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Abstract—We propose an efficient heuristic algorithm for multicast trees have been brought forward to minimize energy
multicast tree construction in ad hoc networks. The objective consumption in energy-constrained networks [6], [7].
is to connect a source node to a set of destination nodes with a In this paper we address the multicast tree problem and
sequence of transmissions so that the number of transmissions . g . .
is minimized. The algorithm utilizes shortest path information, present a highly efficient mUIt_'C&St_ tree COI’]StI’UCtIOI’.] method
which can be obtained from unicast routing tables for fully for ad hoc networks. The algorithm is amenable for distributed
distributed implementation. In addition to multicast routing, the  implementation as each node participating in the multicast
algorithm is applicable to stateless multicast forwarding for small - tree can decide its next hop downstream nodes in its branch
multicast groups. independently of the other tree nodes based on unicast routing

information. The crux of the method is in this distributed
[. INTRODUCTION process of selecting the next hop forwarding node(s) so that the

overall number of transmissions is minimized in the multicast

The source based multicast tree problem arises in thge The algorithm gives a shortest hop path in the unicast

context of delivering large files or multimedia streams in g,q¢ g highly efficient for multiple receivers, and outperforms
network from a source to several destinations simultaneou n specialized algorithms in the broadcast case

Using a suitable routing tree, the resulting data transfer has
a substantially lower bandwidth cost compared to the two II. MULTICAST TREE ALGORITHM

alternatives, sequential unicast transmissions or flooding. ) ) o . o
Multicasting in ad hoc networks differs from the traditional In this section we describe in detail the distributed method

case of fixed networks because the nodes may use onjfi-construct efficient trees from a source to any number of
directional transmissions; all the neighbors of a transmittif§Cc€ivers. including the unicast and broadcast cases. Central-
node receive the same information in a single transmissid¢f€d Operation of the algorithm is similar to the distributed,
Therefore, the objective of the multicast tree problem (MTFQ)?(C‘EPt that all the required _mformatlon can be found from the
in ad hoc networks is defined here as to minimize the numifPairs shortest path matrix.

of transmissions in the multicast tree. . -

Two important special cases of MTP, namely the problen'ﬁAs' Forwarding nodes and splitting
with one destination (unicast) and all destinations (broadcast),The multicast tree is generated by a series of consecutive but
have previously been treated separately in the literature. inglependent routing decisions. The algorithm starts from the
graph theory these are known as the shortest path (SP) probfgHiticast source and proceeds as follows. When a node needs
and the minimum connected dominating set (MCDS) probleri, find a route to a set of destinations, it divides the routing
respectively. While the shortest path between any two node®blem, the destination set, into independent subproblems
can be found in polynomial time by well-known algorithmsach of which is resolved by a neighboring node, as if it
such as Dijkstra’s [2], finding the minimum connected domitself was the source of the subset problem. In other words,
nating set remains NP-hard even in unit disk graphs [3]. €ach node decides independently the next hop neighbor(s) in

Research on both broadcasting protocols and MCDS heutfe tree, i.e. the forwarding nodes and their destination sets,
tics in ad hoc networks has been very active, because broB@sed on its own destination set. We call this operation as
Casting is app“ed W|de|y in the networks for |nf0rmat|or$p||t Figure 1 i”ustrates the idea. Our key Contl’ibution in th|S
discovery and update. In [4] the authors present an extensRaPer is the following heuristic split algorithm which has been
overview and comparison study on the broadcasting methd@ynd to perform well in practice.
proposed for ad hoc networks.

Somewhat surprisingly, the general MTP has received mu@h
less attention than its special case. Instead of efficiency theAssume that each node participating in the multicast, as a
focus of the multicast research has been on maintaining laggrce or relay, knows the (exact or estimated) shortest hop
dynamic multicast groups in mobile environments for whicHistances between itself and the destinations, and between its
many protocols have been proposed, cf. [5]. On the other handjghbors and the destinations.

A split algorithm



end of the split algorithm mean that the distances to the

Note that the existing non-permanent assignments at the
>
;( : corresponding receivers are not decreased in this split. This

A§CD is intentional, otherwise the resulting tree would be only a
’@ shortest path tree, yet optimized. Following the procedure,
e the non-permanent assignments remain with the nodes which
4 AD are responsible for a larger number of destinations, but only
Al if no other forwarding node is on a shortest path to the
@ - corresponding multicast receiver.

