routing protocol maintains a mesh consisting of a connected
component of the network containing all the receivers of a
group. Two well-known examples of mesh-based multicast rout-
ing protocols are the protocol for unified multicasting through
announcements (PUMA) [1] and the on-demand multicast routing
protocol (ODMRP) [3].

MAODV maintains a shared tree for each multicast group,
consisting of only receivers and relays. Sources wishing to send
to the group acquire routes to the group on demand in a way
similar to the ad hoc on demand distance vector (AODV) [17]
protocol. Each multicast tree has a group leader, which is the first
node to join the group in the connected component. The group
leader in each connected component periodically transmits a group
hello packet to become aware of reconnections. Receivers join the
shared tree with a special route request. The route replies coming
from different multicast tree members specify the number of hops
to the nearest tree member. The node wishing to join the tree joins
through the node reporting the freshest route with the minimum
hop count to the tree. We have shown [1] that the performance of
MAODV is very good for small groups, low mobility, and light
traffic loads, but its performance degrades sharply once a given
value of group size, mobility, or traffic load is reached. This is
due to a sharp increase in the MAODV control packets transmitted
to maintain the multicast tree of a group, as well as the lack of
redundancy.

ADMR [11] maintains source-based trees, i.e., a multicast tree
for each source of a multicast group. A new receiver performs
a network-wide flood of a multicast solicitation packet when it
needs to join a multicast tree. Each group source replies to the
solicitation, and the receiver sends a receiver join packet to each
source answering its solicitation. An individual source-based tree
is maintained by periodic keep-alive packets from the source,
which allow routers to detect link breaks in the tree by the absence
of data or keep-alive packets. A new source of a multicast group
also sends a network-wide flood to allow existing group receivers
to send receiver joins to the source. MZR [16] like ADMR,
maintains source based trees. MZR performs zonal routing; hence,
the flooding of control packets is less expensive. Compared to
approaches based on shared trees, the use of source-based trees
creates much more state at routers participating in many groups,
each with multiple sources.

ODMRP requires control packets originating at each source of
a multicast group to be flooded throughout the ad hoc network.
The control packet floods help repair the link breaks that occur
between floods. Receivers on receiving these announcements
from the senders send out their own announcements which are
propagated along the reverse path resulting in the creation of the
mesh. This mesh construction scheme in ODMRP leads to the

inclusion of every shortest path between every sender and every
receiver within the mesh. The limitations of ODMRP are the need
for network-wide packet floods and the excessive redundancy of
the mesh.

DCMP [4] is an extension to ODMRP that designates certain
senders as cores and reduces the number of senders performing
flooding. NSMP [5] is another extension to ODMRP aiming to
restrict the flood of control packets to a subset of the entire
network. However, DCMP and NSMP fail to eliminate entirely
ODMRP’s drawback of multiple control packet floods per group.

PUMA on the other hand elects a core and all receivers
connect to the core alongall shortest paths creating a mesh
which connects all receivers together. Control packet overhead
is reduced significantly in PUMA compared to ODMRP because
only the core sends announcements as opposed to ODMRP where
every sender floods announcements. PUMA as described in [1]
also leads to the construction of a more efficient mesh as the
construction of the mesh is receiver initiated as opposed to sender
initiated in ODMRP.

As described in [1] mesh based protocols ODMRP and PUMA
in most cases achieve considerably better packet delivery ratio
than tree based protocol MAODV, due to redundancy. Redun-
dancy, however has a cost associated with it, both in terms of
energy as well as bandwidth due to the forwarding of a greater
number of packets. However there are numerous situations when
link breakages are low as a result of which even protocols which
do not provide redundancy have excellent packet delivery ratios.
In such situations the extra cost incurred by redundant mesh
based protocols like ODMRP and PUMA is unnecessary and often
wasteful.

III. A DAPTIVE MESH-BASED MULTICAST

A. Overview

We build upon our work on PUMA [1], which supports the
IP multicast service model where sources need not: (1) know the
constituency of multicast groups to which they send data and (2)
join a multicast group in order to send data packets to the group.

Like CAMP [2] and MAODV [7], we use a receiver-initiated
approach in which receivers join a multicast group using the
address of a special node (core in CAMP or group leader in
MAODV), without the need for network-wide flooding of control
or data packets.

We implement a distributed algorithm to elect one of the
receivers of a group as the core of the group and to inform each
router in the network of at least one next-hop to a group’s elected
core.

Every receiver connects to the elected core along several
shortest paths between the receiver and the core. This number
is varied depending on the redundancy desired in the mesh. All
nodes on the selected shortest paths between any receiver and the
core collectively form the mesh. A sender sends a data packet to
the group alongany oneshortest path between the sender and the
core. When the data packet reaches a mesh member, it is flooded
within the mesh, and nodes maintain a packet ID cache to drop
duplicates.

