Cooperative Multicast for Maximum Network
Lifetime

IvanaMaric Membey IEEE andRoy D. YatesMembey IEEE

Abstract— We consider cooperative data multicast in a wir eless
network with the objective to maximize the network lifetime.
We presentthe MaximumLifetime AccumulativeBroadcast{MLAB)
algorithm that specifiesthe nodes’ order of transmission and
transmit power levels.We provethat 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, causingthem to fail simultaneously For the samebattery
levels at all the nodes,the optimum transmit powers becomethe
same.

The simplicity of the solution is made possibleby allowing the
nodesthat are out of the transmission range of a transmitter to
collect the energy of unreliably received overheard signals.As a
messagas forwarded thr ough the network, nodeswill have mul-
tiple opportunities to reliably receive the messageby collecting
energy during eachretransmission.We refer to this cooperative
strategy as accumulativanulticast 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 cooperatve strategy becomesaccumulativebroadcast
[1]. Simulation results demonstrate that cooperative broadcast
significantly increasednetwork lifetime compared to corventional
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.

|. INTRODUCTION

We considerthe problem of enegy-efficient multicasting
in a wirelessnetwork. In the multicastproblem,a message
from a source nodeis to be delivered efficiently to a set of
destinationnodes.Whenthe setof destinationnodesincludes
all the network nodes(exceptthe source) the multicastprob-
lem reducesto the broadcastproblem. When there is only
one destinationnode, multicast reducesto unicastand the
problembecomeghat of routingto onedestinatiomode.Prior
work on this subjecthasbeenfocusedon the minimum-enegy
broadcasproblemwith the objective of minimizing the total
transmittedpower in the network. This problemwasshowvn in
[2]-[4] to be NP-complete Several heuristicsfor constructing
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enegy-efiicient broadcastreeshave beenproposed;see[2],
[3], [5]-[8] andreferencegherein.

However, broadcastinglatathroughan enegy-efficient tree
drainsthe batteriesat the nodesunevenly causinghigherdrain
relays to fail first. A performanceobjectve 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 broadcastree that maximizesnetwork lifetime
was consideredn [10]-[13]. The problemof maximizingthe
network lifetime during a multicastwas addressedn [14]. In
[15], it was shown that the use of directional antennascan
improve both the enegy-eficiengy and the lifetime of the
network as comparedto the omnidirectional case.Because
the enegies of the nodesin a tree are drained unevenly,
the optimal tree changesin time and thereforethe authors
[11], [13], [14] distinguishedbetweenthe staticand dynamic
maximum lifetime problem. In a static problem, a single
tree is used throughoutthe broadcastsessionwhereasthe
dynamic problem allows a sequenceof treesto be used.
Sincethe latter approachbalanceghe traffic moreevenly over
time, it generallyperformsbetter For the static problem,an
algorithmwas proposedhat finds the optimumtree[11]. For
the specialcaseof identicalinitial batteryenepgy at the nodes,
the optimumtreewasshowvn to bethe minimum spanningree.
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 benefitfrom a transmissiononly if
the receved power is above a thresholdrequiredfor reliable
communicationThis is a pessimisticassumptionA nodefor
which the receved power is below the requiredthreshold but
above the recever noise floor, can collect enegy from the
unreliablereceptionof the transmittedinformation.

Moreover, it wasobsenedin therelay channel[16] thatuti-
lizing unreliableoverheardinformationis essentiato achie/-
ing capacity This ideais particularly suitedfor the multicast
problem,where a node has multiple opportunitiesto receve
a messageas the messagés forwardedthroughthe network.
We borrow this idea and re-examine the multicast problem
under the assumptionthat nodesaccumulatethe enegy of
unreliablereceptionsWe refer to this particular cooperatie
stratgly as accumulativemulticast and in the special case
of broadcastas accumulativebroadcast[1]. The minimum
enegy accumulatie broadcastproblem was formulated and
addressedn [1], [17], [18]. The problem was shavn to be
NP-complete An enegy-efficient heuristicwas proposedhat
demonstratethe improvementof accumulatie broadcasbver



the corventionalbroadcastlUnder a different physicalmodel,
this problemwasindependentlyconsideredn [19] and again
shavn to be NP-complete Furthermore the sameidea, for a
paclet level systemmodelwith the additional constraintof a
power thresholdfor signalacquisition,wasrecently proposed
underthe nameHitch-hiking [20].

In this paper we addressthe problem of maximizing the
network lifetime by employing the accumulatie multicast.As
in the corventionalbroadcasiproblem,we imposea reliable
forwarding constraintthat a nodecanforward a messagenly
after reliably decodingthat message.

