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Cooperative Multicast for Maximum Network
Lifetime

IvanaMaric Member, IEEE andRoy D. YatesMember, IEEE

Abstract— We considercooperative data multicast in a wir eless
network with the objective to maximize the network lifetime.
We presentthe MaximumLifetimeAccumulativeBroadcast(MLAB)
algorithm that specifies the nodes’ order of transmission and
transmit power levels.Weprove that the solution found by MLAB
is optimal but not necessarilyunique. The power levels found by
the algorithm ensure that the lifetimes of the active relaysare the
same,causing them to fail simultaneously. For the samebattery
levels at all the nodes,the optimum transmit powers becomethe
same.

The simplicity of the solution is madepossibleby allowing the
nodesthat are out of the transmission range of a transmitter to
collect the energy of unreliably received overheard signals.As a
messageis forwarded thr ough the network, nodeswill have mul-
tiple opportunities to reliably receive the messageby collecting
energy during each retransmission.We refer to this cooperative
strategy asaccumulativemulticast. Cooperative multicast not only
increasesthe multicast energy-efficiency by allowing for more
energy radiated in the network to be collected,but alsofacilitates
load balancing by relaxing the constraint that a relay has to
transmit with power sufficient to reach its most disadvantaged
child. When the messageis to be delivered to all network
nodes this cooperative strategy becomesaccumulativebroadcast
[1]. Simulation results demonstrate that cooperative broadcast
significantly increasednetwork lifetime compared to conventional
broadcast.We also presentthe distrib uted MLAB algorithm for
accumulative broadcastthat determinesthe transmit power levels
locally at the nodes.

Index Terms— Cooperative multicast, cooperative broadcast,
maximum network lifetime, optimum transmit powers, dis-
trib uted algorithm.

I . INTRODUCTION

We considerthe problem of energy-efficient multicasting
in a wirelessnetwork. In the multicastproblem,a message
from a source node is to be deliveredefficiently to a set of
destinationnodes.Whenthe setof destinationnodesincludes
all the network nodes(except the source),the multicastprob-
lem reducesto the broadcastproblem. When there is only
one destinationnode, multicast reducesto unicast and the
problembecomesthatof routingto onedestinationnode.Prior
work on this subjecthasbeenfocusedon theminimum-energy
broadcastproblemwith the objective of minimizing the total
transmittedpower in thenetwork. This problemwasshown in
[2]–[4] to be NP-complete.Several heuristicsfor constructing
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energy-efficient broadcasttreeshave beenproposed;see[2],
[3], [5]–[8] andreferencestherein.

However, broadcastingdatathroughanenergy-efficient tree
drainsthebatteriesat thenodesunevenly causinghigherdrain
relays to fail first. A performanceobjective that addresses
this issue is network lifetime which is defined to be the
time duration until the first node battery is fully drained
[9]. Finding a broadcasttree that maximizesnetwork lifetime
wasconsideredin [10]–[13]. The problemof maximizing the
network lifetime during a multicastwasaddressedin [14]. In
[15], it was shown that the use of directional antennascan
improve both the energy-efficiency and the lifetime of the
network as comparedto the omnidirectionalcase.Because
the energies of the nodes in a tree are drained unevenly,
the optimal tree changesin time and thereforethe authors
[11], [13], [14] distinguishedbetweenthe static and dynamic
maximum lifetime problem. In a static problem, a single
tree is used throughout the broadcastsessionwhereasthe
dynamic problem allows a sequenceof trees to be used.
Sincethe latterapproachbalancesthe traffic moreevenly over
time, it generallyperformsbetter. For the static problem,an
algorithmwasproposedthat finds the optimumtree [11]. For
thespecialcaseof identicalinitial batteryenergy at thenodes,
theoptimumtreewasshown to betheminimumspanningtree.
In a dynamicproblem,a seriesof treeswere usedthat were
periodically updated[11] or usedwith assignedduty cycles
[13].

Wireless formulations of the above broadcastproblems
assumethat a node can benefit from a transmissiononly if
the received power is above a thresholdrequiredfor reliable
communication.This is a pessimisticassumption.A nodefor
which the receivedpower is below the requiredthreshold,but
above the receiver noise floor, can collect energy from the
unreliablereceptionof the transmittedinformation.

Moreover, it wasobservedin therelaychannel[16] thatuti-
lizing unreliableoverheardinformation is essentialto achiev-
ing capacity. This idea is particularlysuitedfor the multicast
problem,wherea nodehasmultiple opportunitiesto receive
a messageas the messageis forwardedthroughthe network.
We borrow this idea and re-examine the multicast problem
under the assumptionthat nodesaccumulatethe energy of
unreliablereceptions.We refer to this particular cooperative
strategy as accumulativemulticast and in the special case
of broadcast,as accumulativebroadcast [1]. The minimum
energy accumulative broadcastproblem was formulatedand
addressedin [1], [17], [18]. The problem was shown to be
NP-complete.An energy-efficient heuristicwasproposedthat
demonstratedtheimprovementof accumulativebroadcastover
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the conventionalbroadcast.Undera differentphysicalmodel,
this problemwas independentlyconsideredin [19] andagain
shown to be NP-complete.Furthermore,the sameidea, for a
packet level systemmodelwith the additionalconstraintof a
power thresholdfor signalacquisition,wasrecentlyproposed
underthe nameHitch-hiking [20].

In this paper, we addressthe problem of maximizing the
network lifetime by employing theaccumulative multicast.As
in the conventionalbroadcastproblem,we imposea reliable
forwarding constraintthata nodecanforwarda messageonly
after reliably decodingthat message.

