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Absiract— An ad-hoe network of wireless static nodes is consldered as
it arlses in a rapldly deployed, sensor based, monitoring system. Informas-
tlon Js generated In certaln nodes and needs to reach a set of designated
gateway nodes, Each node may adjust lts power withi a certaln range
that determines the sot of possible one hop away neighbors. Traffic for-
warding throvigh multiple hops is employed when the Intended destination
Is wot within immedlate reach. The nodes have Hmited indtial amounts of
energy that Is consumed In different rates depending on the power level
and the intended recelver. 'We propose algorithms to select the routes and
the eorresponding power lovels such that the time nntil the batterics of the
nodes drain-out is maximized. The atgorithms are local and amenable o
distributed implementation. When there iz a single power lovel, the proh-
lem is reduced to a maximom flow problem with node capaclties and the al-
gorithms converge to the aptimal solution. When there are rdtiple power
Tevels then the achlevable lifetime 15 close te the optlmal (that ls computed
by linear pragramming) maost of the time, It turns out that jn order to
maximize the lifetime, the traffic should be rosted such that the energy
consumption s balanced among the nodes in preportion to their energy re-
serves, Instead of routing to minimize the absolnte consumed powen

Keywords— energy-sensitive routing, wircless ad-hoc networks, sensor
networles

I. INTRODUCTION

ONSIDER & group of wirsless static nodes randomly dis-
tributed in a region as in Fig.1, where each node has a lim-
ited battery energy supply used mainly for the transmission of
data. Assume that at each node some type of information is
generated as it monitors the data such as sound or vibration in
its vicinity using the sensor, and the information needs o be
delivered 1o a set of gateway nodes, These wireless nodes are
assumed to have the capability of packet forwarding, i.e., relay-
ing an incoming packet ta one of its neighbaring nades, and the
transmitted energy level can be adjusted to a level appropriate
for the receiver to be able to receive the data correctly if the re-
ceiver is within the transmission range. Upon or before a new
arrival of information either gencrated at the node itself or for-
warded {rom the other nodes, routing decision has to be made so
that the node knows which of its neighboring nodes to forward
its data to. Note that the routing decision and the transmission
gnergy level selection are intrinsically cannected in this power-
controlled ad-hoc network since the power level will be adjusted
depending on the localion of the next hop node.
An example scenario for this type of wireless ad-hoc network
may include a wireless sensor network where the sensors gather
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Fig. 1. A muld-hop wireless ad-hoe network is depicled where the nodes are
randowldy distributed and the information gencrated at the monitoring nodes
are ta he delivered to the gateway nodes.

A

acoustic, magnelic, or seismic information and send the infor-
mation to ifs gateway node which has more processing power
for forther processing of the information or has farger transmis-
sion range for the delivery of the information to a possibly larger
network for reirieval by a remote user.

Mogt of the previous works on rowting in wireless ad-hoc net-
works deal with the probiem of finding and maintaining correct
routes to the destination during mobhility and changing topology
[t1, 16], [11]. In [1], [6], the anthors presented a simply imple-
mentable algorithm which guarantees strong connectivity and
assumes limited node range. Shortest path algorithm is used in
this strongly connected backbane network. However, the route
may not be the minimuin energy solution due to possible omis-
sion of the optimal links at the time of the backbone connection
network calculation. In [11], the authors developed a dynamic
routing algorjthm for ¢stablishing and maintaining connection-
oriented sessions which uses the idea of predictive re-routing
to cope with the unpredictable topolegy changes. Some other
routing algorithms in mabile wireless notworks can be found in
[15], [12], 191, [14], which, as the majority of routing protocols
in mobile ad-hoc networks do, use shortest-path routing where
the wurber of hops is the path length.

The problem of minimum energy routing has been addressed
befere in [13, [€], [16], (10, [8], [18], {171, and [7]. The ap-
proach in those works was to minimize the total consumed en-
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ergy to reach the destination, which minimizes the energy con-
sumed per unit flow or packet. If all the traffic is routed though
through the minimurm enerpy path to the destination (he nodes
in that path will be drain-out of batteries quickly while other
nades, which perhaps will be more power hungry if traffic is
farwarded through them, will remain intact. Instead of trying
to minimize the consumed energy. the performance objective of
maximizing the lifetime of the system[3], which is equivalent to
maximizing the time to network parlition[18] has been consid-
cred. In {18], the problem of maximizing the time to network
pariition way reported as NP-complete, In [3] we identified the
maximo lifetime problem as a linear programming problem.
Therefore, it is solvable in polynomial time. The work in [3]
constdered the single destination version of the problem, while
here wo cxtend the problem to the multicommaodity case, where
each commuodity has a its own set of destinations.