Signaling uses a single control message, ormulticast announce-
ments. Each multicast announcement specifies a sequence number,
the address of the group (group ID), the address of the core (core
ID), the distance to the core, a mesh membership code, and a
parent. Successive multicast announcements have higher sequence
numbers than previous multicast announcements sent by the core.
With the information contained in such announcements, nodes



elect cores, determine the routes for sources outside a multicast
group to unicast multicast data packets towards the group, join
and leave a group’s mesh, and maintain the mesh.

B. Core Election

When a receiver joins the group, it checks to see if it has ever
received a multicast announcement for that group. If so, then
it does not participate in core election and the current core of
the group remains unchanged. On the other hand, if it has never
received a multicast announcement for that particular group, then
it considers itself the core of the group and starts transmitting
multicast announcementsperiodically to its neighbors having
itself as the core of the group and a 0 distance to itself. Nodes
only propagate multicast announcements with the highest core
ID they receive from their neighbors. Eventually, each connected
component has only one core. If one receiver joins the group
before other receivers, then it becomes the core of the group. If
several receivers join the group concurrently, then the one with
the highest ID becomes the core of the group within a finite time.

Core election is also held if the network is partitioned. The
partition that does not have the currently elected core performs
the election. A node detects a partition if it does not receive a
fresh core announcement for a period of time corresponding to
3 � multicastannouncementinterval. Once a receiver detects a
partition, it behaves in exactly the same way it would upon joining
the group and participates in the core election.

Please note that the core chosen in this manner can be located
anywhere in the network. Our simulation results have shown that
although the position of the core does not significantly affect the
packet delivery ratio, a core which is located in the center of
the network does lead to lower delay and data packet overhead.
Our current research focuses on a core election algorithm which
chooses the node closest to the center of the network among the
participating nodes in a core election, as the core.

C. Propagation of Multicast Announcements

A node that believes itself to be the core of a group transmits
multicast announcements periodically for that group. As the
multicast announcement travels through the network, it establishes
a connectivity listat every node in the network. When multiple
groups exist, nodes keep a connectivity list for every group. Using
connectivity lists, nodes are able to establish a mesh, and route
data packets from senders to receivers.

A node stores the data from all the multicast announcements
it receives from its neighbors in the connectivity list. Fresher
multicast announcements from a neighbor (i.e., one with a higher
sequence number) overwrite entries with lower sequence numbers
for the same group. Hence, for each multicast group, a node
only keeps in its connectivity list the latest information from a
particular neighbor for a given core.

Each entry in the connectivity list, in addition to storing the
multicast announcement, also stores the time when it was received,
and the neighbor from which it was received. The node then
generates its own multicast announcement based on the entries
in its connectivity list.

During core election, on receiving a multicast announcement
with higher core ID, all entries in the connectivity list with a
lower core ID are erased. For the same core ID, only multicast
announcements with the highest sequence number are considered
valid. Hence all valid entries in the connectivity list at any point of
time have the same core ID and sequence number. Among these
valid entries, the entries with a shortest distance to core qualify
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Fig. 1. Dissemination of multicast announcements

as best entries, and the neighbors corresponding to these entries
are calledparents.

The connectivity list stores information about one or more
routes that exist to the core. Figure 1 illustrates the propagation
of multicast announcements and the building of connectivity lists.
The solid arrows indicate the neighbors from which a node
receives its best multicast announcements. For example, node 6
has three entries in its connectivity list for neighbors 5, 1, and 7.
Both nodes 5 and 1 qualify as parents because they both report
a shortest distance to core of 1. As described in Section III-A
a multicast announcement has the following fields : Group ID,
Core ID, Sequence Number, Distance to Core, Mesh Membership
Code, and Parent ID. A multicast announcement generated by a
node has the same Core ID, Group ID and Sequence Number of
its parent(s). The reported distance to core is one more than the
distance to core of its parents. A node chooses one of its parents
to set its parent field, which we refer to as thechosen parent. The
manner in which this selection is made determines the amount
of redundancy in the mesh and is discussed in Section III-F. A
node sets its membership code field based on whether it is a non-
member, only a receiver, only a mesh-member or both and is
described in Section III-D.

When a node wants to send data packets to the group it forwards
it to its chosen parent. If that link is broken then it chooses another
one, till it runs out of parents or the transmission is successful.
Hence each node in the network has one or more routes to the
core. The multicast announcement sent by the core has distance
to core set to zero and parent field set toinvalid address, because
the core has no parents.

In our current implementation, multicast announcements are
generated by the core every three seconds. After receiving a
multicast announcement with a fresh sequence number, nodes wait
for a short period (e.g. 100 ms) to collect multicast announcements



from multiple neighbors before generating their own multicast
announcement.