We show that the maximumlifetime multicastproblemhas
a simpleoptimal solutionandproposethe MaximumLifetime
AccumulativeBroadcast(MLAB) algorithm that finds it. The
solution specifies the order of transmissionsand transmit
power levels at the nodes.The power levels given by the
solutionensurethat the lifetimes of relay nodesare the same
and thus, their batteriesdie simultaneously. As shown later,
this is dueto the accumulative multicastthat naturallyallows
for load balancing.Assigning the powers such that all the
nodesfail at thesametime hasits equivalentin theproblemof
maximizingnetwork lifetime during routing. In that problem,
the network lifetime is maximizedwhenthe datais sentover
multiple routes all with the same minimum lifetime [21].
Moreover, thesimplicity of thesolutionallows usto formulate
a distributedMLAB algorithmfor the accumulative broadcast
thatuseslocal informationat thenodesandis thusbettersuited
for networks with large numberof nodes.

The paperis organizedas follows. In the next section,we
give the network model and in SectionIII, we formulatethe
problem.In SectionIV we presentthe MLAB algorithm that
findstheoptimalsolutionandin SectionV weshow thebenefit
of accumulative broadcastto the network lifetime compared
to the conventionalbroadcast.In SectionVI we presentthe
distributedMLAB algorithm.Proofsof all theoremsaregiven
in the Appendix.

I I . SYSTEM MODEL

We considera wirelessnetwork of
�

nodessuchthat from
each transmitting node � to each receiving node � , there
exists an AWGN channelof bandwidth � characterizedby
a frequency non-selective link gain ����� . We further assume
largeenoughbandwidthresourcesto enableeachtransmission
to occurin anorthogonalchannel,thuscausingno interference
to other transmissions.Each node has both transmitterand
receiver capableof operatingover all channels.

A receiver node 	 is saidto be in the transmissionrangeof
transmitter 
 if the received power at 	 is above a threshold
that ensuresthe capacityof the channelfrom 
 to 	 is above
the coderate of node 
 . We assumethat eachnodecan use
different power levels, which will determineits transmission
range.The nodesbeyond the transmissionrangewill receive
an unreliablecopy of a transmittedsignal. Thosenodescan
exploit the fact that a messageis sentthroughmultiple hops
on its way to other nodes.Repeatedtransmissionsact as a
repetitioncodefor all nodesbeyond the transmissionrange.

After a certainmessagehasbeentransmittedfrom a source,
labeled node � , sequenceof retransmissionsat appropriate

power levelswill ensurethateventuallyevery destinationnode
has reliably decodedthe message.Henceforth,we focus on
the multicast of a single messageand say that a node is
reliable onceit hasreliably decodedthat message.Under the
reliableforwardingconstraint,anodeis permittedto retransmit
(forward) only after reliably decodingthe message. During
the multicast,the messageis repeatedlytransmitteduntil the
setof destinationnodes� becomesreliable.

The constraintof reliable forwarding imposesan ordering
on the network nodes.In particular, a node � will decodea
messagefrom thetransmissionsof aspecificsetof transmitting
nodesthat becamereliable prior to node � . Starting with
node � , the source,as the first reliable node, a solution to
the cooperative multicast problem will be characterizedby
a reliability schedule, which specifies the order in which
the nodes becomereliable. Since the multicast stops after
the messagehas been delivered to 
 destinationnodes,a
reliability schedulewill not necessarilycontainall thenetwork
nodes.In general,a multicastreliability scheduleis anordered
subsequenceof the list of nodesof length � , 
������ �

,
thatstartswith node � , andcontainsall destinationnodesanda
subsetanetwork nodesthatrelaythemessage.In thebroadcast
case,a reliability schedule � ��������������������� �!����"$# is simply a
permutationof �%���'&(��� ���!� � # thatalwaysstartswith thesource
node � ��) � .

For a given reliability schedule,we refer to the 
 th node
in the scheduleas simply node 
 . After each node �+*, �-����� �!���/.0��1 transmitswith averagepower 2 � , the rate in
bits per secondthat canbe achieved at node � is [22]3 � ) �54%6-7 � 8 �:9<; �>= ��@? � � ��� 2 ��BA � C bits/s, (1)

where
�DA

is the one-sidedpower spectral density of the
additive white Gaussianreceiver noise.

Let the requireddatarate 3 be given by3 ) �54E6�7 �DF �:9 G� A �IH bits/s� (2)

From (1) and (2), achieving 3 � ) 3 implies that the total
received power at node � has to be above the threshold G ,
that is, �$= �J�@? � � �K� 2 �ML G � (3)

After the data has beensuccessfullydelivered to the desti-
nation nodes,all thosenodesare reliable and the feasibility
constraint(3) is satisfiedat every destinationnode � . When
communicatingat rate 3 , the requiredsignalenergy per bit isN$O ) GDP 3 Joules/bit.This energy canbe collectedat a node� during onetransmissioninterval � Q(�SR�# from a transmission
of a single node � with power 2 � ) GDP � �K� , as commonly
assumedin wirelessbroadcastingproblems[2], [3], [5], [11]–
[14]. However, using the accumulative strategy, the required
energy

N O
is collectedfrom �T.U� prior transmissions.

