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1.1 INTRODUCTION

Wireless ad hoc networks (WANET), which can consist of any handheld device with
a transceiver (e.g., PDAs and laptops), are designed for applications, such as disaster
rescue and military applications, where traditional infrastructure-based cell networks
do not exist or can not exist. Moreover, recent advances in micro-electro-mechanical
systems (MEMS) technology, wireless communications and digital electronics have
enabled the development of low-cost, low-power, multifunctional sensor nodes that
are small in size and communicate untethered in short distances [16]. However,
most of these devices, including both sensors and regular size devices, are driven by
batteries with finite capacity. Not only it is inconvenient to recharge batteries while
in operation, but also in sensor networks, which are based on collaborative effort
of a large number of sensors, it is impractical to collect all sensors to recharge the
batteries.

Due to the limitation of available energy in the battery driven devices in WANETs,
the longevity of the network is of prime concern. This chapter mainly considers
the problem of maximizing lifetime of WANET when multicast traffic dominates.
Multicast is an efficient method to disseminate data to a group of destinations. It
is the basis of most group communications, which are important applications in
WANETs. Most implementations of multicast are tree-based, where data flow along
multicast tree links from the root to all destinations. A tree established for each
source is a source-based multicast tree, which is rooted at the source and spanning
the group of destinations. Problems discussed in this chapter have one source and
therefore, multicast information is delivered to the group of destinations through a
single or combination of multiple source-based multicast trees. In the situation of
multiple sources, one option is that sources share a tree structure, which is referred
to as group-shared multicast tree, or core-based tree. To multicast data, each source
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is first required to transmit data to the core, which is the root of the shared tree.
Then, the core forwards them to all destinations through the tree, as if it were the
source of the data. The application of group-shared tree inevitably leads to traffic
concentration on the shared tree, and in turn fast energy depletion at the nodes in
the tree. From this perspective, group-shared tree is not preferred when network
lifetime is of concern. Alternatively, multiple source-based multicast trees could be
constructed, each of which is rooted at a single source. Thus, it is possible that some
nodes are common nodes for several trees. The problem of maximizing lifetime in
this scenario is complicated and beyond the discussion in this chapter.

Besides multicast lifetime, some other objectives motivated by limited energy in
WANETs have been addressed. The one closely relevant is energy efficient multicast
routing, whose target is to maintain a multicast connection from the source to a group
of destinations with minimum total energy consumption by all nodes. This problem
has been studied intensively in the past few years and many topology control and
power-aware techniques have been developed to address the issue of limited energy
[5][6][7]. A wireless node is able to choose dynamically the transmit power level at
which its transceiver transmits packets. The value of transmit power, in reality, is
proportional to the transmission range, a scope within which the signal is legible to
the receiver. Further, due to the broadcast nature of the wireless medium, every node
located within a node’s transmission range can receive packets from that node. This
phenomenon is so-called wireless multicast advantage (WMA). Therefore, each node
can determine the set of possible one hop away neighbors by adjusting its transmit
power. Adjustment of the transmit power in wireless nodes to create a desirable
optimized topology is called topology control [1].

The problem of constructing a multicast tree with minimum total energy con-
sumption has been proven to be NP-complete [15]. An energy efficient multicast
tree, however, can not guarantee optimum lifetime. Approaches tackling energy
constraints in unicast routing in WANETs have one of two different targets. Similar
to energy efficient multicast algorithms, the performance objective of energy efficient
unicast routing is to minimize the total consumed energy per unit flow, that is to find
a path from the source to the destination on which the sum of energy consumption is
minimized [2]. The maximum lifetime unicast algorithms consider the problem of
maximizing the time to network partition [2][3][4][8]. Results of unicast routing are
not directly applicable to multicast problems due to different traffic pattern between
unicast and multicast routing, which is one-to-one versus one-to-many. But unicast
is a special case of multicast, where only one destination exists.

This chapter is organized as follows. We first introduce energy consumption
model in WANETs as background. This is followed by definitions of maximum
multicast lifetime routing. In the fourth section, we present solutions to the problem of
maximizing multicast lifetime using single tree (MMLS). Then,approach is discussed
when multiple multicast trees are allowed, that is, maximizing multicast lifetime using
multiple trees (MMLM). We briefly summarize this chapter in the last section and
discuss some open research issues.
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1.2 ENERGY CONSUMPTION MODEL IN WANETs

As in traditional networks, nodes in WANETs consume energy for processing internal
data and simply for being "on" in an idle mode. But the main factor, which constitutes
the energy consumption of a wireless node, is the power required to transmit and
receive data. Node � can communicate directly to node � if the transmit power from� exceeds some threshold value ����� . In reality, �	����

������ , where ����� is the Euclidean
distance between nodes � and � , and exponent � , ��������� , models the decay of the
radio signal in the intervening medium [18]. � ��� captures cost of link from node � to
node � . For simplicity, we assume symmetric links, that is � ����� � ��� for any nodes� and � . Therefore, the power required at node � in order to communicate to node �
can be expressed as

� ��� � ����� if � is the source node,�����! "��# otherwise, (1.1)

where � # is power used for reception. The source does not receive data from other
nodes and therefore no reception cost is involved in a source node. Actually, as can be
seen later, the approaches are valid, even if the reception cost is not considered except
for some minor differences in results. For simplicity, we choose to only consider
power used to transmit data in our energy consumption model.

Moreover, the unit of power mentioned above is Joule per unit time, say second.
The energy consumed in each node is directly related to the volume of data transmitted
and/or received, especially when power consumed for being simply "on" is negligible
compared with that for data transmission and reception. Two units, which are Joule
per second and Joule per bit of data (or Joule per packet), can be related to each other
by a constant transmission rate $ in bit per second (or packet per second). Therefore,
they are equivalent. However, to avoid confusion, %&� is used as the transmit power of
node � , %'��� as the cost of the link from node � to node � , and %&# as the power used
for reception, all of which are in Joule per bit. Clearly, % �(� � �*) $ , % ���+� � ���') $ and% #�� � #,) $ . From this point of view, the two units could be used interchangeably.
Further, lifetime or duration of multicast tree(s) and wireless node(s) can be described
in either time, say seconds, or volume of data, say bits, for the same reason.

Any node, say � , is assumed to be able to control its transmission range by choosing
an appropriate transmit power level ��� . Basically, �	� could be any value satisfying��-.�0/1�
���+�2��-4365 , where �	-.�7/ is the minimum transmit power required to send
a packet to an arbitrarily near node, and ��-4365 is the maximum transmit power in a
wireless node. �	� �28 means that node � decides not to transmit packets to any other
nodes. If we define node � is a neighbor of node � when node � can successfully
receive packets from node � directly, the neighborhood relationship is irreversible. It
is possible that node � can hear node � but node � can not receive packets from node� because of different transmit power at nodes � and � . So, the connectivity of the
wireless network depends on the transmit power levels at all nodes, which is referred
to as a power assignment.
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Wireless multicast advantage (WMA) is due to broadcast nature of wireless
medium. For example, in Fig.1.1, node 9 is transmitting data to nodes : and ; .
The minimum power required at node 9 is <>=&?	@A�CB 3ED ��BGFIH instead of ��B 3  J�	BGF . From
another point of view, node 9 transmits data with a power level enough for the farthest
neighbor to receive it, but to the rest of its neighbors that are closer at free of charge
of energy. It is safe to say that WMA has enabled the design toward achieving energy
efficiency as well as extension of network lifetime.
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Fig. 1.1 Wireless multicast advantage

For a node in a multicast tree, specifically, the power required at this node depends
on the farthest child it has, i.e.,

%K��LNMPO&Q � <>=R?�TS�UWV*X7YRZT[ %'��� D (1.2)

where %'��LNMPO&Q stands for transmit power required at node � in multicast tree M\O , and] ��L^MCO_Q is the set of children of node � in tree M�O . Unless stated otherwise, algorithms
presented in this chapter are off-line algorithms based on global knowledge of the
network deployment. We assume once a multicast tree is constructed, it will be
used for comparatively long time before any structure modification. Also because
nodes in the network are assumed to be reliable and static, overhead for multicast
tree maintenance is negligible.

So far, we have introduced power consumption by a node in WANETs. Due to
WMA, both energy and bandwidth in wireless communications are conserved. On
the other hand, however, it leads to increased level of interference and collision. To
focus on the discussion on network lifetime, we assume the work is based on some
reliable protocols at the Medium Access Control(MAC) layer and energy consumed
for reliable transmission at the MAC layer is not considered in this chapter.

1.3 DEFINITIONS OF MAXIMUM MULTICAST LIFETIME

Lifetime of an individual node can be defined as a continuous amount of time
during which the node is operational till the first failure due to battery depletion,
or equivalently, the number of bits of data a node can transmit at certain transmit
power. Lifetime of node � , denoted by `a� , is determined by both its battery capacity,b � (Joule or milli-Joule), and the transmit power required at that node, i.e.,
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`!� � b �%K�\c (1.3)

Further, link longevity is defined as the maximum number of bits that the source
of a link can transmit to the node on the other end of the link. If we denote longevity
of link � to � by ` ��� ,

` ����� b �%K��� c (1.4)

Notice that `!���ed� `f��� if
b �.d� b � .

