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Abstract— This paper addressesthe problem of broad-
casting and multicasting in large scale multihop ad hoc
wir elessnetworks. We focuson the enemy-ef cient broad-
cast routing in stationary networks and consider the
case where wirelessnodes can dynamically control their
transmission power for each broadcastsession.

Minimum Spanning Tree(MST) has the property that
the longest edge in the tree is the shortest among all
the spanning trees.We intr oduce a new algorithm called
MLE (Minimum LongestEdge)that constructsa broadcast
tree basedon Minimum Spanning Tree,and for networks
where nodes have different enemy resewes, we intr oduce
Minimum Weight Incremental Arbor escence(MWIA)algo-
rithm to compute the broadcasttree. Multicast tree can
be obtained by pruning broadcasttree. These algorithms
provide a schemeto balancethe energy consumptionamong
all nodes. The simulation results shov that MLE and
MWIA improved the energy balance and network lifetime
for a wide range of networks, and the impr ovementis more
signi cant when the network size grows.

KEY WORDS: wireless, ad hoc, broadcastmulticast,
power control

I. INTRODUCTION

Wireless ad hoc network consists of a collec-
tion of mobile hosts dynamically forming a tempo-
rary network without the use of ary existing network
infrastructure([], [6], [7]). In such a network, each
mobile hostcansene as a router For traf c acrossthe
network, multi hopsmay be neededo reachthe destina-
tion. The selectionof relay nodesandtheir transmission
power is a major considerationin routing algorithm
design.Unlike the wired network, in which the enegy
consumptionis not a concern,enegy-efciency is very
importantin wirelessad hoc network, suchasin military
ad hocnetworks andwide areavoice anddatanetworks.
In such networks, the mobile hosts are powered by
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batteries thereforethe limited batterylifetime imposes
a constrainton the network performance.ln military
ad hoc networks, to rechage or replacethe individual
users batteryis impossible soif a smallsetof batteries
are drained out too early, the entire network may be
partitionedand network lifetime reduced.

Most of the previous work addressedhe issue of
enegy-efcient routingfrom the perspectie of minimiz-
ing total enegy consumptiorof all the mobile hosts.In
this chapter we addressthis problem from a different
approachj.e., to improve the enegy ef ciency with an
objective of balancedenegy consumption.

In anetwork that mobile hostsaredeployedin abatch
mode thetraf ¢ shouldberoutedto avoid the overuseof
asmallsetof mobilenodeslin orderto maximizethe net-
work lifetime, ideally, thetraf ¢ shouldberoutedin such
a way that the enegy consumptionis minimized and
balancedamongall the nodes.However, thereis always
atrade-of betweenachieszing the minimum total enegy
andbalanceceneny distribution. We believe thereis an
optimal point in between.This is the motivation of this
work.

In this study we de ne the earliesttime thata mobile
host is depletedof enegy as the network lifetime. In
order to maximize the network lifetime, the maximum
enegy consumptionamong all nodes must be mini-
mized. We proposea polynomial time algorithm that
producesa broadcastree with the shortestiongestedge
among all the spanningtrees. This algorithm can be
usedin multicastrouting by pruning the broadcastree
and eliminating transmissionghat are not necessaryo
reachthe destinationsFor randommulti-sessiortraf c,
our simulation result shovs that comparedwith BIP
algorithm,the bestminimumenegy broadcastalgorithm
known so far, the maximum enegy consumptionof
MLE is decreasetby 15% andthe standarddeviation of
enegy consumptionamongall the nodesis decreased
by 6%. As the network sizeincreasesthe improvement
in maximumenegy consumptionis more signi cant.