I I I . PROBLEM FORMULATION

A lifetime of a node 
 transmittingwith power 2WV is given
by RXV�YZ2WV\[ )^] V P 2WV where ] V is initial batteryenergy at node 
 .
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The networklifetime is the time until the first nodefailure,RX_�`ba@Ydce[ )gfihEjV RXVSYZ2WV\[ (4)

wherec is avectorof transmittednodepowers.Theproblemis
to maximizethenetwork lifetime undertheconstraintsthatall
destinationnodesbecomereliable.For the multicastproblem,
broadcastinguntil the subsetof destinationnodesbecomes
reliablewill solve the problem.

In the conventional multicast problem, the multicast tree
uniquelydeterminesthe transmissionlevels;a relay that is the
parentof agroupof siblingsin themulticasttreetransmitswith
the power neededto reliably reach the most disadvantaged
sibling in the group. Hence, the arcs in the multicast tree
uniquelydeterminethe power levels for eachtransmission.

In the accumulative multicast, however, there is no clear
parent-childrelationshipbetweennodesbecausenodescollect
energy from the transmissionsof many nodes.Furthermore,
the optimumsolutionmay requirethat a relay transmitswith
a power level differentfrom thelevel preciselyneededto reach
a groupof nodesreliably; thenodesmaycollect therestof the
neededenergy from the future transmissionsof other nodes.
In fact, the optimum solution often favors such situations
becauseall nodesbeyond the rangeof a certaintransmission
arecollectingenergy while they areunreliable;the moresuch
nodes,the more efficiently the transmittedenergy is being
used.

The differencesfrom the conventional multicast problem
dictateanew approach.Theoptimumsolutionmustspecifythe
reliability scheduleaswell asthe transmitpower level at each
node.Given a schedule,we can formulate a linear program
(LP) that will find the optimum solution for that schedule.
Sucha solutionwill identify thosenodesthat shouldtransmit
andtheir transmissionpower levels.A scheduleis an ordered
subsequenceof � nodesfrom a network of

�
nodes,k ) � l � � ��������lnmo#p� (5)

with l �>) � . We say that the lengthof the subsequencek in
(5) is q k q ) � . Let, k 1 ) , lX�r� ��� �!��lts\u(s�1 (6)

denotethesetof nodesin a schedulek andlet v " denotethe
setof all variable-lengthorderedsubsequencesof

, �-��� ���@� � 1 .
It follows that the family of all possibleschedulesisw "xYy�i[ ) , k *zv$"i{ �T* , k 1-��lX� ) ��1 (7)

Given a schedulek , we definea gain matrix |}Y k [ to have
'�b	 th element �~|}Y k [�# V�� )�� �����d� ��
:�}	-�Q otherwise� (8)

for �D�g
���	������ Whena node 	 doesnot participatein the
retransmissionof the message,reliablereceptionby that node
is unnecessaryandthatnodecanbeomittedfrom theproblem
formulation. Thus, channelgainscorrespondingto any node	 that is not in schedulek arenot includedin |}Y k [ . We can

define the problem of maximizing the network lifetime for
schedulek in termsof the vector c of transmittedpowersasfihEj�f����� 2 V] V (9)

subjectto |}Y k [�c L�� G � (9a)c Lg� � (9b)

The inequality (9a) contains ��.�� constraintsas in (3),
requiring that the accumulatedreceived power at all nodes
in schedulek (except the source)is above the threshold G .
It shouldbe apparentthat power 2WV in c correspondsto the
transmitpower of node lnV in theschedulek . Alternatively, we
can definethe problemin termsof normalized nodepowers2 V ) 2 V ] � P ] V that account for different battery capacities
at the nodes; the lifetime at every node 
 in terms of the
normalizedpower is as if all the batterieswere the same:R V )�] V P 2 V )5] � P 2 V . In terms of normalizednode powers,
Problem(9) canbe definedasfih%j�f��r�� 2 V (10)

subjectto |}Y k [ c L�� G �c Lg�
whereeachcolumn � V of the normalizedgain matrix |}Y k [ is
obtainedfrom the correspondingcolumn �nV of matrix |}Y k [
as � V ) �nV ] V P ]�� .For any schedulek , we can formulate Problem(10) as a
linear programin termsof transmitpower levels c ,�2X��Y k [ )�fihEj� �2 (11)

subjectto |}Y k [ c L�� G � (11a)c � � �2 (11b)c Lg� � (11c)

If
�2 ) �2 � Y k [ , then there exists a power vector c such that

(11a) and (11b) are satisfied.It follows that for any 2�� �2 ,c�� � 2 . Thus, for any power
�2 L �2 � Y k [ , we say that power�2 is feasiblefor schedulek . Over all possibleschedules,the

optimumpower is 2 �¡) fihEju£¢-¤n¥§¦Z¨e© �2 � Y k [!� (12)

Equation(12) is a formal statementof theproblemfrom which
finding the bestschedulecorrespondingto 2 � is not apparent.
We will seethat the power 2 � , may, in fact,be the solutionto
(11) for a set of schedules,

w � . In the rest of the paper, we
will consideronly normalizedpowers and we thereforedrop
the overlinenotation; ª will denotethe ordinarygain matrix,|}Y k [ will denotethe gain matrix permutedfor schedulek ,
and the power vector will be simply c , with 2 V representing
either the power of node 
 or node l V , as appropriatefor the
context.

Ratherthanidentifying
w � , we employ a simpleprocedure

that for any power 2 , determinesa collection of schedules
for which power 2 is feasible. In particular, to distribute a
message,we let eachnoderetransmitwith power 2 as soon
as possible, namelyas soonas it becomesreliable.We refer
to sucha distribution asthe ASAPYZ2n[ distribution. During the
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ASAPY�2«[ distribution,themessagewill beresentin asequence
of retransmissionstagesfrom setsof nodes ¬ � Y�2n[!��¬ � Y�2«[@� �����
with power 2 where in eachstage 
 , a set ¬eV that became
reliableduring stage
(.­� , transmitsandmakes ¬®V%¯ � reliable.