When multiple groups exist, nodes aggregate all the fresh
multicast announcements they receive, and broadcast them period-
ically everymulticastannouncementinterval. However, multicast
announcements representing groups being heard for the first time,
resulting in a new core, or resulting in changes in the mesh mem-
bership code are forwarded immediately, without aggregation.
This is to avoid delays in critical operations, like core elections
and mesh establishment.

D. Mesh Establishment and Maintenance

Mesh redundancy is controlled depending on the lifetime of net-
work links. The amount of redundancy is selected by having nodes
adjust the number of parents to be included in the mesh. Mesh
establishment is initiated by receivers. A receiver decides on the
number of parents it wants to include in the mesh depending on
the link lifetime and current level of mesh redundancy measured
by the receiver (see Section III-F). It then sets the parent field of its
multicast announcement so that the number of parents with node
ID greater than or equal to its parent field equals the number of
parents it wants to include in the mesh. Receivers start by setting
mesh membership code to 1 in the multicast announcements they
send.

All non-receiver nodes start by setting their mesh membership
code to 0. Nodes consider themselves mesh members and incre-
ment their mesh membership code by 2 if they have at least one
mesh childin their connectivity list. A neighbor in the connectivity
list is a mesh child if: (1) its mesh membership code is greater than
0; (2) the distance to the core of the neighbor is larger than the
node’s own distance to the core; (3) its parent field is less than
or equal to the node’s ID; and (4) the multicast announcement
corresponding to this entry was received within a time period
equal to two multicast announcement intervals. Condition (4) is
used to ensure that a neighbor is still in the neighborhood.

Hence the mesh membership code in each multicast announce-
ment can be set to one of the four values, namely:

� 0 which implies that the node is neither a receiver nor a mesh
member

� 1 which implies that the node is a receiver but not a mesh
member

� 2 which implies that the node is a mesh member but not a
receiver

� 3 which implies that the node is both a receiver as well as
a mesh member.

Non-receivers set the parent field in their multicast announce-
ments similarly to receivers, based on the number of parents they
want to include in the mesh.

If a node has a mesh child and is hence a mesh member, then
it means that it lies on a shortest path from a receiver to the core.
As illustrated in Figures 2 and 3, node 50 is elected as the core
and all nodes in the network know their distance to the core by
adding one to the their parents’ distance to the core as advertised
in the connectivity list (see Section III-C). Figures 2 and 3 depict
the mesh constructed when mesh members/receivers include one
and all parents in the mesh, respectively. The X and Y axes in
these figures refer to the X and Y coordinates in meters, of the
various nodes. The numbers in parentheses alongside nodes 42,
48, 44, 27, 29, 19 and 50 indicate their distance to the core. Both
figures depict the mesh state of the protocols exactly 20 seconds
after the beginning of Experiment 1 as described in Section IV-A.
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Fig. 2. Single parent included in mesh

Node 42 with a distance to core of 3 has three parents in
its connectivity list viz. nodes 48, 27, 44. When it wants to
include only one of its parents in the connectivity list as shown in
Figure 2, it sets the parent field in its multicast announcement to
48. The parents viz. nodes 48, 27 and 44 receive the multicast
announcement from node 42 with membership code = 1 and
distance to core (3) greater than their own distance to core (2).
However node 42 qualifies to be a mesh child of only node 48
because the parent field of its multicast announcement is equal to
48. Hence node 48 becomes a mesh member and nodes 27 and
44 do not. Similarly node 48 which is now a mesh member has
three parents in its connectivity list viz. nodes 8, 19 and 29. It
sets the parent field in its multicast announcement to 29 which
makes node 29 become a mesh member but not nodes 19 and 8.
Node 8 eventually becomes a mesh member because of node 46.

Although each receiver/mesh member in Figure 2 includes
only one parent as part of the mesh, occasionally more than one
parent may eventually be included in the mesh. (e.g., nodes 8 and
29 which are parents of node 48 as shown in Figure 2 are both part
of the mesh although node 48 explicitly includes only node 29).
Node 8 in included in the mesh by node 46. Similarly node 43
has two parents nodes 15 and 20 in the mesh although it explicitly
includes only node 20. We call this kind of redundancy (which
exists at node 48 and 43) asaccidental redundancyand is denoted
dashed-dotted lines. Accidental redundancy can be expected to
increase as the number of receivers in the network increases.

When node 42 wants to include all its parents in the mesh
(as shown in Figure 3), it sets the parent field in its multicast
announcement to 27. If it wanted to include only two of its parents
in the mesh it would set its parent field to 44. Similarly, when
node 48 sends its multicast announcement it sets its parent field to
8 due to which nodes 8, 19 and 29 are included in the mesh. The
mesh in Figure 2 includes 11 nodes whereas the mesh in Figure 3
includes 24 nodes. As a result, their data packet overhead is differs
by more than 100%.