Then, what is the relationship between longevity of a node and that of each link
starting from it? Since a node is always transmitting data to reach its farthest neighbor,
the lifetime of this node is determined by the smallest link longevity originating from
it, i.e.,

` �g� #CVh V L^:�iTiIj'k'�E�ml�n�oGj.p�q'r�:�o*�mj'lts c u Q D� # Vv,w�xTy�h V y L^:�iTiIj'k'�E�ml�n�oGj.p�q'r�:�o*�mj'lts c �_Q D� <ez0{ � #CVh V y D� <ez0{ � ` ��� L^:�iTiIj'k'�E�ml�n�oGj.p�q'r�:�o*�mj'lts c ��Q D
where � is any neighbor of node � . By viewing Equation (1.3), the lifetime of node �
in multicast tree M O can be expressed as

`|��LNMPO&Q � b �%K��LNMPORQ}c (1.5)

It means that in order to maintain a tree connection, the transmit power at each node
in the tree is at least the maximum power required to communicate to its farthest
child, i.e.,

`|��LNMPO&Q � b �<>=R? �TS�UIVGX7YRZT[ % ��� c (1.6)

A leaf node has an infinite lifetime because of its zero transmit power.
A tree is an acyclic structure. Any node failure will result in at least one tree link

failure and hence, disconnect the tree. So, a (multicast) tree gets disconnected even
if a single node dies. Consequently, the lifetime of a multicast tree is same as the
lifetime of the bottleneck node, the node in the tree with shortest lifetime among all
the tree nodes.

Definition 1: Lifetime of a single multicast tree In the scenario where one multicast
tree is used throughout the multicast session, lifetime of this tree is the duration till
the first node dies due to power depletion. We denote lifetime of multicast tree M O
by `~LNM O Q such that
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Fig. 1.2 Network deployment and sample multicast trees

`�LNMPORQ � <ez7{�NS�U�X7YRZ6[ `!��LNMPO&Q D (1.7)

where
] L^MPORQ is set of nodes in tree M(O . Then by substituting `a��L^MCORQ in Equation

(1.5), we get

`�LNMPORQ � <�z0{�^S�U�X7YRZ6[ b �% � L^M O Q�c (1.8)

For example, Fig.1.2a shows the network deployment with the cost of each link
specified. Node 9 is the source and nodes : , ; , and i are destinations, all of which
have an identical initial energy of 200 units. In multicast tree in Fig.1.2b, transmit
power at node 9 , : , ; , and i is 1.0, 0.8, 1.7 and 0 unit, respectively. In multicast tree
in Fig.1.2c, the values are 1.0, 2.0, 0 and 0 unit, respectively. Node : in Fig.1.2c
transmits packets at a power of 2.0 unit in order to reach its farthest child i , but can
multicast data to nodes ; and i at the same time. According to definition 1, multicast
tree in Fig.1.2b has a lifetime of 118 bits and multicast tree in Fig.1.2c 100 bits with
nodes ; and i being bottleneck nodes, respectively.

For a given network deployment, the problem of maximizing multicast lifetime
of the network using single tree (MMLS) is to find a multicast tree that has the
highest lifetime among all viable multicast trees connecting the given source and
destinations, i.e., ���

`a� � <>=R?O <ez0{�^S�U�X7YRZ6[ b �% � L^M O Q D (1.9)

where M(O is any viable multicast tree.
When a tree is used throughout the multicast session, the intermediate nodes in

the multicast tree consume their energy fast, especially the bottleneck. The tree dies
when the bottleneck exhausts its battery. In many situations, multiple multicast trees
can be used alternately to increase the multicast lifetime of the network. For instance,
in the earlier example drawn in Fig.1.2, multicast tree in Fig.1.2b has a lifetime of
118 bits and multicast tree in Fig.1.2c 100 bits. If both trees in Fig.1.2b and Fig.1.2c
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are used one after another, for example, tree in Fig.1.2b is used to transmit 80 bits of
data and then multicast session is continued through tree in Fig.1.2c till it dies. After
80 bits transmitted on multicast tree in Fig.1.2b, the residual energy at nodes 9 , : , ;
and i is 120, 136, 64, and 200 units, respectively. This means that 68 bits of data can
be delivered with the residual energy till the failure of first node, i.e., node : . As a
result, a total of 148 bits of data are sent from node 9 to nodes : , ; and i . Instead, if
to choose multicast tree in Fig.1.2b for 100 bits and then switch to tree in Fig.1.2c to
multicast as many data as possible, a multicast lifetime of 160 bits can be achieved.