Let ° V YZ2n[ and ± V Y�2n[ denotethereliablenodesandunreliable
nodesat the start of stage 
 . ±e²K³ V Y�2«[^´µ± V Y�2«[ is the set
of unreliabledestinationnodesat the start of stage 
 . Then,¬¶�rYZ2n[ ) � and ° V Y�2«[ ) ¬:�rYZ2n[X·�� ����·¸¬ V YZ2n[ . The set ¬ VE¯ ��Y�2«[
is given by¬ VE¯ ��Y�2«[ ) ,�¹ *�± V Y�2«[Kº!2 J� ¢-» � ¦~¼�© �W½ �ML G 1-� (13)

Note that if power 2 is too small, the ASAPY�2n[ distribution
can stall at stage 
 with °XVE¯ � Y�2n[ ) °�V�Y�2«[ and ± ²K³ VSY�2«[¿¾)TÀ ,
the empty set. In this case,ASAPYZ2n[ fails to distribute the
messageto all destinationnodes.When ±e²K³ V Y�2«[ )+À at a
stage
 , the ASAPY�2«[ distribution terminatessuccessfully. We
will saythat ASAPYZ2n[ distribution is a feasiblemulticastif it
terminatessuccessfully.

The partial node ordering, ¬ � Y�2«[@�@¬ � YZ2n[!����� � , specifiesthe
sequencein which nodesbecamereliableduringtheASAPY�2«[
distribution. In particular, any schedulek that is consistent
with this partial ordering is a feasibleschedulefor power 2 .
Nodesthatbecomereliableduringthesamestageof ASAPY�2«[
canbescheduledin anarbitraryorderamongthemselvessince
thesenodesdo not contribute to eachother’s received power.
The following theoremverifies that in terms of maximizing
the network lifetime it is sufficient to consideronly schedules
consistentwith the ASAPY�2«[ distribution.

Theorem1: If Á2 is a feasiblepower for a scheduleÁk , then
the ASAPY�Á2n[ distribution is a feasiblemulticast.

In particular, Theorem1 implies that for optimum power2 � , the ASAPY�2 � [ distribution is feasible.
We next present the Maximum Lifetime Accumulative

Broadcast (MLAB) algorithm, that determinesthe optimum
power 2 � . Once the power 2 � is given, broadcastingwith
ASAPY�2 � [ will maximizethe network lifetime.

IV. THE MLAB ALGORITHM

We label node � asthe sourceand & asits closestneighbor
(more precisely, the node with the highest link gain to the
source).The MLAB algorithm finds the optimum power 2 �
through a seriesof ASAPYZ2n[ distributions, starting with the
smallestpossiblecandidatebroadcastpower, 2 ) GDP �W�@� .WhetherASAPYZ2n[ stallsor terminatessuccessfully, we defineÂ Y�2n[ as the terminatingstage.When 2 ) 2 � , the ASAPYZ2 � [
distribution will terminatein Â � ) Â Y�2 � [ stages.When the
ASAPY�2«[ distribution stalls at stage Â Y�2«[ , we determinethe
minimum power increaseÃ for which ASAPY�2�9UÃ�[ will not
stall at stage Â Y�2«[ , in the following way. The increasein
broadcastpower Ã@� neededto make a node 	Ä*Å±eÆ�¦~¼�©�Y�2«[
reliablemustsatisfyG ) YZ2x9 Ã@��[ J� ¢-»rÇ@È É�Êb¦~¼�© �Ë�'�£� (14)

We chooseÃ )�fih%j � ¢pÌ Ç@È É�Ê ¦~¼�©£Ã�� . We thenincrease2 to 2B9ÍÃ
and restart the MLAB algorithm. The algorithm stopswhen
an ASAPY�2n[ distribution terminatessuccessfully.

Initialize: 2 ) GDP � �@�
Start: Set ° � YZ2n[ ) , ��1 ; ± � YZ2n[ ) °®Î

apply the ASAP YZ2n[ distribution;
If ASAP Y�2n[ stalls at stage Â YZ2n[ :

for all 	�*Ï±eÆ�¦~¼�©�Y�2«[ calculate:Ã � ) GDP ; � ¢-»rÇ�È É'Êb¦�¼!© � �'� .�2 ;
Set: Ã )gfih%j � ¢pÌpÇ�È É'Ê�¦~¼�©pÃ � ; 2�ÐI2M9 Ã ;
go to Start;

end

Thecardinality of ° is givenby { °¡{ . °®Î denotesthe
complement.

Fig. 1. MLAB algorithm.

The pseudocodeof the algorithmis given in Figure1. The
MLAB algorithmendsafteratmost

� .B� restarts.Thereexists
a setof feasibleschedulesthat areconsistentwith the partial
orderinggiven by the ASAPYZ2n[ distribution. The normalized
transmitpower at all nodesin °XÆ�¦�¼!©�YZ2n[ is 2 . Note that the last
transmittingset ¬eÆ�¦~¼�© could in fact, transmitwith power less
than 2 if it is enoughfor the last setof unreliabledestination
nodes, ± ²K³ Æ�¦~¼�©�Y�2«[ , to becomereliable. Thus, choosing the
power level at all nodesto be 2 is not necessarilya unique
solution. While this won’t changethe network lifetime, the
latter solution will reduce the total transmit power in the
network. Next we show that the power found by MLAB is
in fact the optimumpower, that is, 2 ) 2 � .