E. Forwarding Multicast Data Packets

For a mesh-member or receiver the parent field of its multicast
announcement allows it to choose the number of parents it wants
to include in the mesh. However for a non-member it allows it to
inform a parent that it is thechosen parent. This allows nodes that
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are non-members to forward multicast packets towards the mesh
of a group. A node forwards a multicast data packet it receives
from its neighbor if it is the chosen parent for the neighbor, based
on its connectivity list. Hence, multicast data packets move hop
by hop, until they reach mesh members. The packets are then
flooded within the mesh, and mesh members use a packet ID
cache to detect and discard packet duplicates. This is illustrated in
Figure 2. Node 24 (in the top left corner) which has a distance to
core of 4, indicates in its multicast announcements that its chosen
parent is node 11. Similarly node 11 indicates in its multicast
announcement that its chosen parent is node 17. Hence a data
packet sent by node 24 is forwarded by node 11 because it is the
chosen parent. Similarly the packet forwarded by node 11 is also
forwarded by node 17 because node 17 is the chosen parent for
node 11. The packet forwarded by node 17 is received by node 8
which is a mesh member, and is flooded within the mesh by all
mesh members which use a packet ID cache to discard duplicates.

Data packets are also used to update connectivity lists. When
a non-member transmits a packet, it expects its chosen parent
to forward the packet. Because all communication is broadcast,
the node also receives the data packet when it is forwarded by
its chosen parent. This serves as animplicit acknowledgmentof
the packet transmission. If the node does not receive an implicit
acknowledgment within ACKTIMEOUT, then it removes the
chosen parent from its connectivity list and picks a new one.

F. Determining the Redundancy Level

When nodes come up, they initialize the number of parents
to include in the mesh to 2. The next step is to compute the
moving averages of the redundancy level and the link lifetime
in the neighborhood of the node as described below. If the the
redundancy level is too low for the link lifetime then the number
of parents is incremented. Conversely, if the redundancy level
is too high then the number of parents is decremented. If the
redundancy level is within the acceptable range for the given link
lifetime then the number of parents is left unchanged.

Redundancy Level Moving Average:The number of parents
from whom a node receives a copy of the same data packet is an
estimate of the redundancy that exists in the neighborhood of the
node. We call this numberreal parent count. Real parent count
need not be the same as the number of parents the node wants to
explicitly include in the mesh. It may be larger than the number

of parents explicitly included due to accidental redundancy as
described in Section III-D. For instance, as shown in Figure 2,
node 48 explicitly includes only node 29 in the mesh. However
another parent, node 8, eventually becomes part of the mesh (due
to node 46 which qualifies as its mesh child), and thus the real
parent count of node 48 is 2. The real parent count may also
be less than the number of parents a node wants to explicitly
include in the mesh. In Figure 3, for example, if node 46 (with
coordinates approximately [300, 900]) wanted to include 5 of its
parents in the mesh, its real parent count will still be 1 because it
has only one parent viz. node 8. Hence a node obtains an estimate
of the redundancy in its neighborhood by maintaining a moving
average of its real parent count. Every time a node receives a
fresh data packet it obtains its real parent count, by accessing
its connectivity list to find out the number of parents which are
also mesh members. It then updates the moving average of its
redundancy level according to the following formula:
Moving Average for Redundancy Level = 0.9� Moving Average
for Redundancy Level + 0.1� current real parent count

In our current implementation, the redundancy level moving
average is initialized to 1.75.

1) Determining Link Lifetime:Nodes detect a link break when
they do not receive two consecutive multicast announcements
from a neighbor. For every neighbor in their connectivity list, a
node maintains the first time and last time it received a multicast
announcement from the neighbor. The link is assumed to be
broken between the last time the multicast announcement was
received and the first time it was not received. Since multicast
announcements are sent once every three seconds, the link lifetime
is calculated according to the formula :
Broken link life = last time the multicast announcement was
received from the neighbor - first time the multicast announcement
was received from the neighbor + 1.5 seconds

For example, if the first multicast announcement from a node
was received at 5 seconds and the last multicast announcement
was received at 20 seconds, the link would be detected as broken
at around 26 seconds. The link lifetime would be considered as
20 - 5 + 1.5 = 16.5 seconds. After the detection of a broken link,
the moving average for link lifetime is computed according to the
formula :
Moving average for Link Life = 0.8� moving average for Link
Life + 0.2 � broken Link Life.

The multiplicative factor for the updating the moving average
for link lifetime is greater than that for updating the moving
average for redundancy level because nodes can be expected to
receive data packets much more frequently compared to detecting
link breaks.