II. RELATED WORK this information must be updatedat eachstep. Unlike
A. Minimum Total Eneigy Broadcast Prim's algorithm, BIP doesnot guaranteeto provide a
minimum-costtree, even thoughthe objective in [10] is

The enepgy-efciency problemin broadcastwireless . .
minimum total enegy.

network designhasreceved signi cant attentionin the
past three years.One of the important featuresis the . i )
verticalcouplingof protocollayerfunctionality[12], i.e., B Enegy-Efcient UnicastRouting
routing decisionis madewith the choice of transmitter ~ Oneof the objectivesin unicastroutingis to minimize
paower levels. The majority of these publishedworks the total costalongthe route. A corventionalapproach
seekto minimize the total enegy consumptionin each is to usethe shortestpath betweenthe sourceand the
broadcassession. destination.However, this may lead to the overuseof

This problem was also studiedin [9] and [4]. The someheay-loadedpathsandmayin turnleadto reduced
authors stated that this problem is NP-hard, and it network lifetime. Another category of enepgy-efcient
is also hard to approximate.Wieselthier Nguyenand algorithms are enegy-aware routing, which achieres
Ephremidesaddressedhe problem in [11] and [10], balancednegy consumptioramongthenodes[2. These
and provided a few heuristicsto nd the nearoptimal algorithmscansigni cantly improve the systemlifetime
solution.We list a few of the heuristicsbelow. by balancingthe enegy consumptiorratesin proportion

(1)ExhaustiveSeach of Minimum Enegy Broadcast to their enegy resenes. Although this algorithm works
Tree The total enegy is de ned as the sum of the well for unicastcase,it can not be usedin broadcast
transmissiorpower of all thetransmittingnodesIn order case.The superpositionof unicastpathsdoesnot give
to nd the optimal broadcastree, an exhaustve search an optimal broadcastreein termsof maximumsystem
is used,the tree that consumeshe leasttotal enegy is lifetime. But the ideaof balancedenegy consumptioris
chosen.This algorithmis not scalableandis only good very importantfor broadcastouting algorithm design.
for small networks[11].

(2)Broadcast Least-Unicast-costalgorithm(BLU) A I11. ENERGY EFFICIENCY METRICS

minimum-costpath from the sourceto eachreachable  1ota| enegy consumptionhas beenusedas an im-
destinationis established,and the broadcasttree is portant metric to evaluate ad hoc routing algorithms.

formedby superpositiorof unicastpathsto all thedesti-  However, having minimum total enegy consumption
nations.Sincethe costmetric for unicastis alink-based may have a negative effect in the long term, because

cost, the wirelessbroadcastdantageis not takeninto  this may resultin the overuseof enegy resourcef a
considerationThe aggr@ationof the individual shortest  gma)| setof nodes.The early enegy depletionof some
pathsdoesnot guarante¢hatthe resultanbroadcastree  cyitical nodesmay lead to the network partition.
will have minimum total cost[11].
(3)BroadcastincrementalPower(BIP) algorithm This
algorithm takes into accountthe wirelessbroadcastd-
vantagein the formation of low-enegy broadcastrees,
and it is a node-basedpanningtree algorithm, which
meansthe transmissiorpower of a non-leafnodeis the
power neededto reachall its direct children. BIP is
similar to Prim's MST algorithm. In Prim's algorithm,
the nodesare addedinto the tree one at a time on a
minimum cost basis,until all nodesareincludedin the
tree, where the costis de ned as the cost of the link
connectingthe new nodeto the tree.In BIP, the nodes
areaddedo thetreein asimilarway. Theonly difference
is thatthe costis de ned asthe incrementalcostto add
a new nodeto the tree.

In session I

In session IT

If the link cost betweennode and node is , B source
and node currently transmitsat level , then the & relaying node
incrementalcostfor connectingnode is o leafnode

Fig. 1. Minimum enegy broadcasteadsto the overuseof nodeA
Prim's algorithmtakes  asinput andthis information
remainsunchangedhroughouthe executionof the algo- Considerthe wireless network in Figure 1. We as-
rithm; whereaghe BIP algorithmtakes  asinputand sumethat total enegy is the cost metric, and that BIP



algorithmis usedto computethe broadcastree.In ary
broadcassessiornwith the sourcenodein the right half
area,node A will be selectedas a single relay nodeto
reachall the nodesin the left half area.So the enegy
resene of nodeA will bedrainedout fasterthanothers.
If nodeA's enepy is fully depletedthe network lifetime
is ended,even thoughsomeother nodesmay still have
plenty of enegy left.