Multicast lifetime can be increased by using multiple trees alternately because it
is able to balance energy consumption at wireless nodes. The idea is that in each
multicast tree, there are one or more nodes whose transmit power is comparatively
higher than others. The bottleneck is one of these nodes. If multiple trees exist such
that nodes with higher energy cost in each tree are different, or in another word, each
node in the network is not costly all the time, it is possible to find a combination of
these trees, which is capable of extending the time till the first node dies.

We know lifetime of a single multicast tree is determined by distribution of initial
energy and power consumed at each node. For multiple multicast trees, however, the
lifetime is affected by the set of multicast trees and duration of each tree used as well,
which is shown in the preceding example.

Definition 2: Switching schedule In a multicast session, several multicast trees are
used alternately to deliver data from the given source to the group of destinations.
A switching schedule describes the duration of each multicast tree that will be used
during the multicast session such that energy available at each node in the network
can be enough for all transmissions described in the switching schedule and after
the execution of the entire switching schedule, the residual energy at each node can
afford no more multicast tasks1.

Formally, a switching schedule ��� can be expressed as a set of bi-tuple LNo D ��Q ,
where o is a multicast tree, and ��� 8 , is the duration that multicast tree o will be
used. o � d� o � for any elements L^o ��D � � Q D L^o �ED � � Qa�"�,� , �4d� � .

Definition 3: Multicast lifetime of multiple trees Given several multicast trees and
a switching schedule, lifetime of these trees is the sum of duration of each multicast
tree in the switching schedule. If ` stands for the multicast lifetime using switching
schedule �,� , then ` � �X��NVm� ��VN[mSE��� ��� c (1.10)

For instance, two switching schedule appeared in the previous example are @ (tree
(b), 80 bits),(tree (c), 68 bits) H and @ (tree (b), 100 bits), (tree (c), 60 bits) H , respec-
tively. Therefore, lifetime is 148 bits and 160 bits, respectively.

1According to our assumption, only duration of each tree has effects on the multicast lifetime, but the
sequence does not.
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Fig. 1.3 Network deployment and sample multicast trees

The task of maximizing multicast lifetime of the network using multiple trees
(MMLM) is actually to find a switching schedule that maximizes the network lifetime.
In another word, besides choosing appropriate set of multicast trees, duration of each
tree has to be optimized.

Broadcast is a special case of multicast, where all nodes, except the source, are
destinations. So, the above definitions are directly applicable to broadcast appli-
cations. So far, the definitions of multicast lifetime have been provided. We will
look at the differences between two related designs, energy efficient and maximum
lifetime multicast routing, based on these definitions. The idea of energy efficient
algorithms is to minimize the total energy consumption by all nodes in the multicast
tree. Due to wireless multicast advantage, a wireless node can communicate to all
nodes within its transmission range with transmit power required to reach its farthest
one hop away neighbor. To reach an even farther node, the sender can transmit
packets at higher power or one of its neighbors can forward packets for the sender.
Among two options, the first is preferred if the increment of the transmit power at
that node is smaller than the transmit power required at the forwarder. Generally,
objective of energy efficiency leads to higher energy consumption at a subset of
nodes and lower consumption at others. We know that for a node with fixed battery
capacity, however, the higher the transmit power, the shorter the lifetime. Therefore,
minimum total energy consumption can not guarantee maximum multicast lifetime.
Fig.1.3a illustrates an example deployment of wireless ad hoc networks consisting
of 3 nodes and with link cost specified. Among these nodes, node 9 is the source,
and both nodes : and ; are receivers. We assume that all three nodes have same
initial energy, say 200 units. Fig.1.3b and Fig.1.3c are two multicast trees connecting
the source and destinations. Actually, tree in Fig.1.3b is a multicast tree with the
minimum total energy consumption by all nodes and tree in Fig.1.3c is the one with
maximum lifetime. Specifically, transmit power at nodes 9 , : and ; is 4, 0, and 0 unit
respectively in Fig.1.3b and 2, 3, and 0 unit in Fig.1.3c. Total power consumption is
4 units LN�+ 8  8 Q in Fig.1.3b and 5 units L��� u  8 Q in Fig.1.3c, while lifetime is
40 bits with node 9 being the bottleneck and 200/3, a little more than 66 bits, with
bottleneck node : , respectively. The result in this example is that tree in Fig.1.3c has
better lifetime than tree Fig.1.3b although it consumes more energy as a whole.
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1.4 MAXIMUM MULTICAST LIFETIME OF THE NETWORK USING
SINGLE TREE (MMLS)

MMLS problem naturally leads to a max-min optimization problem because the
minimum time at which the first node failure occurs need to be maximized [10]. In
this section, we first prove that MMLS is solvable within polynomial time under both
identical and non-identical battery capacity situations. Then, solution in a special
case, which is maximum broadcast lifetime of the network using single tree (MBLS),
is presented. Approaches discussed in first two subsections are centralized solutions.
A distributed algorithm, L-REMiT [9], will be introduced briefly at the end of this
section.