In our study the topology of the network is static and the rout-
ing accounts to finding the trallic splits that balance optimally
the encrgy consumption. Hence the results are applicable to
actworks which are either statie, like the sensor networks we
mentioned earlier, or whose lopology changes slowly enough
such that there is enough time for optimally balancing the teaffic
in the periods between successive topology changes.

This paper is organized as follows: In scction II, the problem
is formulated. In section III, we prepose a class of flow aug-
mentation algorithms that use the shortest cost path, In section
IV, we extend the (low redireclion algorithm to cover the multi-
commodity case. In seetion V, random graphs are generated in
order to evaluate the performances of these algorithms, Finally
in section VI, some concluding remarks are made.

II. ROUTING FOR THE MAXIMUM SYSTEM LIFETIMRE

The wireless ad-hoc network in consideration is modeled as a
directed graph G'(JV, A) where IV is the set of all nodes and A
is the set of all directed links (¢,7) where 4,7 € N, Lot S; be
the set of all nodes that can be reached by node  with a certain
power level in its dynamic range. We assume that link (2, §)
exists if and only if j € $;. Let cach node ¢ have (he initial
battery energy E;, and let QE,“) be the rate at which information
is generated at node 1 belonging to commodity ¢ € C, where
€' is the set of all commedities. Assume that the transmission
energy required for node ¢ to transmit an information unit to its
neighbering node 4 is e;;, and the rate a1 which information of
commodity ¢ is transmitied from nede £ to node § is called the
flow qtc) Further, let €, and gi; e the aggregate Nows of all
cammodmeq ie.,

=5, (1
e lf
and
gy =3 4. @
ced

We are given, for each commodity ¢, a set of origin nodes
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0% where the information is generated, i.e.,

09 ={i|g!7>0,ie N}, (3)

and a set of destination nades D! arong which any node can
be reached in order for the information transfer of commadity ¢
be considered done.
The lifetime of node & under a given flow q = {q; } is given
by
E,
Y e 3 (el
42 4;;

JES cE

Tila) = Q)

Now, let us define the system lifetime under flow q as the length
of time unti] the first battery drain-out among all nedes in N,
which is the same as the minimum lifetime over all nodes, L.,

Tsys(Q) = {:eul}{'l Tt(q)

B, (5
—?‘(1.1]{:;- E a4 Z ‘7

JES; gL

Our goal is to find the flow that maximizes the system life-
time under the flow conservation condition. The problem can be
written as follows:

Maximize Ty,.{q) =

min _—-—*ﬁ—
iEN Y. 6, 3 s

188, GO
st g >0 Vi € N,Vj € SiVec C,
v q}“’ +QP = 3 4, VieN-D@ veeC
1165, keS,

(6)

Fig.2 illustrates the flow conservalion condition for commmed-
ity ¢ at node ¢, and it should be noted that the condition applies
w0 each commodily sepatately.

In the following we show that the problem is a linear pro-
gramming problem[13]. The problem of maxmumng the system
lifetime, given the information generation rates 3} e} at the sef of
crigin nodes O2) and the set of destination nodes 1)(® [or each
comnmodity ¢, is equivalent (o the following linear progranyming
problem:

Maximize T
sk, *‘“3 >0,

Z Cif Z qu < E‘H

Jes; ced

z @(C) " TQ(G)

4. €S,

(7
Vi€ N, Vi€ 8, Vee C, (8)
Vien, ©)

L ¢, vi e N-D') e e €,010)

where @E;)' = Tqij") is the amount of information of commodity

¢ transmitted [rom node { to node § until time 7.
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Fig. 2. The conservation of flow condition at nede 1 for each commodity «
requires thal the sum of information genecation rate and the total incoming
flow misst equal the total cutgeing fow.

The lingar program given above can be viewed as a variation
of the conventional maximum flow problem with node capaci-
ties[5]. If the transmitted power level at each node is fixed re-
gavdless of its next hop node, i.e., if there is no power control,

(iD)

and the problem is equivalent to the maximum flow preblem
with node capacities given by

3589 < Bijer, YieN.

FES; cell

@ij = €4y V_j' 1S Srg',

(12)

When the capacity of a a node is a fixed guantity as in (12)
then the problem can be converied to a link capacity version by
replacing the node with two rodes and z link having the same
capacity[4], and the max-flow-min-cut theorem[5] can be used.
However, in our problem, unlike the above, the amount of re-
source {or energy in this case) which a unit low consumes de-
pends on the energy cxpendilure to the next hiep node. There-
fore, it is not trivial to find the min-cut nodes, and even if they
were found the {raffic split at the nodes must also be identified.