Obviously, if there is only one multicast destination, the
Fig. 1. Node 1 has to find a multicast tree to the destinations A,B,C and split algorithm selects the next hop node from one of the
A split algorithm at node 1 assigns node 2 to find a multicast tree (path) ﬁéighboring nodes on a shortest path to the destination. In
B and node 3 to find a multicast tree to A and D. C was found directly from . hi i . Id also be lef h derlvi
the neighbor list. prgctlce,t is part of routing could also be left to the underlying
unicast protocol.
The algorithm is summarized in a pseudo-code implementa-
tion in Algorithm 1. In this implementation the non-permanent

This information might be obtained along with the unicag{ssignments overlapping with permanent ones are removed in
routing updates or by exchanging unicast information amogseparate loop.

neighboring nodes, which naturally implies some additional

overhead. The required hop distances can be exchanged eif)gbrithm 1 Split operation, input{i, T'); forwarding node;,
pro-actively maintaining the all-pairs shortest path matrix &kt of receivery

each node, or in on-demand fashion for the tree nodes andy a7 r, — ¢

selected set of destinations. However, no flooding is required . 7\

Consider the split operatiofi, T') in which nodei is given I* D;(j) denotes the distance betweeand; */
the task of forwarding data/finding a route to the set of B?(T) — {teT|(Di(t)— D;(t)) =0}, j €N;
destinations (aka multicast receiverB) Let N; be the set BNT) « {t € T|(D;(t) — Dj(t)) =1}, j € N;
of neighbors of nodé. w?]ile T\F, # 0 do

The split algorithm at consists of finding a set of next hop m «— argmax,e, | Bj (T)]
forwarding nodes and divide the multicast receivers among /* add to beginning */
them. During the algorithm the destinations receive assign- A1 « (m, B} (T) U (BY,(T)\Fy)) U M

ments, either permanent or non-permanent, to neighboring r, — F, UEO (T)

m

nodes ofi (which thus become forwarding nodes). Once made, 71 — T\B! (T)
a permanent assignment remains fixed, but any non-permanerind while

assignment can be replaced (only) by a permanent one. /* remove redundant non-permanent assignments */
Since a transmission of reaches all the neighboring for each(m,T,,) € M do

receivers they are first removed froffi. Then the algo- T — T\ A

rithm repeats the following split step until all receiversin A—AUT,

have non-permanent assignmentsZoibecomes empty: Let end for

B;(T) C T denote the set of remaining receivers, which can Output M /* <node, destination list - pairs */
be reached from nodg¢ € N; with one less hop than from
i. In other wordsB;(T) is the set of receivers to which a

shortest path from goes viaj. Select a forwarding node [1l. SIMULATIONS
m = argmax;en, |B;(T)|, i.e. the neighboy for which the  We study the performance of the proposed algorithm in a
number of elements in the sé; (7)) is the largest. series of network scenarios. For each scenario, defined by the

The assignment works as follows. The nodes (destinationsple (n, R,,q., m), wheren is number of nodesR, ... is the
in B,,(T) are assigned permanently @ and removed from transmission range and is the number of multicast receivers,
T. After that any receiverj remaining inT" for which the the results are averaged over 500 instances of random networks
distance fromm to j is equal to the distance betweérno j in unit square. In the simulations we measure the total number
are assigned non-permanentlyrtowithout removal fromI’.  of transmissions and compare the results to the optimum
Now only the receivers for which the hop distance wouldolutions obtained by the exact solution obtained by exhaustive
have been increased if routed throughremain inT without enumeration.
an assignment. In case such nodes exist, we repeat the spliigure 2 shows a comparison between the proposed algo-
step until all receivers iff" have non-permanent assignmentgthm and the a concatenation of shortest paths from the source
to a forwarding node ofl’ becomes empty. As a result weto the receivers (shortest path tree), whp,,,. = 0.286.
have generated a set of split problems with forwarding nodBarameter values = 1 andm = 49 correspond to the unicast
and their assigned destinations. and broadcast cases, respectively.



16 o 3 therein). There the authors reported that the best ad hoc
14 Lot broadcast method in their tests, AHBP, used 18% of the nodes
L to rebroadcast in the 110 node network. As seen in Figure
012 — . ..
15 * 3, our algorithm uses less than 12 transmissions for the tree
@10 —* T L which means that it requires 10% of the nodes to rebroadcast
§ 8 - J/“/«/f*w the original transmission, whereas the optimum is 7%.
. n
: ot !!?’/V IV. CONCLUSIONS
E 4 // We have presented and analyzed a multicast tree algorithm
./ that utilizes shortest path information to generate highly effi-
2 cient multicast and broadcast trees in ad hoc networks.
The algorithm can be applied to multicast routing and, for

10 20 30 40 50 . . .
# of receivers small receiver groups, to stateless multicast forwarding due

to its fully distributed nature. In the applications the shortest

Fig. 2. Multicast efficiency withRq, = 0.286 andn = 50. Shortest path path information is obtained from the unicast routing tables.

tree (star), proposed algorithm (square) and optimal tree (diamond). Accordingly, the main disadvantage of the method may be
the increased signaling load as the nodes have to exchange

20 (at least partial) routing distance tables with their neighbors if

the distances cannot be obtained directly from unicast routing
17.5 i updates. Furthermore, the efficiency of the algorithm depends
@ 15 S S i on the validity of the route length information, which sets some
° P constraints to the applicability of the algorithm in mobile and
E 12. 5 rimammmnnt dynamic networks.
& 10[t mu®" wu? As the goal of the present work was to describe the tree
5 ! /W»H«MMFH construction algorithm and evaluate its performance, many
- 7.5 implementation related questions remain still open for further
i 5 study. For example, co-operation with unicast routing pro-
tocols in information updates and the effect of incomplete
2.5 or inaccurate unicast information on multicast performance
56 0 56 86 100 require some further attention.

# of nodes
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