2) Determining Acceptable Redundancy:We wanted to keep
the computation of acceptable redundancy level simple to mini-
mize the computational overhead at the nodes. Our approach is
to load a table in every node which allows each node to decide
whether, for the current value of link lifetime, the current value of
redundancy level is appropriate or not. Table I illustrates this table.
If the measured link lifetime is 10 seconds (which corresponds to
the third row in the table) and the redundancy level is 1.7, then
the number of parents will be left unchanged. If the redundancy
level is less than 1.51 then the number of parents will be increased
to increase the amount of redundancy. If however the redundancy
level is greater than 1.87, then the number of parents will be
decreased to reduce the amount of redundancy.

In order to generate this table we performed Experiment 1
as described in Section IV-A for six versions of the proposed



protocol V 1, V 2, V 3, V 4, V 5 and VAll. As the name implies
these versions attempt to include 1, 2, 3, 4, 5 and all parents in
the mesh, respectively. As described in Section III-F this could
be different from thereal parent countdepending on accidental
redundancy and the total number of parents of the node. The
experiment involved varying the mobility across the valuesf 0,
10, 20, 50 and 100g m/s. For every version of the protocol and
every value of mobility we measured the average packet delivery
ratio as shown in Table II and the average redundancy level as
shown in Table III. For a given mobility, the average link lifetime
measured was almost the same for all protocol versions and is
shown in Table IV. As expected, VAll had the highest packet
delivery ratio for all mobility values, as it provided the maximum
redundancy.

For any particular mobility, we defined a range of link lifetime
values. The upper limit is the mean of the link lifetime for that
mobility and the link lifetime for the next lower mobility value.
Similarly, the lower limit was the mean with the link lifetime for
the next higher mobility. As shown in Table IV mobility 10 m/s
has a mean link lifetime of 18 seconds. The mean link lifetime
for the next lower and next higher mobility viz. 0 and 20 m/s is
45 and 10 seconds, respectively. Hence, the upper limit is 31.5
seconds (mean of 45 and 18) and the lower limit is 14 (mean of
18 and 10).

Once we define the link lifetime range for a particular mobility
value, we need to define the acceptable redundancy level range.
The first step is to identify the protocol withideal redundancy
which is defined as the version with the lowest redundancy which
has a packet delivery ratio of within 5% of VAll. In case of
mobility of 10 m/s it is V2 which has a packet delivery ratio
of 95% compared to that of VAll which is 97% as shown in
Table II. The lower limit of the redundancy level range for the
given mobility is the mean of the redundancy level for the version
with ideal redundancy and the version with next lower redundancy.
Similarly, the upper limit is the mean of redundancy level for the
version with ideal redundancy and the version with next higher
redundancy. As can be seen from Table III for a mobility of 10 m/s
the redundancy level for V2 (the version with ideal redundancy)
is 1.74. The redundancy levels for the protocols with next lower
and next higher redundancy viz. V1 and V3 is 1.25 and 2.00,
respectively. Hence the lower limit is 1.49 (mean of 1.25 and 1.74)
and the upper limit is 1.87 (mean of 1.74 and 2.00). Similarly, the
corresponding redundancy level ranges are defined for all ranges
of link life values as shown in Table I.

Note that these computations are not performed during the exe-
cution of the protocol, but only for the generation of Table I. This
table is loaded into every node to decide the number of parents
to include in the mesh. Although Table I has been generated by
running only one experiment, the results presented in Section IV
show that the proposed adaptive mesh-based multicast protocol
can achieve adequate tradeoff between packet delivery ratio and
overhead for a wide range of network conditions. We believe the
reason for that is that Table I captures the essential relationship
between link lifetime and redundancy level. As Table I indicates,
even as the link lifetime range is varied the redundancy range
does not vary significantly, and remains between 1 and 2. This
indicates that even if the table is regenerated for a larger number
of mobility values, the results will not be very different.

G. Effectiveness of Controlling Redundancy

Data packets travel from senders to receivers in two steps. In
the first step they travel from the senders towards the mesh. Once

Link Life Range Redundancy Range
Infinity - 31.5 seconds 0.96 - 1.38
31.5 seconds - 14 seconds 1.49 - 1.87
14 seconds - 7 seconds 1.51 - 1.87
7 seconds - 3.5 seconds 1.56 - 1.88
3.5 seconds - 2.5 seconds 1.85 - 1.96
2.5 seconds - 0 1.90 - 2.02

TABLE I
TABLE FOR DETERMINING APPROPRIATE REDUNDANCY LEVEL

Mobility
(m/s)

0 10 20 50 100 200

V 1 0.98 0.89 0.85 0.78 0.76 0.77
V 2 0.98 0.95 0.93 0.90 0.88 0.87
V 3 0.98 0.96 0.94 0.92 0.91 0.91
V 4 0.98 0.96 0.95 0.93 0.93 0.92
V 5 0.99 0.96 0.95 0.94 0.93 0.93
V All 0.99 0.97 0.96 0.95 0.95 0.95