1II. FLOW AUGMENTATION ALGORITHMS

In this section, we propose a class of flow augmentation (FA)
algorithms which usc the shortest cost path.

The general description of the algorithin is given in the fol-
lowing. Al each itcration, each origin nede o € 0te) of com-
modity ¢ calculates the shortest cost path to its destination nodes
in D¢, Then the flow is augmented by an amount of )\QEC) on
the shortest cost path, where A is the augmentation siep size.
After the flow augmentation, the shortest cost paths are recalcu-
lated and the procedures are repeated until any node ¢ € N runs
cut of its initial total energy E;. As a result of the algorithm, we
obtain the flow which will be used at each node to properly split
incoming traffic.

Qur objective is to find the best link cost function which will
lead to the maximization of the system lifetime. There are three
parameters to consider in calculating the link cost ¢; for link
{4,7). One is the energy cxpenditure for unit flow transmis-
sion over the link, e;;, the second is the initial energy By, and
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the third is the residual energy at the transmitting node ¢ which
is denoted by £;. A good candidate for the fiow augmenting
path should consume less energy and should avoid nodes with
small residual energy since we would like to maximize the mini-
mum lifetime of all nodes. In [18), cach of these wers separately
constdered, which falls short of optimizing the system lifetime,
Obviausly, bath of these can’t be optimized at the same time,
which means there is a iradeoff between the two, In the begin-
ning when ail the nodes have plenty of energy, (he minimum
total consumed energy path is better off, whereas towards the
end aveiding the small residual energy node becomes more im-
portant. Therefore, the link cost function should be such that
when the nodes have plenty of residual energy, the cnergy ex-
peaditure term is emphasized, while if the residual energy of a
node becomes small the residual energy term should be more
cmphasized,
With the above in mind, the link cost ¢4 is proposed (o be

L — afl pEr (K
Cig = e by TIT,

(13}

where @, T3, and &3 are nonnegative weighting factors for cacly
item. Note that if {w,za2,25} = {0,0,0} then the shortest
cost path is the minimum hop path, and if it is {1,0,0} then
the shortest cost path is the minimum transmitted energy path.
If z2 = x3 then normalized residual energy is used, while if
3 = ( then the absolute residual cnergy is used. Tet’s refer
to the algorithin as FA(#;, 32, z3) in the rest of the paper indi-
cating the parameters, and the meanings of the parameters are
summarized in Table I for reference,

The path cost is computed by the summation of the link
costs on the path, and the algorithm can be implementod with
any existing shortest path algorithms including the distributed
Bellman-Ford algorithm[2], which will be used in our simula-
tion.

1V. FLOW REDIRECTION ALGORITHM

In this section, we extend the flow redirection (FR) algo-
rithin[3] to the multicommodity case,

This algorithm is based on the following observation. Tf we
have a single origin and a single destination or if we have mul-
tiple origins and destinations but without any constraints on the
information genecration rates, then under the optimal flow, the
minimum lifetime of every path from the origin to the deslina-
tion with positive flow is the same. Note that the latter case can
be converted to a single origin and a single destination version
by adding a super origin and a super destination connected to
the origins and the destinations respectively with zero energy
expenditure links,

The above fact can be shown as follows. Assume that the
flow is optimal, i.e., minimum lifetime over all nodes is maxi-
mized. I we further assmme that the minimum lifetimes of the
paths with positive flow to the destination are not ail identical
then there is a set of path{s) with positive flow whaose minitnum
lifetime is the shortest, We can always increase the minimum
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TABLE T
THE MIEANINGS OF THE PARAMETERS [N THE ALGORITHM PA.

|_ FA(zy, w9, 73) | Meaning

FA(0,0,0) Minimum hop path

FA(1,0,0) Minimum transmitted
energy path

FA(z, ) Normalized residual
energy 1s used

FA(-,-, 0} Absolute residual
energy 1s used

lifetime of this sct of path(s), which is alse the system lifetime,
by redirecting an arbitrarily small amount of flow to the paths
whose lifetime is longer than these paths such that ths minimum
lifetime of the latter path after the redirection is still longer than
the system lifetime before the redirection. This contradicts our
assmnption that the flow is optimal,

In this algoritmn we redireet a portion of each commodity
flow at every node in a way that the minimum lifetime of ev-
ery path with positive flow from the node ¢o the destination will
increase or at least will stay the same,