1.4.1 MMLS

We know battery capacity together with transmit power assignment determines node
lifetime, and further affects lifetime of the multicast tree, as shown in Equation (1.5)
and (1.8). In the case of same type of battery at each node, the problem of MMLS is
reduced to find a multicast tree, whose highest transmit power is minimized. That is,
if
b�� � b+� ���I�I��� b�� ,���

`!� � <>=R?}O\<ez0{ �NS�U�X7YRZ6[ #(�h V X7Y Z [ D� #(�v,� � Z v,w�x VN�I����� ZT� h V X7Y Z [ c (1.11)

A straightforward method is to enumerate all possible multicast trees connecting
the given source and destinations and then choose the tree whose highest transmit
power is smallest among all trees. The lifetime of this tree is an answer to MMLS.
However, this simple method is not desirable because of poor efficiency. According
to Cayley Formula [14], the number of spanning trees of a complete graph  ¡/ isl /�¢ � for any l¤£¥� . So, the above method has an exponential time complexity.

Is there a solution with better complexity? The answer is yes. Referring to
Equation (1.8), if

b�� � b�� �¦�I�W�E� b � , we have:

`~L^MCO_Q � <ez7{ �NS�U�X7YRZ6[ #(�h V X7YRZ6[ D� #(�v,w�x V§�W�¨��� ZW� h V X7YRZT[ c
This means that under the situation of identical battery capacity, the lifetime of
multicast tree is determined by the largest transmit power in the tree. Suppose that in
multicast tree M O , the highest transmit power is % � L^M O Q . For any node � in tree M O , its
transmit power satisfies %R��L^MPO&Q��©% � L^MCO_Q . By increasing %R��LNMPO&Q to % � L^MPO&Q , lifetime
of the multicast tree is not changed although the lifetime of node � is decreased.
So, we can increase power consumed at each node to % � LNMPO&Q if possible without
affecting lifetime of the tree. The idea is to assign same transmit power to each node
in the network and search for the smallest power such that a multicast tree can be
constructed spanning the given source and destinations [15].
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The network is modeled as a unidirectional graph ª � L ] D p«Q , where
]

is the
set of nodes and p is the set of available links, that is p � @�LN� D ��QW¬ % ��� �­% � H . When
each node in the network is assigned the same transmit power � , p is denoted bypa® and p � p.® � @�LN� D ��QW¬ % ��� �­�PH . It is straightforward that p4®°¯¦p�± if ���¦q .
To construct corresponding p4® for given network deployment, the only thing needs
to be done is to compare link cost between each node-pair to the assigned power.
Further, we know in a connected graph, basic tree-growing scheme [14] is able to
generate a multicast tree spanning all the nodes. So, there exists such a tree as long
as the source and all the receivers are in a single connected graph. The following
algorithm is used to incrementally construct a connected subgraph starting from the
given source, say node 9 , when p is available.

Connected-Subgraph-Construction ²0³.´^µA¶ :·°¸°¹ µAº ;» ¸½¼!¾6·
;

for each node ¿ in
·

for each node À in
»¹

if ²7¿Á´§ÀW¶CÂ�³¹ ·¡¸°·>ÃÄ¹ À'º ;» ¸ »1Å ¹ À'º ;ºº
return

·
;

Return value $ from the algorithm, Connected-Subgraph-Construction, is a con-
nected subgraph including the source 9 . All destinations are connected to node 9
directly or indirectly as long as they are included in $ . The procedure for solving
MMLS in the scenario of identical battery is summarized in the following algorithm,
which is based on the ideas by Lloyd et al. [15]:

Minimum-Transmit-Power-Search:
Sort all possible transmit power levels;
While(true)¹4Æ ¸

smallest possible transmit power that has not been tried so far;
Calculate ³CÇ ;·¡¸

Connected-Subgraph-Construction ²È³ Ç ´mµA¶ ;
If (the set of destinations É · ) break;º

return

Æ
;