TABLE II
PACKET DELIVERY RATIO

they reach the mesh they are flooded within the mesh by all
mesh members. Providing redundancy means providing multiple
paths between senders and receivers. Greater redundancy means a)
Greater number of such paths exists b) Greater number of links
between different paths are disjoint. The mesh construction in
Adaptive-PUMA described in Section III-D controls redundancy
only in the second step i.e. dissemination of data packets within
the mesh. Irrespective of the redundancy in the mesh, data
packets move from senders to the mesh along just one path as
described in Section III-E. Additional redundancy is unnecessary
because this path is updated continuously with every data packet
being sent, based on whether or not a node receives an implicit
acknowledgment also described in Section III-E. As illustrated in
Figure 2 assume that node 24 (in the top left corner) is a sender
sending data packets towards the mesh along the path 24-11-17-
8. If after sending a data packet to 11 node 24 does not receive
an implicit acknowledgment from node 11, it realizes that the
link 24-11 is broken and sends subsequent packets towards the
mesh along the path 24-3-28-38-8. Hence only one data packet is
dropped per broken link. For an average link life of 10 seconds
and a node transmitting 5 packets per second this means that only
1 in 50 packets is dropped due to lack or redundancy between the
sender and the mesh. It is possible that a sender may not be able
to route a packet to the mesh because of the absence of a route.
If no route exists then even redundancy is of no use.

Mobility
(m/s)

0 10 20 50 100 200

V 1 1.1723 1.2572 1.2818 1.3500 1.4251 1.4571
V 2 1.5812 1.7425 1.7529 1.7782 1.8160 1.7844
V 3 1.7085 2.0073 1.9901 1.9841 1.9829 1.9218
V 4 1.7861 2.1197 2.1077 2.1076 2.0698 2.0061
V 5 1.7997 2.1997 2.1783 2.1534 2.1059 2.0639
V All 1.8204 2.2660 2.2688 2.2326 2.2005 2.1573

TABLE III
REDUNDANCY LEVEL

Mobility (m/s) 0 10 20 50 100 200
Mean Link Life (sec) 45 18 10 4 3 2

TABLE IV
MEAN LINK LIFETIME
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As described in Section III-D the amount of redundancy within
the mesh is controlled by controlling the number of parents each
mesh member/receiver includes in the mesh. Exactly how many
paths from receivers to the core, and the number of disjoint
links on the paths depends on the exact topology of the nodes.
However we can intuitively see that greater the number of parents
included in the mesh, greater is the number of paths from receivers
to senders, and greater are the number of disjoint links in the
paths. Including a greater number of parents in the mesh could
potentially have anexponentialeffect on the number of paths from
the receivers to the core. If a receiver includes only one parent
in the mesh and that parent includes just one of its parents in the
mesh and so on there would finally be only one path connecting
the receiver and the core. If on the other hand a node included
multiple parents in the mesh and each of the parents included
multiple of its parents in the mesh there could potentially be
a large number of routes connecting the receiver to the core.
As shown in Figure 2 node 35 has only one shortest path to
reach the core when nodes include only one of their parents in
the mesh. However in Figure 3 node 35 has at least 16 shortest
paths to reach the core differing by at least one link. Please note
that there are some differences in neighbor recognition between
Figures 2 and 3 even though nodes are in exactly the same
position. Node 9 recognizes the core i.e. node 50 as a neighbor in
Figure 2 but not in Figure 3. This is because the last two multicast
announcement from node 50 were lost due to collision as multicast
announcements are sent unreliably. Node 9 has no way of knowing
whether the loss was due to a collision or because node 50 moved
out of range.

IV. PERFORMANCECOMPARISON

We compared the performance of the adaptive mesh-based
multicast protocol against V1 (where mesh members included
one of their parents in the mesh), VAll (where mesh members
include all of their parents in the mesh which is the same as
PUMA), and ODMRP [3], a well known mesh-based protocol.

For our experiments, we used the Qualnet [18] network sim-
ulator. Figure 4 lists the general parameters that characterize the
simulation environment. The filed size used is 1000 m X 1000 m
for all experiments except Experiments 6 and 11. Nodes moved at
a constant speed (maximum speed was set equal to the minimum
speed in the random waypoint model) as specified in the individual
experiments.

At the MAC layer, we employed RTS/CTS when packets
were directed to specific neighbors. All other transmissions used

CSMA/CA. Each simulation was run for four different seed
values. Multicast announcements in all protocol versions were
sent every three seconds.

As our main objective in this paper was to measure the tradeoff
between packet delivery ratio and redundancy in mesh-based
protocols, we usedpacket delivery ratio (pdr) andaverage mesh
sizeas performance metrics. However, we also provide results for
total control overhead as well astotal overhead which includes
control packets as well as data packets transmitted.