Theorem2: TheMLAB algorithmfindstheoptimumpower2 � suchthattheASAPYZ2 � [ distributionmaximizesthenetwork
lifetime.
Finally, we notethat the full restartsof the MLAB algorithm
are used primarily to simplify the proof of Theorem 2.
In fact, when MLAB stalls, it is sufficient for the reliable
nodesto offer incrementalretransmissionsat power Ñ � . This
observationwill bethebasisof distributedalgorithmproposed
in SectionVI.

V. PERFORMANCE

We now evaluate the benefit of accumulative broadcast
to the network lifetime and compareit to the conventional
network broadcastthat discardsoverhearddatain a network.
In particular, networks with randomly positionednodesin a� Q x � Q squareregion weregenerated.The transmittedpower
was attenuatedwith distance Ò as ÒpÓ for different values
of propagationexponent Ô ) &(�SÕ(�SÖ . The received power
thresholdwas chosento be G ) � . Resultswere basedon
the performanceof ��Q�Q randomlychosennetworks.

Figure2 shows thepower 2 for differentvaluesof propaga-
tion exponentin networks with different nodedensities.The
observedpower decreaseis dueto shorterhopsbetweennodes
in densernetworks. For equalbatterycapacitiesat the nodes,
the correspondingnetwork lifetime is shown in Figure3.

Figures4 and5 show the benefitof accumulative broadcast
as comparedto conventional broadcastin terms of network
lifetime. For conventionalbroadcast,the authorsin [11], [12]
proposedtwo algorithms,MSNL andMST, thatmaximizethe
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staticnetwork lifetime aswell WMSTSW, a greedyalgorithm
that increasesthe dynamic lifetime. We comparethe perfor-
manceof thesealgorithmsfor three different battery energy
distribution as given in [11], [12], to the network lifetime
found by the MLAB algorithm. We first assumethat all the
nodeshave identicalbatteries.Then,we considertwo different
node battery scenariosin which the initial battery energies
at the nodesare independentuniform Y×Q�����Q�Q�Qp[ or uniformY\Ø�Q-Q(� � Q�Q-Q-[ random variables. Several other algorithms to
increasethe dynamicnetwork lifetime wereevaluatedin [12]
with similar performanceto WMSTSW. As expected,we see
that solutionfound by MLAB considerablyincreasesnetwork
lifetime. Typically, MLAB increasedthe network lifetime by
a factorof & or more.Thereasonis twofold: first, becausethe
broadcastusesthe energy of overheardinformation enabling
for moreradiatedenergy to becaptured.And second,because
the accumulative broadcastenablesMLAB to distribute the
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Fig. 4. Network lifetime of accumulative broadcastand conventional
broadcast.

load more evenly among the nodesthan does the dynamic
load balancingin conventionalbroadcast.

VI . DISTRIBUTED MLAB ALGORITHM

We next describea distributed MLAB algorithm for accu-
mulative broadcastthat determinesbroadcastpower locally
at each node. Nodes are assumedto have no knowledge
of link gains (distances)to other nodesat the beginning of
the algorithm. The distributed algorithm will be run at the
beginning of a broadcastsessionduring the broadcastof the
first message.Let Ù denotethebroadcastpower determinedby
the distributedMLAB. Oncethe power Ù is determined,data
will be broadcastedthroughASAPY×Ù�[ distribution. In a static
network where the samepower Ù is usedthroughouta long
broadcastsession,the initial overheadto determineÙ will be
small comparedto the amountof broadcastdata.

The distributed implementationof MLAB algorithmhasto
resolve the following:

1) When should a reliable node decide to increase the
broadcastpower?

2) Howmuch shoulda reliablenodeincreasethebroadcast
power?

Whenthe ASAPY�2«[ distribution stalls,determiningthe neces-
sarypower increaseÃ , requiresglobal knowledgeof network
gains and cannot be computed locally at a node. In the
distributed MLAB algorithm, the broadcastpower will be
increasedin stepsof size Ñ , for somesmall fixed power Ñ .
Further, during the initial broadcastphasewhile the algorithm
is run to determine Ù , we let Ñ be the transmit power of
every transmission.A reliablenodeintendingto transmitwith
power �ÚÑ for some�­��� will insteadrepeatedlytransmitfor� times,eachtime with power Ñ . A transmissionfrom a node
 with power Ñ will be overheardby a numberof nodesthat
definea Ñ -neighborhood

� VSY\Ñi[ of node 
 . Nodeswill belong
to

�DÛ Yd
�[ if they can detectthe presenceof a signal sentat
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node 
 , althoughtheir received power may not be sufficient
for reliabledecoding.

