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Abstract— Since some or all of the nodes in a mobile ad-hoc
network (MANET) rely on batteries for their energy, one of the
key design criteria for a wireless network is that of power
conservation. This paper attempts a critical appreciation of the
Maximum System Lifetime (MsL) routing algorithm suggested
by Jae-Hwan Chang and Leandros Tassulas in “Energy
Conserving Routing in Wireless Ad-Hoc Networks’. They
formulate routing in a power-controlled wirelessnetwork as an
optimization problem with the goa of maximizing the time
until the batteries of the nodes drain out. To this end, they
propose that traffic be routed such that the eergy
consumption is balanced among the nodes in proportion to
their energy reserves, instead of routing to minimize the
absolute mnsumed power.

|. INTRODUCTION

An ad-hoc network is a multi-hop wireless network
where dl nodes cooperatively maintain network
connedivity without a ceitralized infrastructure. If these
nodes change their positions dynamicdly, it is cdled a
mobile al-hoc network (MANET). Due to the limited
transmisdon range of wireless nodes, as well as the rapid
change in network topdogy, multiple network hops may be
needed for one node to exchange data with another acoss
the network. Thus, ead node operates not only as a host but
also as a router, forwarding padkets for other nodes in the
network that may not be within the transmisson range of
their destination. The nodes participate in an ad-hoc routing
protocol that alows them to dscover multi-hop peths
through the network to any other node. Different routing
protocols use different metrics to dynamicdly determine the
optimal path between the sender and the redpient. These
cost parameters include number of hops, delay, link qudlity,
locaion stahility and power conservation.

The problem of routing in MANETS is compounded by
node mohility [15], which results in two conflicting goals—
frequent topdogy updates are required to optimize routes,
yet frequent updates result in higher message overhead,
bandwidth wastage and power loss The most common cost
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Fig. 1: A network illustrating the problem with shortest hop or
minimum energy as the cost metric.

metric used for determining the optimum routing path is
shortest delay or fewest number of hops, as in the cae of
Dynamic Source Routing (DSR) [7], Destination-Sequenced
Distance Vedor (Dsbv) [12], Temporally-Ordered Routing
Algorithm (TorA) [11], Wireless Routing Protocol (WRP)
[10] and the DARPA padket radio protocol. However, these
algorithms do not take node or network life into
consideration, as a result of which, a small set of nodes may
be overused and their energy resources quickly exhausted.
For instance in Fig. 1, shortest-hop routing will route
padkets between 1-4, 2-5 and 3-6 via node 0, causing the
nodeto derelatively ealy [15].

Power-aware routing is one of the more recent cost
metrics for ad-hoc networks and the most popular
algorithms in this field include Power-Aware Multi-Access
Protocol with Signaling (PAMAS) [14], Minimum Energy
Mobile Wireless Networks [13] and Routing for Maximum
System Lifetime (MsL) [2], [3], [4]. While the Minimum
Energy Protocol aims at designing a network that consumes
the minimum energy per unit flow of padket (which could
till 1 eed to a quick drain-out, asiill ustrated above), MSL uses
a maximum residual energy path routing agorithm to
maximize the time urtil any node falure. Thus the objedive
of the dgorithm being reviewed is to maximize the lifetime
of the system, instead of minimizing the @nsumption of
energy. The aithors identify the problem as a linea
programming problem, as has been discussed in Sedion |l
and the results tabulated. Finally, Sedion Il looks at
alternative power conservation techniques that exist in the
literature, and concludes the study with a few suggestions
for furthering the scope of the paper.
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Fig. 2: A multi-hopwirelessad-hoc network in which
information generated at the randamly distributed
monitoring nodes has to be delivered to the gateway nodes.
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Il. MAXIMUM SYSTEM LIFETIME ROUTING

arly reseach in ad-hoc networks ignored the asped of

energy efficiency. However, since mobile nodes are
typicdly smal and patable [9], it imposes gringent
congtraints on the battery size and power. As a node sends,
recaves or forwards padkets, the energy of the node is
deaemented acmrdingly, and once the energy level falls
below a threshold, it suffers a cmplete shutdown. Since the
ad-hoc routing protocol determines which nodes will
forward the padets, the type of protocol being used will
affed the energy performance of the system in two
important ways— first, the routing overheads affed the
amount of energy used for sending and receving the routing
padets, and second, the chosen route dfeds which nodes
will have afaster dearease of energy.

The authors propose an agorithm [4] that seleds routes
so that the time until the batteries of the nodes drain out is
maximized. In order to maximize the lifetime, traffic is
routed such that the energy consumption is balanced among
the nodes in propartion to their energy reserves, instead of
routing to minimize the &solute @nsumed power. The
paper being reviewed is a almination of a number of yeas
of reseach, and the intermediate publicaions [2], [3]
describing the development of the work have dso been
incorporated into this assesanent.