A. Simulation Scenarios

We carried out the following experiments:

� Experiment 1 : Mobility varied acrossf0, 10, 20, 50, 100,
200g m/s. Senders = 5, Receivers = 20, Traffic Load =
10 pkts/sec, Multicast groups = 1.

� Experiment 2 : Senders varied acrossf1, 2, 5, 10, 20g.
Mobility = 5 m/s, Receivers = 20, Traffic Load = 10 pkts/sec,
Multicast groups = 1.

� Experiment 3 : Receivers varied acrossf5, 10, 20, 30, 40g.
Mobility = 5 m/s, Senders = 5, Traffic Load = 10 pkts/sec,
Multicast groups = 1.

� Experiment 4 : Traffic Load varied acrossf1, 2, 5, 10, 25,
50g pkts/sec. Mobility = 0, Senders = 5, Receivers = 20,
Multicast groups = 1.

� Experiment 5 : Multicast Groups varied acrossf1, 2, 5, 10g.
Mobility = 5 m/s, Senders = 5 per group, Receivers = 20 per
group, Traffic Load = 20 pkts/sec.

� Experiment 6 : Terrain size varied acrossf800 m X 800 m,
1058 m X 1058 m, 1265 m X 1265 m, 1442 m X 1442 m,
1600 m X 1600 mg. Mobility = 5 m/s, Senders = 5, Receivers
= 20, Traffic load = 10 pkts/sec, Multicast Groups = 1. The
terrain sizes have been chosen so that each consecutive value
of terrain size increases the area by4800m
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� Experiment 7 : Mobility varied acrossf0, 10, 20, 50, 100,
200g m/s. Senders = 5, Receivers = 5, Traffic Load =
10 pkts/sec, Multicast groups = 1. (Same as Experiment 1
except that number of receivers was 5 instead of 20)

� Experiment 8 : Mobility varied acrossf0, 10, 20, 50, 100,
200g m/s. Senders = 5, Receivers = 10, Traffic Load =
10 pkts/sec, Multicast groups = 1. (Same as Experiment 1
except that number of receivers was 10 instead of 20)

� Experiment 9 : Mobility varied acrossf0, 10, 20, 50, 100,
200g m/s. Senders = 5, Receivers = 20, Traffic Load =
25 pkts/sec, Multicast groups = 1. (Same as Experiment 1
except that traffic load was 25 pkts/sec instead of 10)

� Experiment 10 : Mobility varied acrossf0, 10, 20, 50, 100,
200g m/s. Senders = 5, Receivers = 20, Traffic Load =
50 pkts/sec, Multicast groups = 1. (Same as Experiment 1
except that traffic load was 50 pkts/sec instead of 25)

� Experiment 11 : Mobility varied acrossf0, 10, 20, 50, 100,
200g m/s. Senders = 5, Receivers = 20, Traffic Load =
10 pkts/sec, Multicast groups = 1, Terrain Size = 1442 m X
1442 m (Same as Experiment 1 except that terrain size was
1442 m X 1442 m instead of 1000 m X 1000 m)

Experiments 1-6 were carried out to determine the effect of
mobility, number of senders, number of receivers, traffic load,
number of multicast groups and terrain-size, respectively. For the
traffic load test (Experiment 4) we set mobility to 0, because we
wanted to focus on packet drops caused by congestion. Both the
senders and receivers were chosen randomly from among the 50
nodes. Traffic load was equally distributed among all senders.
For the multiple-group test (Experiment 5), random allocation of



nodes to groups could result in a single node being a member of
multiple groups. Experiments 1-4 are almost the same as those
used by the developers of ODMRP [3] in [6] to compare their
protocol against CAMP [2], AMRIS [10] and AMROUTE [9].
The main difference is that in the mobility test (Experiment 1)
we vary the mobility to a much higher value (200 m/s), as the
possibility of link breaks is higher at higher mobility, due to which
redundancy could have an impact.

We especially wanted to test the performance of our protocol
in situations of frequent link breaks/packet loss to make sure
that Adaptive-PUMA would be able to adapt mesh redundancy
accordingly. Intuitively we felt that frequent link breaks / packet
losses would occur in the following situations:
a) High Mobility : Higher number of link breaks can be expected
in situations of high mobility.
b) Small number of Receivers : Smaller number of receivers leads
to less accidental redundancy as described in Section III-D.
c) High Packet Load : Significant number of packets could be lost
due to congestion and collisions.
d) Large Terrain Size : For the same number of nodes, a larger
terrain size would mean a sparser network, making it more
susceptible to link breaks.

Experiments 7-11 measure the impact of scenarios combining
the effects of mobility along with small number of receivers, high
packet load and large terrain size. We were especially interested
in measuring the impact of redundancy in such scenarios where
a large number of links could be expected to break.