Besidesthe total enegy expenditure,the maximum
enegy consumptionof eachnodeis anotherimportant
metric we needto consider For mary wirelessad hoc
networks, the wireless nodesare deployed in a batch
mode where battery replacementor rechage is not
possible.If somenodeat a critical positionhasdepleted
its enepgy, the whole network may be partitionedand
network lifetime ended.In sectionVI, we proposealgo-
rithms that aim to provide maximumnetwork lifetime.
We will describethe wirelesscommunicationmodelin
sectionlV.

IV. WIRELESS COMMUNICATION MODEL

In this study we addressonly stationarywirelessad
hoc networks. We assumethe node position is static
or changesslowly. So the node mobility is not con-
sideredin this paper We also assumethere exists an
underlyingprotocolto provide the network connectvity
information. We ignore the enegy consumptionin the
information exchangeand focus only on the enepgy-
efcient broadcastouting for datatraf c.

Thewirelessad hocnetwork is modeledasa complete
graph,in which eachvertex representsa wirelessnode,
andthe edgeis weightedby the costor enegy needed
to communicatebetweenthe two vertices.The enegy
consumedy a wirelessnodehave two componentsthe
receving/processing@nepgy andtransmissiorenegy. We
assumehatthetransmissiorenegy is dominant,andthe
receving/processingpower is negligible. Thereforeonly
the transmissionpower contributesto the total enegy
consumption.

We also assumethat the receved signal power is
proportional to , Where is a parameterbetween
2 and4, dependingon the communicatiormedium; is
thedistancebetweerthetwo nodeq8]. We setthe signal
detectionthresholdconstantequalto be , andthis can
be further normalizedto . Sothe power neededor the
communicatiorbetweennode andnode is

where is the distancebetweennode andnode .
Anotherimportantassumptions thatomni-directional
antennasreused.Soif anode transmitsat power level
, all thenodeswithin theranger of node can
recevve the signal. For example, considerthe situation
describedin Figure 2, . hode s the source,

Fig. 2. A comparisorof two routes: and

node and aredestinationsOnesolutionis that node
transmitsat powerlevel , sobothnode andnode

canbe reached Anotherchoiceis that node transmits
at power level andnode transmitsat power level

. This may or may not result in less total enegy
consumption,but the maximum transmissionpower in
the broadcastiree is reduced,which is very important
to balancethe enegy consumptioramongall the nodes
andto maximizethe network lifetime.

V. MINIMUM SPANNING TREE PROPERTY

Theoem1: Minimum SpanningTree has the mini-
mum longestedgeamongall the spanningtrees.
Proof:

Fig. 3. MST hasthe Minimum LongestEdge

The proof is basedon the invariant of Minimum
SpanningTree(MST)that every edgein MST is a light
edgeacrossthe two connectedcomponentst straddles
[31.

In Figure 3.(a), the MST  has the longest edge

, which connectsthe two connected compo-



nents(Figure3.(b), the shadedarea).For ary otherspan-
ningtree , assumats longestedgeis . Assume
. We can prove that this leadsto a

contradictionthat  is not a Minimum SpanningTree.
Firstwe nd anedgein thatstraddleghe two set
of vertices.Let's call it asshawn in Figure3.(c).

Case 1: Edge is differentfrom edge
Since , Soif , then
. In original MST , by replacing
with asis shavn in 3.(d), we cangeta
spanningtree , which haslesscostthan does.

Case?2: Edge happengo be the sameedgeas
. This leadsto anothercontradiction:

Now we can concludethat the Minimum Spanning
Tree hasthe minimum longestedgeamongall the
spanningtrees.An exampleof enegy consumptionfor
single sessionbroadcastis shovn in Figure 4. As is
expected,the MLE algorithm makes the enegy con-
sumptionmore balancedand the maximumenegy de-
creasedIn this particularexample,the maximumenegy
consumptionin MLE is only 58% of that in BIP. In
multi-sessionrandomtrafc simulation, the maximum
transmitting power of MLE is decreasedby 15% in
average.

V1. CENTRALIZED ALGORITHMS
A. MLE BroadcastTree ConstructionAlgorithm

In this section,we introducea broadcastreeconstruc-
tion algorithm for networks wherewirelessnodeshave
the sameinitial enegy reseres.