Overhearinga broadcastfrom a node � will enablenode
 to
determinethe link gain �WVE� andidentify node � asits reliable
neighbor. During the algorithm,node 
 will keeptrack of its
set of reliable neighbors,Ü V ´ � V Y\Ñi[ . From the numberof
repeatedtransmissionsat node � , node 
 will also be able to
determinethe currenttransmitpower at node � . Becausethe
transmitpower will not necessarilybe the sameat all nodes
all the time, node 
 will keeptrack of transmitpower 2 V Y��([ )� V Y\��[�Ñ for every ��*�Ü V , where� V Y\�([ is a numberof repeated
broadcastsby node � . In addition,oncereliable,node 
 will
keeptrackof its unreliableneighbors,±eV . An unreliablenode	
will sendNACK� control messagesto identify itself. As node
 becomesreliable, it will broadcastwith maximum power
amongits reliableneighborsin Ü>V ,2�Y×ÜÝVb[ ) Ñ f��r�� ¢�Þ � , ��V�Y\��[�1-�
While reliable, whenever it overhearsa transmissionthat
increasesthe power 2tY×Ü V [ , node 
 will repeatthe broadcast
to meetit. In that way, the currentmaximumtransmitpower
in the network Ù will propagate until all reliable nodeshave
transmittedwith that power. A reliable node that overhears
no transmissionsfor time RXß<� Â Y\Ñi[ and has unreliable
neighbors,will decideto increaseits transmitpower. At the
end of the algorithm, power Ù will determinethe broadcast
power Ù . A detaileddescriptionof the algorithm is given in
pseudocodein Figure6.

Constrainingthe power of eachtransmissionto Ñ definesÑ -neighborhoodsandallowsnodesto determinethelink gains
within their Ñ -neighborhoods.Therefore,power Ñ definesthe
network topology and has to be high enoughto guarantee
network connectivity [23]. In thedistributedMLAB algorithm,
it is sufficient that underpower Ñ , the network is connected
in the overheardsense.That is, in the underlying graph, a
link betweentwo nodesexists if they canoverheareachother.

At each node 
 do:
initialize Ü>V )�À , 2 Þ ) Q ;
while (2 Þ � G ) do:

when data received with G from � :
collect data; 2 Þ ÐI2 Þ 9 G ;if �Ï¾*zÜ V :� Và� ) G$P Ñ , � V Y\�([ ) Q , Ü V ÐáÜ V · , �n1 ;

send NACK V reliably to � ;
end %if� V Y\�([ ) � V Y\�([Ú9�� ;

end % while
as (2 Þ L G ) do once:

decode the message;
set � V Y×
�[ )gf��r� � ¢�Þ � , � V Y��([@� ��1 ;
broadcast the decoded message once;± V ) , 	iº 	 that responded with NACK � 1 ;
broadcast � V Y×
�[e.0� times;

while (2 Þ L G ) do:
when data received from node � :

update ��V'Y\�([ ) ��V�Y��([Ú9�� ;
if ��V'Y\�([â�U��V�Y×
�[ :��V�Yd
�[®Ðã��V�Yd
�[Ú9�� , broadcast;
if �Ï¾*zÜ V : Ü V ÐäÜ V · , �n1 , ± V Ðå± VWæ , �n1 ;

if no data received for R�ß and ± V ¾)�À :
broadcast;� V Yd
�[®Ð�� V Yd
�[Ú9�� ;

end %if
end % while

Receivedpowerat a nodeis denoted2 Þ .

Fig. 6. Distributed MLAB algorithm.

DuringMLAB, weassumethatthenetwork is connectedunder
power Ñ .

This assumptionis not essentialfor the algorithm and can
be relaxed by letting MLAB algorithm rely on preexisting
network topology. Different distributed algorithmsfor deter-
mining network topologyhave beenproposed(see[24], [25])
andtypically employ shortHELLO controlpacketsexchanged
at the nodes.Given the power G Î and rate 3 Î of control
packets,HELLO packetsdefineone-hopneighborhood

� V Y G Î [for node 
 as all nodesthat can reliably receive a HELLO V
packet sent at node 
 . A version of the distributed MLAB
algorithmcanthenbe run on the top of the topologydefined
by neighborhoods

� V'Y G Î [ insteadof
� V�Y�Ñx[ .

Notethatdecreasingtherate 3 Î reducesthepower G Î neces-
sary for network connectivity by reducingthe receiver power
thresholdneededfor reliablecommunication.Connectivity in
overheardsense,requiredfor Ñ -neighborhoods,reducesthis
thresholdto its minimum valuenecessaryto acquirea signal
or decodea packet headerand thus reducesnecessarypower
for connectivity. Therefore,it may be reasonableto assume
that underpower Ñ , network is connected.The next theorem
shows that the algorithmis correctandfinishesin finite time.

Theorem3: The distributedMLAB algorithmmakesevery
network nodereliable in finite time.
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The running time and performanceof the algorithm are
dependenton valueof parametersÑ and R ß . In fact,we have
the following theorem.

Theorem4: For large enough R�ß , RXß�� Â Y\Ñi[ , power Ù
found by the distributed MLAB is within Ñ of the optimum
solution; that is, Ùx*Í� 2 � �\2 � 90Ñi[@�
Thus,by choosingsmaller Ñ , solutionfoundby thedistributed
MLAB approachesthe optimum, at the expenseof longer
running time due to the larger R ß and smaller step size Ñ .
When the distributed MLAB doesnot rely on a preexisting
topology, thereis a lower boundon Ñ to guaranteenetwork
connectivity. At the other extreme, for Ñ large enough to
guaranteefull connectivity (every node can overhearevery
transmission),RXß can be chosento be Q . The optimal tuning
of the algorithmparametershasyet to be determined.

VI I . CONCLUSION

In this paper, we addressedthe cooperative multicastnet-
work lifetime problem and proposedthe MaximumLifetime
AccumulativeBroadcast(MLAB) algorithm that finds an op-
timum solution. The constant power levels found by the
algorithm ensurethat the lifetimes of the active relays are
the same,causingthem to fail simultaneously. Furthermore,
the MLAB algorithm solves both the cooperative broadcast
and cooperative unicast problem that are useful for many
applications.In sensornetworks, for example, the unicast
problem arisesin any scenariowhere the data collected at
the sensorsis gatheredby a centralstation.