B. Analysis

1) Comparison with V1 and VAll: As we have mentioned
before, the motivation for this research was to create a multi-
casting protocol which would adapt the redundancy in the mesh
depending on the need, so as to have a high packet delivery ratio
for a low overhead. Our comparisons with V1 and VAll which
represent protocols with minimum and maximum redundancy
respectively, illustrate how well the adaptive protocol performed
in this regard. Based on Table V the average packet delivery ratio
per simulation for V1, “Adaptive”, and VAll is 0.78, 0.83 and
0.86, respectively. As we can observe, the average packet delivery
ratio of the adaptive protocol is quite close to VAll. V 1’s average
packet delivery ratio is not very low either, and it may be a good
choice at low mobility. However as can be seen from Table V
the packet delivery ratio of V1 falls significantly below that of
“Adaptive” and V All at high mobility. In some instances of high
packet load VAll suffers larger number of collisions due to high
packet overhead, as a result of which its packet delivery ratio is
actually lower than that of V1 and “Adaptive”, as can be seen
from Table V Experiments 4, 9 and 10.

Table VII indicates that the average total packets (both data well
as control) transmitted per node by V1, “Adaptive” and VAll
are 2683.66, 4128.82 and 6030.30, respectively. This indicates
that “Adaptive” has a significantly lower overhead than VAll.
The overhead for V1 however is still much lower than that of
“Adaptive”. This can also be observed in Table VIII which shows
that the average mesh size for VAll is significantly more than
V 1 and “Adaptive” for all experiments. Mesh size is directly
related to data packet overhead as it indicates the number of nodes
involved in flooding of data packets. As can be seen by comparing
Tables VI and VII, the control overhead is a very small fraction of
total overhead for V1, “Adaptive” and VAll, which means that
most of the overhead incurred at nodes is data packet overhead.

Hence “Adaptive” is important in the sense that it reduces data
packet overhead, which is the dominant part of the total overhead.

2) Adaptive Mesh-Based Multicast vs ODMRP:Table VII
indicates that the average total packets (both data well as control)
transmitted per node by “Adaptive” and ODMRP are 2683.66
and 9263.47 respectively. The total overhead for ODMRP is even
higher than VAll. The exceedingly high overhead for ODMRP is
not only because of the greater redundancy in the mesh, but also
because of a much higher control overhead as shown in Table VI.
The data packet overhead of ODMRP is similar to that of VAll as
can be seen from their similar mesh sizes as given in Table VIII.
Comparing Tables VI and VII shows that unlike V1, “Adaptive”
and V All, the control overhead for ODMRP is a significant
fraction of the total overhead. The reason for the exceedingly
high control overhead for ODMRP is that, unlike “Adaptive”,
V 1, and VALL, where only one node (the core) floods multicast
announcements, in ODMRP every sender periodically floods JOIN
request packets. In addition, members of the mesh transmit JOIN
tables in ODMRP. “Adaptive”, V1, and VALL only send out
multicast announcements.

Based on Table V, the average packet delivery ratio per simu-
lation for “Adaptive” and ODMRP is 0.83 and 0.82, respectively,
which means that the average packet delivery ratio for “Adaptive”
is actually higher than that of ODMRP. ODMRP does in fact
perform better than “Adaptive” at high mobility as can be seen
from Table V. However in experiments involving larger traffic
load, ODMRP suffers greater number of packet drops due to
collisions because of its greater control overhead. Experiment 2
(greater control overhead due to multiple senders), Experiment 5
(greater overhead due to multiple groups) and Experiments 4, 9,
and 10 (greater traffic load) result in large scale packet drops for
ODMRP as can be seen in Table V. As a result the average packet
delivery ratio of ODMRP is slightly less than that of “Adaptive”.

V. CONCLUSIONS

This paper investigates the tradeoffs between reliability and ef-
ficiency in mesh-based MANET multicast protocols. We introduce
an adaptive mesh-based multicast mechanism which adapts mesh
redundancy based on link lifetime. Mesh redundancy is measured
by the number of paths from each receiver to the mesh’s core.

Through simulations, we compare the performance of the
adaptive mesh-building protocol against non-adaptive versions of
the protocol which build the mesh with maximum and minimum
redundancy, as well as against ODMRP. We conducted experi-
ments for a wide range of scenarios with varying mobility, group
members, number of senders, traffic load, number of multicast
groups and terrain size. Our results indicate that adaptive mesh-
based multicast exhibits high average packet delivery ratio (e.g.,
3% less than the maximum-redundancy version of the protocol),
with half of the overhead when compared to the maximum-
redundancy version of the protocol. When compared to ODMRP,
adaptive mesh-based multicast exhibits comparable average packet
delivery ratio with less than half of the overhead.
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