In the following, we describe the implementation of FR. Let's
usc an imaginary super destination node d'©) where d'<) € 8,
and €3, = 0 for all d € D), Let the initial flow be such
that from o € O to d(€) the minimum total transmitted energy
path is used with a flow value of QE,“]. Note that any path to the
destination can be used as the initial flow. Bach node ¢ € N —
D) redirects its outgoing flow of commodity ¢ by subtracting
e{) from the flow of a certain puth to d(*} and by adding the
same amount to the flow of another path to dt). It is possible
that the flow can be re-routed 1o 2 different destination node in
D}, The steps to be taken at each node i € N — D} for each
commodity ¢ ate as follows:

1. {Determine the Two Paths) Determine the two paths to the
destination which are fo be involved in the redirection,

2. (Calculate ef-c)) Calculate the amount efc) of redirection.

3. (Redirect the Flow) Properly increment and decrement the
fiows of the two paths determined above by an amount of e,sc).

The first step of the algorithm at each node ¢ for commeodity
¢, (Determine the Two Paths), is described in more detail. The
goal of this step is to identify the ascent direction.

We will need iwo different path calculations for each com-
mogity. Lct's first form a subnetwork G, Ag:f)) of (N, A)

where As,f) ¢ A consists only of edges with positive flow, ie.,
AL = (6, )¢ > 0,(4,5) € A}, (149)
Let Pl-(ﬂ] be the set of all paths in G‘&E) (N, AE,C)) from nade 4

to any of the destination nodes in D). Forapathp € P,-(c),
define its path length L,(q) under flow q as a vector whose
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elements are the lifetimes of all the nodes in the path be-
fore reaching any of its destination nodes D{¢), For exam-
ple, if path p € Pi(cJ starting from node ¢ traverses nodes
§11725+ 1 Im before reaching any node in D), then Ly(q) =
[1i{a) Th(a) Tula) - Tyu(g)l The length of path p
Lp{q), is said to be shorter (longer) than the length of path 3,
Ly {q), if the smallest element of L,{q) is smalter (larger) than
that of Ly (q). We compare the smallest element first since it
is the minimum lifetime of all nodes in the path. In case they
are the same, the next smallest elements are compared, and so
on. If there are more than one smallest elements with the same
value then each one is compared separately, Using this so-called
lexicopraphical ordering, the shortest length path from any node
to the destination is defined. We modify the distance compari-
gon part of the Bellman-Ford algorithm [2] 10 obtain the shortest
length paths distributively. Let’s denote the shortest length path
in A7 (N, AY) from node 4 to the destination node d(© by
ap{eH{(f). Note that the shortest path, spi)(1), passes through
the node which has the minimum lifetime of all downstream
nodes of node i. The other path caleulation is {o find the longest
length path in G(N, A) using the same path length vector. If
two path lengths are the same, choose the one with less number
of elements in the path length vector. The longest length path
is the path whose minimum lifetime is the longesl. Let’s denote
the longest length path in G(V, A) from node i t¢ the destina-
tion node d'®) by ip{*}{z). Note that the longest length patls is
the path which, in some sense, has the largest capacily stnee we
will need to assign more {Jows 1o this path than any oiher path
in order to make the minimum lifetime of the path to cqual the
minimum lifetime of the other paths,

Let g denote the next hop node of node ¢ from which path the
flow will be subtracted, and let ¢ denote the next hop node of
node 4 to which path the flow will be added, where g € 5, the
giver, and t ¢ 5, the faker, arc to be carefully chosen among
the neighbors of node i, Note that notations such as gi“} and tE")
could be used, but we use g and £ instead for simplicity since
there is no ambigaity.

Depending on whether or not the lifetime of node 4, 13(q}, is
the minimum in the shortest length path sp(e) (£), two different
measures are taken.

1 Ti{q) < min[Ly ) (q)} then the lifetime of node i is the
minimum over all nodes in the subnetwork consisting of nede
i and all its downstream nodes, and hence we would like to in-
crease the lifetime of nede . This can be achieved if we redirect
a flow at node 4 to the direction where the required transmis-
sion energy per information unit is smaller. In other words, if
we choose a flow passing node g we redirect the flow to node £
where e; < ey, This can be done in many different ways. One
such choice will be to redirect the flow whose energy expendi-
ture to the next hop is the maximum to the direction of minimum
energy expenditure to the next hop, ie.,

. argmax
97 jies. om0 G

(15)
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and .
argmin
J4ES
Another possibility for the taker is to choose the longest length
path whose path length is the longost among all the next hop
nodes that has smaller energy expenditure than ejy, i.e.,

t= eij. (167

b= g e e, Liptop (@), an
where MAX denotes the maximum in the lexicographical order-
ing. The giver doesn't have to be the node with the maximum
cnergy expenditure, In fact we can choose any node with non-
minimum energy cxpenditure. In cur algorithm, all these possi-
bilities are used alternately.