A. Problem Formulation

Chang and Tassulas consider a group of wireless satic
nodes randomly distributed in a region as in Fig. 2, where
eah node has a limited energy supply (for instance a
battery). Each node generates information that neels to be
delivered to some nodes designated as gateway nodes. As
mentioned before, the wireless nodes are aumed to have

Fig. 3: The mnservation d flow condtionat nodei requires
that the sum of information generation rate and the total
incoming rate must equal the total outgoing flow. [4]

the caability of padket forwarding, i.e. relaying an
incoming padket to one of its neighboring rodes, and the
transmit power level can be aljusted to a level appropriate
for the recéver to be @le to recdve the data corredly if the
recaver is within transmisgon range. The dgorithm should
also avoid the problem illustrated in Fig. 1, viz. a well-
positioned node should not have al the traffic direced
throughit.

B. Problem Analysis

Define

N: set of all nodes
O: set of origin nodes
D: set of destination nodes
S:: subset of D that can be readed by nodei
0;- flow rate of data transmisdgon from nodei to
g;: energy required to transmit one bit fromi toj
Q:: rate & which information is generated at node i
E;: initial battery energy of nodei

Then, the lifetime of node i under a given flow g={q;} is
given by:

Ti(a) =
26 20
The system lifetime under flow q may be defined as the
length of time until the first battery drain-out among all
nodes in N, which is the same & the minimum lifetime over
all nodes, i.e.

Tss(d) = min Ti(q)

E

E
=min
26 ZQ



The god is to find the flow that maximizes the system
lifetime (Tys) under the flow conservation condition. Thus,
the objedive may be written as:

max min E
q ieN ZegZg
i.e. the lifetime of a system under flow q is defined as the
minimum battery lifetime over all nodes and this lifetime is
maximized by choosing the gpropriate flow.

This can be solved as alinea programming problem [5],

where the @nditi ons for the optimization problem are:
gje 0
e g+Q=e gy

In [3], the aithors made use of a theorem based on the
necessry optimality condition, from which the routing
algorithm follows. The theorem states that if the minimum
lifetime over al nodes is maximized, then the minimum
lifetime of ead path flow from the origin to the destination
with paositive flow has the same value & the other paths. The
Maximum Residual Energy Path Routing algorithm was
applied after this. The basic ideabehind this algorithm is to
route padkets through paths that have the maximum residual
energy so that energy consumption in all paths will be
balanced.

Define

P;: set of al paths from nodei to destination node d
Lp: path length vedor whose dements are the
redprocd of the residual energy for ead link in the path
after the route has been used for a unit flow
i.e, forlink(j,k),
Lp=[E-ec0]”

where E; is the residual energy at node j and G is a unit
flow.

By using the lexicographicd ordering in this case by
comparing the largest elements first and so on, the shortest
path from ead node i to the destination was then obtained
using a slightly modified version of the distributed Bell man-
Ford algorithm [1]. Thus lifetime is maximized by routing
traffic in such a way that the energy consumption is
balanced among mdes in propation to their energy
reserves, instead of routing to minimize the &solute
consumed power.

However in [4], the paper currently under review, the
authors use a dightly different approach to okain the
Maximum System Lifetime routing algorithm. Their
objedive is to find the best link cost function that would
lead to the maximization of the system lifetime. The three
parameters being considered to caculate the st function ¢;
for link (i, j) are— the energy expenditure for unit flow
transmisson (g;), the initial energy (E) and the residual
energy at the transmitting rodei (E).

With the @ove in mind, the link cost ¢; is proposed to be

Cij - ajxl E-XZ ExS
A good candidate for the flow-augmenting path should
consume less energy and should avoid nodes with small
residua energy since the minimum lifetime of all nodes has
to be maximized. The parameters x1, x2 and x3 above
should be dhosen such that the energy expenditure term is
emphasized when the nodes have plenty of residual energy

Tablel: PERFORMANCE COMPARISON OF DIFFERENT ROUTING
ALGORITHMS IN SINGLE-COMMODITY (S.C.) AND MULTI-COMMODITY
(M.C.) casEs

ALGO- AVG. Ry MIN. Ry Pr{R,>0.9}
RITHM X S.C. M.C. | S.C. M.C. | s.cC. M.C.
FA[1,50,50] | .9985 | .9974 | .9911| .9906 | 100% | 100%
FA[1,1,1] | .9744 | .9565| .7347| .7178| 94% | 86%
MREP 9572 | .9349| .8110| .7298| 8% | 6%
MTE .7310| .6982| .1837| .2201| 33% | 25%

and the residual energy term becmmes emphasized when the
residua energy becomes gnall. As before, the path cost is
computed by the summation of the link costs on the path,
and the dgorithm can be implemented with any existing
shortest path algorithms, including the distributed Bellman-
Ford algorithm [1]. The aithors cdl this the Fow
Augmentation (FA) algorithm and represent it as
FA[X1,x2,x3].