After minimum transmit power � is returned successfully from the preceding
algorithm, MMLS can be computed easily by dividing

b
over � . If $ is a connected

subgraph corresponding to the minimum transmit power � , any multicast tree built
through tree-grow scheme based on $ has a lifetime of MMLS. The multicast tree
may include some unrelated nodes, which are not multicast nodes (either the source
or one of the destinations) and none of their descendants is multicast node. These
nodes, will be removed by pruning. The structure of the multicast tree with maximum
lifetime may not be unique.
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Now, we consider the complexity of this searching algorithm 2. Since % ��� is
known for any nodes � and � , to calculate p�® , l � comparisons are needed wherel is the total number of nodes in the network. The number of steps to construct a
connected subgraph will be less than ÊeLNl � Q as per Connected-Subgraph-Construction
algorithm. So, for each possible transmit power value, ÊeL^l � Q steps are required to
check the feasibility. For each node, there are not more than lÄË¥s possible transmit
power levels because there is at most one new power value for each neighbor. This
does not include the possibility that a node could choose not to forward any data, that
is zero transmit power. These add up to at most l possibilities. Then, for all l nodes
in the network, there are l � different transmit power levels at most. As a result, the
total running time to find the optimized maximum lifetime is ÊeLNl�Ì'Q , i.e., polynomial.
The above minimum power search algorithm can be optimized by sorting the ÊeLNl � Q
candidate solution values and using binary search to determine the smallest value
such that the given source and destinations are connected [15]. In this situation, the
running time is reduced to ÊeL^l �PÍ0Î_Ï l(Q .

The above approach is able to solve MMLS in the scenario of identical battery
capacity, where the lifetime of a multicast tree is determined by the highest transmit
power in the tree. In the more general situation, where batteries are not identical,
the node with highest transmit power may not be the bottleneck. To search for the
maximum lifetime, longevity of each node is used instead of transmit power. Each
node is assigned the same lifetime and the transmit power is adjusted according to
its initial energy. For example, if Ð � is a candidate lifetime, which is intuitively the
lifetime of the possible multicast tree, for node � with initial energy

b � , it must choose
its transmit power %R� to be <ez7{P@ # VÑ � D ��-4365�H . Based on the transmit power at each
node, link set p is calculated. Similar to the situation of identical battery, the number
of possible node lifetime is at most l � . The following Maximum-Lifetime-Search
algorithm is a variation of the algorithm of Minimum-Transmit-Power-Search and
therefore has same running time. As opposed to Minimum-Transmit-Power-Search
algorithm, this algorithm returns MMLS directly.

Maximum-Lifetime-Search:
Sort all possible node lifetime:
While(true)¹�Ò ¸

the highest lifetime value that has not been tried so far;
Calculate ÓAÔ ¸¥Õ VÖ for each node ¿ ;
Calculate ³ ¸"¹ ²0¿Á´ÈÀK¶G× ÓAÔ Ø.ÙÄÓ�Ô�º·¡¸

Connected-Subgraph-Construction ²È³.´�µA¶ ;
If (the set of destinations É · ) break;º

return

Ò
;

2Similar complexity analysis appeared in [15]
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1.4.2 MBLS

So far, we show that MMLS is solvable by using enumeration within polynomial
time. Now we are going to introduce approaches to a special case problem, which is
maximum broadcast lifetime of the network using single tree (MBLS). Similarly, the
solutions are divided into two cases: identical and non-identical battery capacity.

Minimum spanning tree (MST) is a tree containing each vertex in the graph
such that the sum of the edges’ weights is minimum. It has been proven to be
the tree minimizing the maximum power consumption as well [10]. In the case of
identical battery capacity, according to Equation (1.11), MST is a globally optimal
solution to MBLS. Further, a hybrid algorithm, which applies both Borvka algorithm
and Prim algorithm, is developed to solve the minimum spanning tree problem inÊeLNÚ Í7ÎEÏ|Í0Î_Ï l(Q time, where Ú is the number of edges and l is the number of nodes
[19]. This is faster than ÊeLNl �(Í7ÎEÏ l(Q , the time complexity of the enumerating method,
since ÚÛ��l�LNlÜË2sKQ . One example is depicted in Fig.1.4a and Fig.1.4d. Fig.1.4a
is network deployment with link cost specified and the tree in Fig.1.4d is a MST
generated through Prim algorithm [14]. If an identical battery capacity of 200 units
is assumed, MBLS of network in Fig.1.4a will be 125 bits with node 9 being the
bottleneck.

MST could also be applied to solve MBLS problem when batteries are non-
identical, where the network is modeled as a directed graph instead and the weight
of each link is no longer transmit power, but the inverse of link longevity [12]. Then,
MST is built based on the directed graph and the result MST is referred to as DMST
(directed MST). DMST minimizes the maximum inverse of link longevity, and in
turn, maximizes the minimum link longevity. Therefore, DMST is a globally optimal
broadcast tree with maximum broadcast lifetime.