On the other hand, if Ty{q) > min[Lsp(.ﬂ(t)(q)] then we
would like to increase the lifetime of the minimum lifetime node
in the path sp{?) (i) by redirecting some of the flow to another
path since the lifetime of that node is the minimum lifetime over
all nodes in the subnetwork consisting of node ¢ and its down-
stream nodes. The giver g is the next hop node of node ¢ in the
shortest length path sp(¢)(7), and the taker can be either the node

whose longest length path is the Jongest, i.e.,

argMAX
t= "Ges, (18
or the node with the minimum energy expenditure whosc
longest length path is longer than the shortest length path of

node i, i.e.,

Llp(ﬂ] 1] (q),

arginin

t= 4. jes ,ﬂ;in[Llp(n)m(q)]>min[L’p(c)(l)(q)] €ij. (19)

In fact, it suffices to find any node whose path length of the
tongest length path is longer than that of the shortest length path
of node 1. In our algorithm, all these possibilities are used alter-
nately.

Given the two nodes g and ., the flow of the path composed
of (i, ) and sp{?{g) will be re-routed to the path composed of
(i, 1) and Iple) (),

The second siep of Lhe algorithm at each node ¢ for commod-
ity ¢, (Calculate egc)), is described in more detail. The aim of
this siep is to determine the amount of redirection that guaran-
tees monotonic non-decrease of the system lifetime. The con-
siraints that EECj should meet are as follows. First, it should be
less than er equal 1o the flow in the path of giver node, i.c.,

e <@, (20)
and )
« <y, @

for cach link (j, k) in the path spt©}(g). Furthermore, none of
the lifetimes shoutd become shorter than the currently minimum
lifetime of the subnetwork consisting of node ¢ and atl its down-
stream nodes since this will lead us to the opposite direction to
that of our objective. If Ti(q) < min[L,,ptc)(i)(q]] then nonc
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of the lifetimes in the path Ip{®)(t) should become shorter thag
Ti(a) Le.,
1 €; kﬁic) 1

Tilq) By T Ti(q)’
for each link (4, &) in the path [p(®}(£). On the other hand if
Ti(a) > min[L gy () {at)] then we need to consider two things.
First, none of the lifetimes in the path Ip{¢}(#) should become
shorter than the minimum lifetime of the path sp(¢) (), i.e.,

(e)

22)

1 €54 1
__.+_-I___‘_. S . . 29
T "B = minlo g (@] @9

for cach link (j, k) in the path p(©)(¢). Second, if e,; > e, then
the lifetime of node { may decrease due to the redirection, but
it should not become shorter than the minimuom lifetime of the
path sp@©}(3), ie.,

1 . (ew — egg)egc) < 1 ‘
T.y) F, = min[L, e (a)]

(24)

Finally, the value of ﬁf':} should be chosen among the valucs

that meet all the constraints stated above. We could either use
the maximum 5£C that meets all the constraints or just a fraction
of it. To aveid possible oscillations and for faster convergence,
we choose the half of the maximum c(;c) that meets all the con-
straints except (20} and (21).

The third step of the algorithm at each node 3 for commodity
e, (Redirect the Flow), is described in more detail.

Subtracting e§°) from the path sp{(g) s simple. We made
sure that egc) is less than or equal to what is available in cach
edge in the path in (20) and (21),

Adding ei”') to the path {p{c)(t) is also simple, but there is a
possibility that one or more loops of paositive flow vatue can be
formed. These loops should be removed in order to avoid unnee-
essary chergy consbmption and to ensure that the path indeed
leads to the destination. After adding egc) to the path ip(e} (),
the formaticn of one or possibly mare loops is checked and the
loop{s) are removed link by link along the path. For instance,
if link (4, k) in the path 1p{€}(2) is checked by calculating the
shortest hop distance from node & to node § in the subnatwork
G'E,f)(N, AJ(F?)) of G{N, A). If the distance is finite then at least
one loop exists. Remove the loop flow and then repeat the pro-
cedure until all loops involving the link (7, &) is removed and
then proceed to the next Tk,

In the following it is shown that FR can have arbitrarily poor
performance. For the performance comparison, let’s denate the
maximum system lifetime obtained nsing algorithm X by Tés.
and the optimuim system lifetime by Ta“!ff, and the ratio between
these two values is denoted by