The authors also extend their work from [3] and propcse
an extension of the Flow Rediredion (FR) agorithm for the
multi -commodity case, which includes not only the cae of a
single origin and single destination, but also multiple origins
and destinations (without any constraint on the information
generation results). It can be proved (by contradiction) that
regardless of the scenario, under optimum flow, the
minimum lifetime of every path from the origin to the
destination with pasitive flow is the same. If for instance,
the minimum lifetimes of the paths with positive flow were
not all identicd under an optimal flow condition, then there
would be dlesst one path with postive flow whose
minimum lifetime would be the shortest. Thus, the minimum
lifetime of this path (which is also the system lifetime) could
be increased by simply redireding an arbitrary amount of
flow to the paths whose lifetime is longer than this path such
that the minimum lifetime of the latter path is dgill | onger
than the system lifetime before rediredion, which
contradicts the optimal flow assumption.

In the FR agorithm, a portion of each commodity flow at
every node is redireded in such a way that the minimum
lifetime of every path with paositive flow from the node to
the destination will increase (or atlesst remain the same).

C. Smulation Results

In order to analyze the performance of different routing
algorithms, the autthors define a function denoted by Ry,
which indicaes the performance of agorithm X. Ry is
defined as the ratio of the maximum system lifetime
obtained using agorithm X to the optimum system lifetime.
Table | summarizes the results of the simulation. The
authors compare the results of the maximum system lifetime
(MsL) routing agorithm (using fa[1,1,1] and f&[1,50,50])
with that of the minimum transmitted energy (MTE), as well
as the maximum residual energy path (MREP), propcsed in
[3] by simulating 200 randomly generated graphs. The




average gain in the system lifetime obtained by the proposed
algorithms was between 40% and 626 compared with MTE.

It should be pointed out that the aithors make a
distinction between single-commodity and multi-commodity
cases. The former was for the scenario where information
generated at five origin nodes needed to read any of two
destination nodes, whereas in the multi-commodity case,
ead of the five origin nodes has its own singe designated
destination node.

Il . CONCLUSION

he ideaforwarded by Chang and Tassulas in this paper

is one of those that appea mideaingy simple,
although simplicity is the least of its virtues. The aithors
papers on energy conservation [2], [3], [4] have been
instrumental in influencing a lot of reseach in power-aware
routing algorithms in the recent past. For instance, this paper
formed the basis for Li, Asam and Dus' [8] work on online
power-aware routing in large wireless ad-hoc networks for
applications where the message sequence is not known. This
differs from [4] in defining the lifetime of the network with
resped to a sequence of messages as the ealiest time when a
message canot be sent due to saturated nodes. On the other
hand, Feeney and Nils®n [6] have aiticized the gproac of
using sensors to cooperatively forward sampled data to more
powerful hosts as “abstrad” and have objeded to the
treament of energy as a“commodity” [ibid.]. They perform
a series of experiments to oltain energy consumption
measurements in an |IEEE 80211 ad-hoc network
environment, and present the data @& a wlledion of linea
equations for cdculating energy at different points. This,
they claim, provides a solid experimental basis for energy-
aware design and evaluation of network-layer protocols,
including several “subtle” issies commonly overlooked in
theory and simulations.

Mention must also be made of Singh Woo and
Raghavendra [15] who arrived at a similar conclusion as
Chang and Tassulas with resped to power-aware routing in
mobile a-hoc networks. While not as mathematicd as [4],
the aithors suggest that the key to choosing the optimum
metric for power conservation (i.e. to increase individual
node and hence network life) is to carefully share the st
of routing padkets. In order to maximize the time urtil
network partition (which is what Chang and Tassulas
algorithm would doif there were no network redundancy), a
load-balancing concept is applied, which attempts to evenly
distribute routing through criticd nodes, an ealy deah of
which will cause the network to partiti on.

In conclusion, maximum system lifetime routing for ad-
hoc networks succesdully introduces a new paradigm of
power-conservation routing in which the routing dedsion is
governed by the amount of residual energy in neighboring
nodes. A possble drawbad is that the aithors consider only
two classes of nodes in their analysis— static monitoring
nodes and static gateway nodes— and therefore there is
scope to introduce more dasses, in particular mobil e nodes,
for completeness
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