Here is an example. The deployment and link costs are shown in Fig.1.4a. Fig.1.4b
shows initial energy available at each nodes, specifically, 100, 200, 300 and 400 units
at nodes 9 , : , ; and i , respectively. Inverse of each link longevity is also specified
in Fig.1.4b. The tree in Fig.1.4e is a DMST generated from network in Fig.1.4b
through Prim algorithm. Then, MBLS in this scenario is 100 bits with node 9 dying
first. Another example with the same deployment but different initial energy at each
node is provided in Fig.1.4c to illustrate the effects of different distribution of battery
capacity. In this network, node 9 , : , ; and i has 200, 100, 300, and 400 units energy,
respectively. The tree in Fig.1.4f is the DMST constructed from Fig.1.4c and it is
different from the broadcast tree in Fig.1.4e. MBLS of the network in Fig.1.4c is 176
bits till node ; ’s depletion of energy.

1.4.3 A distributed MMLS algorithm: L-REMiT

Above discussion presents centralized approaches to MMLS problem in WANETs.
L-REMiT [9], a refinement-based distributed algorithm is introduced as follows.

Basically, L-REMiT formulates the task of extending the lifetime of a multicast
tree as extending the lifetime of bottlenecks in the tree. By reassigning the farthest
children to other nodes, the bottleneck is able to reduce its transmit power and in
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Fig. 1.4 Example of maximum multicast lifetime using one tree
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turn increase its lifetime. Rational behind L-REMiT is that a multicast tree remains
connected after a node switches its parent to a non-descendant node if the node itself,
its original parent and possible new parent are all in the multicast tree. Further, the
two nodes, the parent before and after the switch, are the only nodes whose lifetimes
are affected. Therefore, the lifetime of the multicast tree will be increased as long
as the lifetime of the former parent, which is the bottleneck, is increased, and at the
same time the updated lifetime of the new parent is greater than the lifetime of the
original multicast tree.

L-REMiT works as follows. All nodes run a distributed algorithm, say algorithm
proposed by Gallager et al. [20], to build a MST at the beginning. Then, refinement
steps are conducted on the initial spanning tree in rounds coordinated by the source.
In each round, a bottleneck is chosen in a bottom up manner from the leaf nodes to
the source. After the bottleneck gets L-REMiT token from the source, it switches
its farthest child to another node in the tree if lifetime of the tree will be increased.
Otherwise or after the refinement, the bottleneck passes the token back to the source
using the reverse tree path from itself to the source. The procedure stops till no
further improvement can be found. As the last step, pruning is conducted to remove
all the nodes which are not needed to cover all the multicast group nodes.

1.5 MAXIMUM MULTICAST LIFETIME OF THE NETWORK USING
MULTIPLE TREES (MMLM)

In the previous section, the approaches to optimal maximum lifetime are studied
when one multicast tree is used throughout multicast session. This is also referred to
as static power assignment [11]. In a static power assignment, one result is inevitable,
where only a subset of nodes fail due to battery exhaustion while there are still some
amount of energy remaining at other nodes. Especially, residual energy at the leaf
nodes is barely touched. This part of energy is actually wasted. In this section,
approaches to extend multicast lifetime by making use of all available energy are
discussed.

1.5.1 MMLM

The problem of maximum multicast lifetime of the network using multiple trees
(MMLM) is also called dynamic assignment problem [11] because the transmit
power at each node is allowed to change dynamically in order to switch from one
multicast tree to another. We have seen an example of multiple multicast trees being
used alternately earlier in this chapter. Recall the conclusion we reached earlier:
to solve MMLM problem is equivalent to finding a collection of multicast trees
connecting the source and destinations, along with the corresponding duration of
each tree, which we refer to as an appropriate switching schedule.

We first introduce a solution based on linear programming (LP), which is an
efficient mathematical tool to solve maximum or minimum linear functions subject
to linear constraints [13]. Authors in [11] have come with a similar approach. If
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MMLM problem can be transformed to a linear function and corresponding linear
constraints, LP is capable of solving the problem. The following expression shows
one possible transform.