The ASAPY�2 � [ solution found by MLAB is static sinceit
stays constantthroughoutthe multicast session.In conven-
tional broadcast,theconstraintthata nodeis madereliableby
the transmissionof a single relay, causesthe relay with the
most disadvantagedchild to drain its battery fastest.Conse-
quentially, theoptimalityof a spanningtreethatmaximizesthe
network lifetime for a given initial batterylevels is temporary
and dynamic tree updates[12], [13] are neededfor load
balancing. In a cooperative multicast using the ASAPYZ2 � [
distribution, all relayswill be draining their batteriesevenly;
however, a setof leaf nodes ± Æ�ç Y�2 � [ will never transmitand
will have full batterieseven when the relay nodesdie. An
significantquestionis whethertheundepletedbatteriesof these
leaf nodescanbe exploited by a dynamicmulticaststrategy.

After multiple uses of the ASAPY�2 � [ distribution, re-
examinationof the maximum lifetime problem (12), as ex-
pressedin terms of normalizedpowers, will show for each
non-relay node 	�*�± Æ ç Y�2 � [ that the outgoing normalized
link gains � �S� have increasedby the ratio of the full battery
energy of node 	 to the depletedbatteryof node � . Although
one can show that reconfiguringthe multicastdistribution to
maximize the residual network lifetime results in the very
sameASAPYZ2 � [ distribution, it would be mistake to conclude
that ASAPY�2 � [ policy is an optimal dynamicpolicy. In fact,
similar to the conventionalbroadcast,a dynamicstrategy with
time varying powers can extend the network lifetime. For
example, in the four node network shown in Figure 7, the
sourcenode 1 wishes to send messagesto the destination
node 4. With initial battery powers ] V ) � and required

è é ê ëì�íÚîïEð ñ�ò§óô~õö�÷tøù�úû�ütý�þ�ÿ���
Fig. 7. Four nodenetwork example.

received power G ) � , the ASAP solution usetransmissions
by nodes � , & and Õ , eachwith power 2 � ) & P Õ . The lifetime
of eachnodeis ] V P 2 � ) Õ P & . On the other hand,alternating
betweenschedulek ) �%����&�# with power vector c ) �Z� P Õ������'Qr#and schedulek�� ) �Z�-�SÕr# with power vector c � ) � & P Õ��SQ(� �!#results in a system which has average transmit power of� P & for eachnode and resulting network lifetime & . In this
case,dynamicswitchingbetweenschedules,correspondingto
routingpacketsalongmultiple routes,yieldsanetwork lifetime
larger than that of the ASAP distribution, the optimal static
policy. A generalsolutionfor theoptimaldynamiccooperative
multicastremainsan openproblemat this time.

In this paper, the cooperative multicast was proposedfor
the AWGN channelwith constantlink gains. However, the
cooperationbetweenthenodesin thefadingchanneloffersthe
additional benefit as a form of diversity [26]–[28]. It would
alsobeinterestingto considertheimplicationsof time varying
channelsto the accumulative multicastproblems.

VI I I . APPENDIX

Proof: Theorem1

The proof is by induction on � , where � is the index to a
sequenceof stagesduringtheASAPY�Á2«[ distribution.We prove
by inductionthatat thestartof stage� , nodes

, lX����� ��� ��l � 1 ´° � Y�Á2n[ . In casethat the numberof stagesis ÁÂ ) Â Y�Á2«[B� � ,
we define ° � Y Á2n[ ) °��Æ Y Á2n[ for all ÁÂ �^�¿�^� . The ideais that
ASAPY�Á2n[ makesnodesreliableat leastassoonasthescheduleÁk .

Case � ) � is obvious since ° � Y�Á2n[ ) , ��1 for any Á2 . Next
we assumethat

, l � ��� ���!�Sln�£1 ´^°��ËY�Á2n[ . This impliesÁ2 J��� ¢-»���¦ �¼�© 	 �@¯ �@³ � L Á2 J� � ¢�
 �
� ³������ ³ � ��� 	 �@¯ �@³ � L ¦��!© G (15)

where(a) follows from the feasibility of power Á2 for scheduleÁk , becauseunder schedule Ák , node l«�@¯ � is made reliable
by transmissionsof

, l � � ��������ln�Ë1 . We concludethat ln�@¯ � *° �@¯ ��Y�Á2n[ and since
, l«��� ��� �!��l � 1o´ ° � Y�Á2n[B´ ° �@¯ ��Y Á2n[ , it fol-

lows that
, lX�r� ��������l �!¯ ��1x´�° �@¯ ��Y�Á2«[ . Thus,

, lX����� ��� ��l m 1D´° m Y�Á2«[ , implying the ASAPY�Á2n[ distribution makes all the
nodesin a scheduleÁk , andthusall destinationnodes,reliable.�
Proof: Theorem2

Supposethelastrestartof theMLAB algorithmoccurswhen
the power is 2 A and the ASAPY�2 A [ distribution stallsat stage



8Â A ) Â YZ2 A [ . This implies2 A J� ¢-» Ç�� ¦~¼ � © �Ë�'�M� G � 	�* ± Æ � Y�2 A [@� (16)

In this case,we restartMLAB with broadcastpower 2 A 90Ã A
where Ã A )�fih%j � ¢pÌ Ç � ¦~¼ � ©£Ã � and Ã � satisfiesY�2 A 9 Ã � [ J� ¢-» Ç�� ¦~¼ � © � �'� ) G � (17)

This impliesY�2 A 9 Ã A [ J� ¢-» Ç � ¦~¼ � © �Ë�'�M� G � 	�* ± Æ � Y�2 A [@� (18)

Since this is the last restartof MLAB, the ASAPY�2 A 9�Ã A [
distribution is a feasiblemulticast.It follows that 2 � �­2 A 9¿Ã A
since 2 � is the optimal broadcastpower. To show that 2 � )2 A 9 Ã A requiresthe following lemma.