The objective of this work is to build a broadcastree
rootedat the sourcenodesuchthat the network lifetime
is maximized.Sincethe broadcasis session-basedye
found that the maximum duration of a sessioncan be
achieved by using a broadcastree with the minimum
longest edge. We assumethe broadcastsessionsare
randomlygeneratedthereforeit is reasonabléo assume
sucha stratgy will alsowork for multi sessiontrafc.
If the enegy consumptionis balancedin eachsession,
thenit is alsobalancedafter multiple sessions.

The broadcastiree is constructedin two phases.n
the rst phase,we usePrim's MST algorithmto build
a tree rooted at the source.In the secondphase,we
take into consideratiorthe wirelessbroadcasnatureto
sase enegy by removing the unnecessartransmissions.
Somerelay nodemay becomedeaf nodeafterthe second
phase,but for the remainingtransmitting nodes, their
transmissionrangeswon't increase.So the resulting
broadcasttree still has the Minimum Longest Edge
(hencethe nameMLE).

Phasel: Givenacompleteundirectedyraph,we build
a spanningtree rooted at the source.Initially, only the
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Fig. 4. Nodesenegy consumptiornin a single broadcassession

sourcenode s includedin the tree. At eachstep, the

verticesin the tree de ne a cut of the graph. A light

edgeacrossthe cut is selectedandthe nodeit connects
is addedinto the tree. The edgeweightis de ned asthe

transmissionpower neededto reachthe selectednode.
Figure 5.(a) shovs a broadcastree resulting from this

algorithm.

Phase2: Sincethe wirelesscommunicationis broad-
castedin its nature,a node can be reachedby mary
nodes.As long asthe wirelessnetwork's connectity is
maintained,we can remove unnecessaryransmissions
to save the enegy consumptionFor example,if a node
A's children can be reachedby A's parentwithout in-
creasinghe parentnode’s transmissiorpower, thennode
A's transmissioncan be eliminated.Figure 5.(b) showvs
the result of phasetwo. Node 's child node becomes
reachablefrom 's parentnode after increasests
power, sonode becomes leaf nodeasa result.

The rst phaseof this algorithm is to constructa
Minimum SpanningTree (MST) rooted at sourcenode



(b) Secondphase

® source node
® transmitting node
e |eaf node

(c) WeightedMLE tree

Fig. 5. MLE treeconstruction

in the sameway as in wired network. We claim that
this algorithm producesa tree with minimum longest
edge(MLE).Sincethe edgelengthdetermineghe trans-
mission power level, a MST will no doubt minimize

the maximum transmissionpower of all nodes.Recall
that the network lifetime is de ned as the earliesttime

that a nodeis drainedout of enegy. The nodethat is

drainedout rst is usuallythe nodethattransmitsat the

maximumpower level. If we minimize this transmission
power, we de nitely canextendthe network lifetime.

In sectionV, we proved that the Minimum Spanning
Treealgorithmusedin Phasel outputsa broadcastree
of Minimum LongestEdge.Sinceonly the shorteredges
areremoved,the Phase2 operationdoesnot changethe
Minimum LongestEdgepropertyof the broadcastree.

B. MWIA BroadcastTree ConstructionAlgorithm

So far we have assumedthat all the nodes have
the sameinitial enegy reseres. Since eachnode has
differentenegy consumptiorrate, after a few sessions,
some nodes may have less enegy left than others.
We needto modify the algorithm in considerationof
this difference.In this section,we considerthe enegy-
ef cient broadcastreeconstructiorwith differentinitial
enegy reseres.\We proposean algorithmthat balances
the enegy consumptionamongall the nodesby using
a weightededgecost that is derived from the sending
nodes remainingenegy.

Now we assumehateachnodeis awareof its remain-
ing enegy, andthis informationis exchangedwith other

nodesafter eachsessionWe associateeachnode with
a weight, which is a function of its enegy resene. We
de ne

the remainingenepgy of node
the maximumremainingenegy
amongall the nodes

We associateachnode with aweight andwe use
weightedlink costinsteadof the original link costin the
procesf selectingcandidatesin this sensewe model
the wirelessnetwork as a completedirectedgraph,and
eachpair of nodesare connectedcby a pair of directed
edgesWe de ne

weightededgecost =

weightededgecost =

link cost
link cost

In the distributed implementationof this algorithm,
to reducethe numberof control messagedor nding
out , the maximum remainingenegy amongall
nodeswe cannormalizeit to , sothereis no additional
messag@verheadfor usingweightededgecost.