Bx = Ly

opt 1
Sy

(25)
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)

Fig. 3. An examplo showing local optimum convergence of FR for arbilrary
positive constant §. ‘The Now valnes and lifetimes cotrespond 1o the case
when 4 = 0,01 : (a) global aptimurn with T5hs £ 2.95; (b) local optimum
with THE 2 1.01.

which will be used throughout the paper as the performance
mgasure. '

An cxample showing the convergence to a local oplimum is
given in Fig.3, where a single commeodity is originated from
node 1 and is destined for node 4. § is an arbitrary constant
while the values of flows and lifetimes in the figure are for
the case when ¢ = 0.0L. When § = 0.01, the optimum is
T;‘;’j 2 2.95, but the maximum system lifetime obtained by
FRis TEE == 1.01. We can verify that f2pp can be as small as
1/3 as 4 approaches zero,

In the worst case Fipp can be shown to be arbitrarily small
by expanding the network in a similar fashion. For cxample,
the ratio Itx s reaches 1/4 if we expand the network in Fig.3 by
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adding node 6 with eg, = §/3, egs = L -+ 56, and egq = 1+ 64.

V. PERFORMANCE COMPARISON THROUGH SIMULATION

In this section, random graphs ave generated in order to eval-
uate the performances of the proposed algorithms. The perfor-
mances are compared with that of minimum transmitted energy
(MTEY) routing algorithm in order to see how much we gain in
terms of the systern lifetime compared to the conventional min-
imum transmitted energy routing algorithm. Comparison is also
made with the maximum residual cnergy path (MREP) routing
algorithm proposed in [3], where the path length was a veclor
whose elements were the link costs given by

cij = (B —eij))™h. {26)
The lexicographical crdering was used in comparison of the two
length vectors. The idea was to augment the flow on the path
whose minimum residual energy after the ftow augmentation
will be the largest.

1t has been shown in [3] that MTE can perform arbitrarily bad
by an example, In the following example, it is shown that the
minimum hop (MH) routing can pertfornt arbitrarily bad. Fig.4
(a) shows the optimal solution and Fig 4 (b} shows the minimum
hop solution. ‘The ratio between the system lifetime obtained by
MH and the optimal solution is Bprgr = 4. As 4 > 0 approaches
7ero, Flagpr approaches zero, Note that the example scenario is
possible since in a wireless environment, path loss is propor-
tional to the square of the distance in free space and in higher
orders in urban area, which makes multihop transmission less
gnergy conswning then a single hop counterpart in many cases.

Let there be 20 nodes randomly distributed in a square of size
5 by 5. Assume that the transmission range of cach node is
limited by 2.5, 1.e., j € S; if and only if dj; < 2.5, where d;; is
the distance between node £ and node j, The energy expenditure
per unit information transmission from nede i to 5 is assumed to
be given by

1.0 x 108, if di; < 0.025,
b = { (ays, 002 <dy <25 D

Note that there may be cases where no path is available between
the origins and the destinations, although it s very rare in our
setting. We simply discard these cases to assume the connectiv-
ity.

Two different scenarios are simulated: 1) single commad-
ity case whete information generated at 5 origin nodes need to
reach any one of two destination nodes; ii) multicommodity case
where each of the 3 origin nodes has its own single designated
destination node.

Firsk of all, FA(x), 29, z9) is simulated 1o find the best pa-
ramelers £y, g, and x3.

Let node € have iniiial energy of F; = 1 if ¢ is even and
F; = 2 if i t5s odd, In the single commodity case, the ori-
gin nodes are given by O = {1,2,3,4, 5} and assume the in-
formation generation rates are @1 = (3 = Qs = 2 and
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Fig. 4. An example showing that M can have arbitrarily poor pcrformnncc
where & > (0 is a positive constant ; (a) optimum systern lifetime 'Tsy“ =
1/8; (b} system lifelime obtained by MH, g\;féf[ == 1.00.

(4 — {5 = 1. 'The destination nodes are D = {19,20}, In
the multicommedity (,a:;c O® - {4} and DY = {4 + 15} lor
i=1,2,34,5with @F = 2fori = 1,2,3and Q¥ = 1 for
i=4,05,

Tigs.5 and 6 show the tesults for single commodily case when
A = 0.01, Multicommodity case results arc not shown here
since they were similar (o the single commodity case. In all
cuses, FA(L, 2, ) was the best in terms of both average and
worst case performance. [l should be aoted that even with
a =1, Rpoa(1,3,2y was always over 0.8 of the optimal and about
0.98 of the optireal on the average. ¥A(D, =, 0) and FA(0, z, )
was the worst with average performance of about 0.2, which
means that by considering only the residual energy without tak-
ing the cnergy expendilure into account the system lifetime
can't be improved much, It's better than the MII solution but
considerably worse than all the others which considers the en-
ergy cxpenditure term. The results also suggest that we use the
nornalized residual energy instcad of the absoluis residual en-
ergy, which can be more clearly scen in Fig.6 by comparing
FA(1, z,2) with FA(L, =, 0).
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Fig. 6. The worst case performances of F'A{x) , x2, m3).