<e=&?.$+Ý9 c o cIÞ Ýß� b :�lP�4Ýà£ 8á�â %KkR%.$ �äã s D s D c0c7c D sIå DÝ �äã æ � D�æ � D c0c7c D�æ	- å Y DÞ �¦ã : �N� � å /�ç�-èD:ElP� b �äã b�� D b�� D c0c7c D b /�å c
(1.12)

In this linear program, the objective is to maximize total execution time, i.e. the
lifetime. Suppose there are l nodes in the network and Ú viable multicast trees, æP�
stands for execution time of tree M � , Þ is power assignment matrix, and element : �^� �
is transmit power of node � in tree M � . Since network deployment is given, all viable
multicast trees could be enumerated. Actually, matrix Þ is a description of these
multicast trees.

b � is battery capacity in node � . The constraints Þ Ýé� b
mean

that the summary of energy consumed in each tree will not exceed its initial energy.
Apparently, execution time in each tree should not be less than 0. The objective
function and constraints are then fed to any mathematical tool, which is capable of
solving linear programs, for example, Matlab [21]. Finally, MMLM is computed by
summing up æ � .

A numerical example is provided to illustrate how LP finds optimal solutions.
Network deployment is given in Fig.1.5a. Node 9 is the source and nodes : , ; andi are receivers. Each node has an identical battery capacity of 200 units. To make
the example more realistic, we assume reception cost to be 0.1 units. Matlab [21] is
used as linear program optimization tool.

As a result, MMLM of the network in Fig.1.5a is 188 packets and detailed switch-
ing schedule can be seen in Table1.1. Notice that in Fig.1.5, only a subset of
all possible multicast trees are shown, among which multicast trees in Fig.1.5b,
Fig.1.5c, and Fig.1.5d appear in the LP result. Multicast trees in Fig.1.5e, Fig.1.5f,
and Fig.1.5g are drawn here for comparison. The tree in Fig.1.5g is actually a MST
generated through Prim algorithm. From the results reached in the previous section,
we know in single tree situation, MST is a tree that has the maximum lifetime, which
is 125 bits. Compared with MMLS, MMLM is about 50% better in this scenario.

Table 1.1 Optimal switching schedule in the example

Multicast tree Duration

Fig.1.5 (b) 55 bits
Fig.1.5 (c) 75 bits
Fig.1.5 (d) 58 bits
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We have described that LP is capable of dealing with MMLM problem when all the
multicast trees are given. Although LP can solve max/min problem efficiently even
for some comparatively large number of constraints, it is not desirable to apply LP
in the above manner. This is because the time complexity to enumerate all possible
multicast trees is exponential. It has been proven that quantized version of MMLM
problem is NP-hard [11].

1.5.2 Some approximations

The problem of MMLM is hard because of NP-hardness. Up to now, only very few
results have appeared in the literature. Now, we are going to introduce two algorithms
aiming to extend lifetime by applying the idea of multiple multicast trees.

One algorithm developed by Floréen et al. [11] utilizes LP in a way similar
to the method presented earlier in this section. To avoid exponential complexity,
the algorithm generates fixed number of multicast trees. All these trees are built
randomly. To conserve energy, these trees are optimal in the sense that transmit
power at each node is minimized such that any reduction will lead to tree partition.
Based on these trees, LP is used to achieve optimal solutions. The problem with this
algorithm is that it is hard to choose appropriate number of multicast trees. Besides,
randomly generated multicast trees can not guarantee optimal solution.

Another algorithm by Sheu et al. [17] is a probabilistic solution. It is different
from the idea of dynamic assignment presented earlier in this section and the above
algorithm because this algorithm does not work toward a specific switching schedule.
It is actually a probabilistic flooding algorithm. A node determines its transmit power
or whether or not to forward the packet randomly only after a packet is received. The
decision is made based on local information, such as its residual energy level, number
of neighbors, and average residual energy of neighbors. The nodes with less energy
will have lower probability to broadcast than those with more energy. The low
energy nodes are inhibited from forwarding in order to balance the residual energy
at each node and in turn extend the lifetime of the networks. The problems with this
algorithm include data reception by destinations is not guaranteed, and the result is
not optimal.

1.6 SUMMARY

In this chapter, we have discussed approaches to both MMLS and MMLM problems.
Solutions to MMLS and its special case problem, which is MBLS, have been ex-
plained and proven to have polynomial time complexity. Although multicast lifetime
could be extended by using a switching schedule with multiple trees, the problem of
MMLM is hard due to its NP-hardness. We will end our discussion by introducing
some observed impacts of various parameters on network lifetime performance with
multiple multicast trees through simulation [12]: the achievable gain in network life-
time is about twice the optimal network lifetime using single tree; when the switching
interval is below a certain threshold, no further gain in lifetime is observed; the net-
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work lifetime using multiple trees increases linearly as a function of network density,
which is mainly due to increase in available energy pool of the network, i.e., total
energy at all nodes.
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