Now the problemof building the broadcastree with
minimum largest edge-weightis formally de ned as
follows:

De nition 1: (Enegy-efcient BroadcastRouting)

Given an edge-weightedlirectedgraph  and a root
node , nd a broadcasttree such that the maximum
edge-weightin the tree is the minimum amongall the
broadcastrees.

To solwe this problem, we introduce the Minimum
Weight Incremental Arborescence An arborescenceis
a tree with root and pathsfrom to every node of

. To get a broadcastrouting with the longestnetwork
life time, we needto nd an arborescenceooted at

with the minimum largest edge-weightin the tree.
The solution to this problem is a Minimum Weight
IncrementalArborescenceonstructedas follows:

In the rst phasewe build an arborescenceootedat
thesourcenode . Initially, only is includedin thetree.
At eachstep,we add a nodeto the tree on a minimum
weight basis,that is, we nd an edgewith minimum
weight from a vertex in the treeto a vertex not in the
tree. If there are more than one such edges.the tie is
broken randomly We start from the sourcenode and
grow the tree one nodeat a time until all nodesarein
the tree.

In the secondphase,we use the samealgorithm as
describedn sectionVI-A, Phase? to remove the unnec-
essantransmissionsvithout increasinghe transmission
rangeof arny node.Someedgesare removed, and new
edgesare addedto save the total enegy, but the edge
with the largestweight will remainuntouched.

Theremay exist more than one MWIAs if thereis a



tie. However, the following theoremtells us any MWIA
will have the samemaximumedge-weight.

Theoem2: Every MWIA is an optimal solution for
the Enegy-efcient BroadcastRoutingProblemde ned
above.

Proof.

Let be an edgewith the largestweight in a
MWIA . Let be the subtreeat the time in the
constructionthat edge is added.Then is
rootedat and is an outgoing edge with the
minimum weight from ary nodein to a nodenot
in .

Now, supposethere exists anotherarborescence
suchthatevery edgeof  hasweightlessthan ,
the weight of edge . Since  containsa path

from to , it mustcontainan outgoingedge

from a node in to anode notin
However, contradictsthe above fact
aboutedge

To be consistentwith the unweightedgraphversion,
we sometimesuse weighedMLE as an equialenceto
MWIAn thefollowing. As aresult,theunweightedMLE
is a specialcaseof MWIA, whereedgeweightsareequal
in two directionsand areall equalto the link cost.

In Figure5, if MWIA algorithmis used the broadcast
tree after a time period will be like Figure 5.(c). The
heaily loadednode shiftsthe taskto node thathas
more eneqgy left.

C. Multicast Tree Construction

In practice, multicast is implementedas broadcast
+ prune We rst usethe Phasel of the broadcast
algorithmsto constructa broadcasttree, and then we
prunethe broadcastreeto get a multicasttree. Unnec-
essarytransmissionsare removed as a result, and the
longestedgein the broadcastree may be removedif it
is not on the path from the sourceto a memberof the
multicastgroup.But theremainingmulticasttreestill has
the minimum largestedge-weightamongall the pruned
subtreesThenwe run the Phase2 algorithmsto further
optimize on the total enegy consumption.

Theoem3: The multicasttree obtainedabove is an
optimal solutionfor the multicastrouting with minimum
largestedge-weight.

The propertythat the prunedmulticasttreeis still an
optimal solutionfor multicastproblemcanbe provedas
follows:

Proof.

A multicast sessionis de ned as a pair: (source
multicastgroup).

In any multicasttree, there must be a path from the
source to ary member in the multicastgroup. We
canprove thatthe pathfrom to in the multicasttree

obtainedby this algorithm hasthe minimum largest
edge-weightamongall suchpaths.