Figs. 7 and 8 plot the average and the worst case performance
of the best FA(1, o, =} for various values of X, We could ohserve
that ag A got smaller, the performance was hettor. Note that the
worst case of FA(L, 50, 50) when A = 0.001 was 0.9929. The
curves weren't monotonically increasing, but we can see that for
smaller A itis soup to a larger & than thie curves of larger A. This
rhenomenon can be best explained as follows. While the short-
est cost path may indeed be the optimal direction for the flow
augmentation, it is enly 50 for 2 certain amount of flow, As soon
as A gets larger than this amount, monotonicity of the conyer-
gence breaks, A sonewhat similar behavior, though not exactly
identical, can be found in many optimization methods using de-
scent direction [ 137, whete a procedure called line search is done
to guarantee MONOtonic convergence.

Tet's compare the performances of the other algorithms. In
both single commodity and multicommodity case, let each node
i have initial encrgy F; = 1 and assume that the information
generation rule al cach origin node o € Ol is Qg:] = 1 for
each commodity.

The single commaodily case resulls are presented lirst. Be-
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Fig. &. The worst case performance of FA(1, &, x) for various valucs of A.

fore going into the statistics, let’s compare the algorithms by
an example graph, where origin nodes are given by O =
{1,2,3, 4,5} and destination nodes are given by D = {19, 20},
Figs.9, 10, and 11 show the solutions of MTE, FR, and
FA(1, 50,50) with A == 0.001, respectively. The true optimum
is TgFf = 6.31. One can observe that the advantage of our algo-
rithms over MTE lies in the fact that the tralfic is more spread
out. The system lifetime obtained by FA(1,50,50) and FR
were more than foor times as long as that of MTE in this ex-
amgple, and both were close {o the optimal.

The petformances of the algorithms are presented in Table
I1, and in Fig.12 average and worst cases of the algorithms arce
comparcd. Note that A = 0.001 was used for MREP and FA,
Tor each algorithm a total of 200 randomly gencrated graphs
were simulated. g1 50,50) Was always over 0.99 of the op-
timal, i.e., even in the worst case. FA(l,1,1)'s performance
wag comparable to MREP's. While the average of Ry was
about 0.7310, the average system lifetime of FR, MREP, and
FA(1,®,2) for = = 1 were above (.95 of the optimal. FRrgr
and Hu rep were over 0.9 in about 90 % of the case while that

0-7803-3880-3/00/%10.00 [c} 2000 |ELE 2%

TABLE U
THE PERFORMANCLE COMPARISON OF THE ALGORITHMS [N THE SINGLE
COMMODITY CASE.

| Algorithm X [[ avg Rx | min Rx | Pr{fy > 0.9} |
~ MIO 0.7310 [ 0.1837 3%
FR 0.9596 0.0878 88%
___MREP 0.9572 0.8110 89%
FA(1,1,1) 0.9744 (.7347 94%
FA(1,50,50) [ 09985 0.9911 100%
B{ :::'zlli‘r:ation L] iaﬂﬁ.ﬂ*t“;ﬁ"' ““‘0 o (i1
]
.E‘a] ) i
LA
(8
.ugm, Ty=35.65 .[w)
{15} 2. “
. . b \-35.5:1
. ~
/ T(:;EI 29 Te1dy
! e B
T=b42 » 0z

Fig. 9. An example showing the solution by MTE for single commeodity case
where nodes | through § are the erigin nodes, and nodes 19 and 20 are the
destination nodes where any one of the two nodes need 1o be reached.

of MTE was so in only 33 % of the case, The worst case of
Ruyrre, Rrp and Byrppp were 0.1837, 0.6878, and 0.8110,
respectively. Although it was shown ecarlier that both MTE and
FR can perform arbitrarily bad in the worst case, simulation re-
sults were in favor of FR. The average gain in the systen lifetime
obtained by the proposed algorithms were between 49 % and 55
% compared with M'TL.