Lemma1: For any power 2 � �á2 A 9<Ã A , the ASAPYZ2 � [
distribution stallsat stageÂ � ) Â Y�2 � [ with ° Æ�� YZ2 � [â´^° Æ � YZ2 A [ .
Lemma 1 implies that if 2 � ��2 A 9�Ã A , then the ASAPYZ2 � [
distribution will stall, which is a contradictionof Theorem1.
Thus, at the final restartof the MLAB algorithm, the power
is 2 A 9 Ã A ) 2 � .
Proof: Lemma1

Let � ) ° Æ�� YZ2 � [ æ ° Æ � Y�2 A [ . First, we show by contradiction
that � is anemptyset.Suppose� is nonempty. Let Â�� denote
the first stagein which a node 	 � *�� was madereliable by
the ASAPYZ2 � [ distribution. Thus,G �­2 � J� ¢-» Ç�� ¦~¼��Z© � � � � � (19)

Moreover, ° Æ � Y�2 � [â´^° Æ � Y�2 A [ sinceup to stageÂ � , all nodes
that were made reliable by ASAPY�2 � [ belong to ° Æ � YZ2 A [ .
Hence, G �}2 � J� ¢-» Ç�� ¦~¼ � © �Ë� � � (20)� ¦��!© YZ2 A 9 Ã A [ J� ¢-» Ç � ¦~¼ � © �£� � � (21)� ¦ O © G (22)

since (a) follows from 2 � �T2 A 9�Ã A and (b) follows from
Equation(18). Thuswe have thecontradictionG � G andwe
concludethat � is empty, ° Æ�� YZ2 � [K´�° Æ � YZ2 A [ , and ± Æ � Y�2 A [�´± Æ � Y�2 � [ . Second,we observe that ASAPYZ2 � [ stalls at stageÂ �
sincefor all 	¿*�± Æ � YZ2 � [ ,2 � J� ¢-» Ç � ¦~¼ � © �Ë�'�x�Ï2 � J� ¢-» Ç � ¦�¼ � © �Ë�'� (23)��YZ2 A 9 Ã A [ J� ¢-» Ç � ¦~¼ � © � �'� � G � (24)�

Proof: Theorem3

In a network that is connectedunderpower Ñ , there is a
pathfrom thesourcenodeto every othernodein thenetwork.
Considera path from node � to somenode  . We relabel
the nodessuchthat the path is given by �%����&Ë� �����! # . For any
reliable node �¸�<� �" 5.�� such that �x9�� is unreliable,
it holds that � 9�� *Å± � . By distributed MLAB, node �
will increaseits transmit power whenever it overhearsno
transmissionsfor R�ß , until �B9�� is reliable.Thus,eventually
all the nodeson the path will be reliable.This holds for any
path for any node  .

We next find anupperboundon # V , time it takesfor a node
 to make all of its neighborsreliable. An upper bound on
the numberof transmissionsneededat a node 
 to make node	}* � VSY�Ñi[ reliable, neglecting the energy node 	 may have
collectedfrom transmissionfrom other nodes,is $ G P �£�SVbÑ&% .In the worst case,node 
 will wait for R ß betweenany two
consecutive broadcasts.Thus,

#ËVe� f��r�� ¢ " � ¦ Û © ' R ß&( GÑx� �SV�)+* (25)) R ß ( GÑ fih%j � ¢ " � ¦ Û © , � �SV 1 ) � (26)

Since 	z* � V Y\Ñi[ , it follows that � �SV ¾) Q and therefore # V is
finite for every node 
 . Sincethereis only a finite numberof
nodes,all nodeswill be madereliable in finite time.

�
Proof: Theorem4

To prove Theorem4, we next upperboundthe time #oY��([
it takes for maximum transmit power Ù ) ��Ñ , �Ä�äQ to
propagatethroughthe network.

Lemma2: Let R be the durationof a single transmission
and let Â Y��([ ) � Y\� 9���[�R . Then, #oY\�([K� Â Y\�([ .
Proof: Lemma2

The time it takes for one nodeto transmitwith Ù is upper
boundedby �£R , the casewhen the node never previously
transmitted.Sincethe nodemay have to wait for NACKs for
additionaltime R , the total time at a nodeis upperbounded
by Y��>90��[�R , Sincethe propagationcannottake morethan

�
hops,the total time is upperboundedby

� Y�� 9���[�R .
�

To prove Theorem4, we first observe thatpower Ù is lower
boundedby 2 � : before the power 2 � is reached,there are
always nodesthat are unreliableand the distributed MLAB
doesnot stop at the reliable nodes.The power 2 � is reached
for Ù ) $~2 � P Ñ,%rÑ��­2 � 9ÏÑ andno further increasein power
is neccessary. By Lemma 2, Ù will propagatein less thanÂ Y\Ñi[ ) � Y�$�2 � P Ñ&%x9T��[�R time. If R ß L Â Y\Ñi[ , no node
will increaseÙ before all reliable nodestransmittedwith Ù .
However, at that point all network nodeswill be reliableand
distributedMLAB will stopat all nodeswith Ù ) Ù . �
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