For contradictionassumehisis nottrue. Thenwe can
nd a path in anothermulticasttree
(Figure 6.(b)) , and the largest edge-weightalong this
pathis . Assumethereis a path
in  andthe largestweight along this path is
(Figure 6.(a)). If , thenwe can nd
only two possibilitiesto connect and in the process
of constructingoroadcastreefollowing MLE or MWIA
algorithm Phasel:

1) If the largestweight on path
(Figure 6.(c)), then  containspaths

and without path ,
becausepath exists beforeedge
is selected.

2) If the largestweight on path
(Figure 6.(d)), then  containspaths
and without edge ,
becausepath exists before

edge is selected.

In either case,there shouldbe no suchpath

in . This contradictsthe factthat containsa
path .
Theunionof thesepathsform a multicasttree,andthe

“minimum largestedge-weight”propertywill still hold.

(a) path (b) path
in in

(c) casel (d) case2

Fig. 6. proof of theoremVI-C



VIIl. DISTRIBUTED BROADCAST TREE
CONSTRUCTION

A distributed Minimum SpanningTree algorithm is
presentedin [5]. We can use the same messageex-
changingstratgy to constructoptimal broadcastreein
distributed ervironment. This stratey can be usedfor
both MLE algorithmand MWIA algorithm.

Eachnodeinitially only knowsthe costof theadjacent
edgesall thenodesrunthesamealgorithmandexchange
messagewith neighborauntil thetreeis constructedWe
startwith the sourcenodeasa fragmentandsuccessiely
enlagesthe fragmentuntil it spansthe graph.The key
pointin thedistributedalgorithmis how a fragment nds
its minimum weight ongoing edgeto extend itself. In
summary eachnodein a fragment nds its minimum
weight outgoing edge;Nodesin a fragmentcoordinate
by sendingReportmessaget nd the minimumweight
outgoingedgeof the entirefragment.In detail, it works
asfollows:

Each leaf node of the fragment nds its minimum
weight outgoingedgeand sendsReport(\W)messagen
its inboundbranch,with  asthe weight of the edgeit
found. Eachinterior nodealso nds its minimumweight
outgoingedgeandwaits until it recevesmessagefrom
all outboundfragmentbranches.The bestedgeis se-
lectedat the next stepto extendthe fragment.If no node
has outgoing edge, the algorithm is done. Distributed
implementationof BIP is just like distributed MLE or
MWIA, it startswith a single node and successiely
enlagesthe fragmentuntil all the nodesare included
in the fragment.

The distributedimplementatiorof BIP algorithmand
MLE/MWIA algorithm work equally well in terms of
messagecompleity and time compleity. If the node
identity is distinct, thetotal numberof messagesequired
is at most . Eachmessagecontainsat
mostoneedgeweight,alevel betweer0 and anda
few morebits to indicatemessagéype. Sincethe enegy
consumptionn messagexchangeis the samefor both
MLE/MWIA andBIP algorithm,andit is muchsmaller
than that of datatransmissionwe do not includeit in
the enegy consumptioncomparison.

VIIl. SIMULATION RESULTS

We evaluatethe performanceof the proposedalgo-
rithms by simulations. The results from BIP provide
a basisfor comparisonbetweenthese enegy-efcient
algorithms.

In this simulation study we assumethereis enough
enegy resere at eachnodeandwe comparethe enegy
consumptiondistribution. The numbersshavn in the
graphare normalizedby the maximumenepgy capacity
whichis the enegy neededo cover thelongestdistance

in the network for a maximumduration.In thefollowing
simulations,a x ed value of =2 is used,which is a
typical valuefor unobstructecervironment.

Scenariol: Broadcast

We constructrandomnetwork instancesand compare
the MLE algorithm with BIP with respectto mean,
maximumandstandardieviation of enegy consumption
amongall the nodesfor a singlesessiorbroadcastraf c.
Initially, every node has the sameenegy resere, so
unweighted MLE and BIP algorithms are used. The
resultsare providedin Figure7.

It is obsened that both the maximum value and
standarddeviation in BIP are approximately8% higher
thanthosein MLE. In fact, when the network size is
increasedthe MLE algorithmshavs moreimprovement.

Scenarioll: Multicast

In this simulationstudy we assumethe initial enegy
resenesare sufcient, andwe comparethe enegy con-
sumptionsof basic(unweighted)BIP, weightedMLE(or
MWIA), andweightedBIP. The multicastsessiortraf ¢
is randomly generatedj.e., the sourcenode, multicast
group and sessiondurationtime are randomlychosen.