In the multicommodity case, commodity ¢ € C where C' =
{1,2,3,4,5} is assumed to be generated at node ¢ and its desti-
nation node is node i+ 15 among 20 randomly distributed nodes.
Figs.13, 14, and 15 show examples of multicommodity case so-
lutions by MTE, FR, and FA({1, 50, 50) with A = 0.001 respec-
tively, where only the aggregate fiows are depicted. In this ex-
ample, the optimal system lifetime is Tf:f_,‘ = 7.81, and the sys-
tem lifetime obtained by FR and FA(1, 50, 53) were more than
one and a half times as fong as that of MTE, whare hoth were
close to the optimal.

In the multicommoedity case, the performances of the dlgo-
rithms given in Table III and Fig.16 showed similar behavior to
the single commodity case. A = 0.001 was used for MREP
and FA(1,50,50). Rpag.sese was always aver 0.99 of the
optimal, i.e., including the worst case, and again FA(3, 1,1)'s
performance was comparable 1o MREP’s. While the average
Ryrrp was 0.6982, those of Hipr and Eprnpp were 10,8862
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Fig. 10. An example showing the solution by FR for single commodity case
where nedes 1 through 5 are the origin nodes, and nodes i9 and 20 are the
destination nodes where any one of the ewo nodes need to be reached.

37 Cigin T,n36.58 (i6)
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]
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Ay =142

Fig. 11. An example showing the selntion by FA(L, 50, 50} when ) = 0.001
for single commodity case where nodes | through 5 ate the origin nodes,
and nodes 19 and 20 are the destination nodes where any one of the two
nodes need to be reached.
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Fig. 12, The comparison of average and worst case performances of all three
algorithms are made in the single commadity case.
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TABLE HI
THE PERFORMANCE COMPARISON OF THE ALGORITHMS IN THE
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MULTICOMMODITY CASE,
[ Algorithm X || avg Bx | min Rx | Pr{Rx > 0.9} ]
MTE 0.6982 0.2201 25%
FR 0.8862 0.4297 54%
MREP 0,9349 0.7298 69%
FA{L, 1,1} 0.9565 0.7178 86%
FA(1, 50, 50) 0.9974 0.9906 100%
Tk b{m
L PRl R
Tyo= 55201 @
Ty = 42RE{11) " 75062
Typ= 8810
Tyg= 436226 Ty = 7144
e ®
T,gv 1826
Y3 Orlgin g @ ©
&> : Deatinaiion . Ty = 8318
L 47y L e D)
P = 040 T_,-43|ss: Ty -8

Fig, 13. Ao example showing the solution by MTE for mullicommodity case
where nodes 1 through 5 are the origin nodes and nodes 16 through 20 are
the comesponding destination nodes, respectively,

and 0.9349, respectively, Rpg and Ryrrpr were over 0.9 in
54 % and 69 % of the case respectively, while that of MTE
was 80 in only 25 % of the case. The worst cases of Rarre,
Rypg, and Ryrpep were 0,2201, 0.4297, and 0.7298 respec-
tively. While the performances of MTE, FR, and MREP deteri-
orated compared with single commodity case, the performance
of FA(1, 50, 60) was still very close to the optimal. The average
gain in the system lifetime obtained by the proposed algorithms
were between 40 % and 62 % compared with MTE.

VI, CONCLUSION

In power-controlied wireless ad-hoc networks, battery energy
at network nodes is a very limited resource that needs to be
utilized efficiently. One of the conventional routing objectives
was {0 minimize the lotal consumed energy in reaching the des-
tination. However, the conventional approach may drain out
the batteries of certain paths which may disable further infor-
mation delivery even though there are many nodes with plenty
of energy. Therefore, we formulated the routing problem with
the objective of maximizing the system lifetime given the sets
of origin and destination nodes and the information generation
rates at the origin nodes, and proposed a class of flow augmenta-
tion algorithms and a fow redirection algorithm which balance
the energy consumpiion rates among the nodes in proportion to
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Fig, 14, An exnmple showing the solution by FRR for multicommodity case
where nodes 1 through 5 ate the otigin nocles and nodes 16 through 20 are
the corresponding destination nodes, respectively.
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Fig. 15. An example showing the soution by FA(1, 50, 50) when A = 0.001
for multicommodily case where nodes [ through § are the origin nodes and
nodes 16 through 20 are the comesponding destination nodes, respectively.
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Fig, 16, The comparisan of average and worst chse performances of all three

algorithms are made in the mullicommodity case,
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their encrgy reserves. The proposed algorithms are local and
amenable to distributed implementation and showed close to the
optimal petformance most of the time, significantly improving
the system lifetime, that is, as much as 60 % on the average over
the conventional minimum transmitied energy routing.
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