Simulationsare run over 100-nodegraphsgenerated
by GT-ITM. We obsenre the enegy consumptiorasthe
multicastgroup size increases.

Eachsimulationwas run over 100 network instances
and the results averaged. The simulation results are
provided in Figure 8. In average,the mean enegy
consumptionin weighted MLE is increasedby 10%,
maxvaluedecreasety 15%,andthe standardieviation
decreasedoy 6% over basic BIP. While in weighted
BIP, the averageenegy consumptionis only increased
by 3.7%, and maximum value decreasedy 13%, and
standarddeviation decreasedby 5% over basic BIP.
Despite the randomnesf the network instancesand
multicastsessionsthe performanceresultsof weighted
MLE(or MWIA) andweightedBIP arevery close.This
indicatesthat the enegy-balancingstratey by use of
enegy relatedweightscanbe usedto improve both BIP
and MLE.

Anotherobsenation from the simulationstudyis that
in broadcasttrafc, as the numberof participantsin-
creasesthe enegy consumptions decreaseth general.
Thisis dueto thefactthatwhenmorenodesareinvolved,
the nodesare getting closer thereforethe transmitting
power neededare decreasedBut in the multicastcase,
where the total number of nodesis x ed, increasing
the size of multicast group can only make the enegy
consumptionncrease.

We also obsened that when we choose , the
two algorithmsproducethe samebroadcastreein some
network instancesand the overall performances very
close. This is becausewhen s high, the penalty of
usinglong edgesbecomessigni cant. Whenthe cost of



usingrelayingnodesis muchcheapethanusinga single
hop long edge,BIP algorithm becomesn favor of the
short edgesduring the tree construction this is similar
to MLE algorithm.

In summary the unweightedMLE algorithmis good
for long lasting sessionwhere the enegy drain out of
individual nodesis likely to occurin a single session;
Weighted BIP and weighted MLE are good for multi
sessiontrafc  where each sessionis relatively short.
Thesetwo weightedalgorithmshave roughly the same
performancewith the latter being betterin minimizing
the maximum power consumption.It is also obsenred
that when the path loss exponent is high, the MLE
and BIP algorithmstendto producethe sameresults.

IX. SUMMARY AND FUTURE WORK

In this study enegy-efcient broadcastouting algo-
rithms called Minimum LongestEdge(MLE) and Min-
imum Weight Incremental Arborescence(MWIA) are
introduced.MLE achieres longer network lifetime by
minimizing the maximum transmissionpower of indi-
vidual nodes.The probability that a node is overused
is decreasedigni cantly. We further extendedthe idea
to considerthe situation where nodes have different
enegy reseres, and introduced edge weights based
on remainingenegy of sendingnodes.We proved the
Minimum Weight Incremental Arborescence(MWIA)
is the optimal solution for broadcastrouting with the
minimum largestedge-weight.

Simulation resultsshov that the enegy expenditure
of MLE and MWIA are more evenly distributed than
BIP for randommulti-sessiommulticasttraf ¢, while the
total enegy consumptionsrenotincreasedigni cantly
asatrade-of. To our knowledge,thisis the rst work to
addresghe broadcasandmulticastproblemin multihop
wireless Ad hoc networks toward a balancedenegy
consumption.

One of the future researchtopics is to incorporate
the limitation of nite numberof transcerers at each
nodeandlimited numberof frequenciesvailable.Sofar
we usedan “admit all” policy. In orderto increasethe
network throughput,the admissioncontrol policy needs
to be changed.

We arealsointerestedn furtherinvestigatingthe per
formanceof the distributed broadcastouting algorithm
in mobile ervironment,andconcludeif it is areasonable
price to pay for gatheringglobal information in order
to achieve the optimal solution. A future researchopic
resultsfrom this is to develop suboptimalsolutionwhen
node mobility is high, and thus to gatherglobal infor-
mation in orderto nd the optimal solution is likely
to be infeasible.A localized searchmechanismwill be
neededandglobal informationshouldbe usedaslessas
possible.
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