We show thatthe maximumlifetime multicastproblemhas
a simple optimal solution and proposethe MaximumLifetime
AccumulativeBroadcast(MLAB) algorithm that finds it. The
solution specifiesthe order of transmissionsand transmit
power levels at the nodes.The power levels given by the
solution ensurethat the lifetimes of relay nodesare the same
and thus, their batteriesdie simultaneouslyAs shavn later,
this is dueto the accumulatre multicastthat naturally allows
for load balancing.Assigning the powers such that all the
nodesfail atthe sametime hasits equialentin the problemof
maximizing network lifetime during routing. In that problem,
the network lifetime is maximizedwhenthe datais sentover
multiple routes all with the same minimum lifetime [21].
Moreover, the simplicity of the solutionallows usto formulate
a distributed MLAB algorithmfor the accumulatre broadcast
thatusedocal informationatthenodesandis thusbettersuited
for networks with large numberof nodes.

The paperis organizedas follows. In the next section,we
give the network modelandin Sectionlll, we formulatethe
problem.In SectionlV we presentthe MLAB algorithm that
findstheoptimalsolutionandin SectionV we showv the benefit
of accumulatie broadcastto the network lifetime compared
to the conventionalbroadcastin SectionVI we presentthe
distributedMLAB algorithm.Proofsof all theoremsaregiven
in the Appendix.

Il. SYSTEM MODEL

We considera wirelessnetwork of N nodessuchthat from
each transmitting node k& to eachreceving node m, there
exists an AWGN channelof bandwidthW characterizedy
a frequeny non-selectie link gain h,,,. We further assume
large enoughbandwidthresourceso enableeachtransmission
to occurin anorthogonakhannelthuscausingno interference
to other transmissionsEach node has both transmitterand
recever capableof operatingover all channels.

A recever nodej is saidto bein the transmissiorrangeof
transmitteri if the receved power at j is above a threshold
that ensureghe capacityof the channelfrom ¢ to j is above
the code rate of nodei. We assumethat eachnode can use
different power levels, which will determineits transmission
range.The nodesbeyond the transmissiorrangewill receve
an unreliablecopy of a transmittedsignal. Thosenodescan
exploit the fact that a messages sentthroughmultiple hops
on its way to other nodes.Repeatedransmissionsact as a
repetitioncodefor all nodesbeyond the transmissiorrange.

After a certainmessagéasbeentransmittedrom a source,
labeled node 1, sequenceof retransmissionsat appropriate

power levelswill ensurghateventuallyevery destinatiomode
hasreliably decodedthe messageHenceforth,we focus on
the multicast of a single messageand say that a node is
reliable onceit hasreliably decodedthat messageUnderthe
reliableforwardingconstraintanodeis permittedto retransmit
(forward) only after reliably decodingthe message. During
the multicast,the messages repeatedlytransmitteduntil the
setof destinationnodesD becomegeliable.

The constraintof reliable forwarding imposesan ordering
on the network nodes.In particular a nodem will decodea
messagérom thetransmissionsf a specificsetof transmitting
nodesthat becamereliable prior to node m. Starting with
node 1, the source,as the first reliable node, a solution to
the cooperatie multicast problem will be characterizedby
a reliability schedule which specifiesthe order in which
the nodesbecomereliable. Since the multicast stops after
the messagehas beendeliveredto D destinationnodes,a
reliability schedulewill not necessarilyontainall the network
nodeslin generala multicastreliability schedulds anordered
subsequencef the list of nodesof lengthM, D < M < N,
thatstartswith nodel, andcontainsall destinatiomodesanda
subset network nodesthatrelaythemessagen the broadcast
case,a reliability schedule[ny,ns,na,...,ny] is simply a
permutatiorof [1,2, ..., N] thatalwaysstartswith the source
noden; = 1.

For a given reliability schedule we refer to the ith node
in the scheduleas simply node i. After eachnode k €
{1,...,m — 1} transmitswith averagepower py, the ratein
bits per secondthat can be achieved at nodem is [22]

m—1
k=1 h

7’”“”“> bits/s, (1)

rm = Wlog, (1 + NoW

where Ny is the one-sidedpower spectral density of the
additive white Gaussiarrecever noise.
Let the requireddatarate be given by

AT )

From (1) and (2), achieving r,,, = T implies that the total
receved power at nodem hasto be above the thresholdP,
thatis,

7 = W log, (1 + L) bits/s

m—1

> hmipr > P.

k=1
After the data has beensuccessfullydeliveredto the desti-
nation nodes,all thosenodesare reliable and the feasibility
constraint(3) is satisfiedat every destinationnodem. When
communicatingat rater, the requiredsignal enegy per bit is
E, = P/7 Joules/bit.This enegy can be collectedat a node
m during onetransmissiorinterval [0, T'] from a transmission
of a single node k with power p;, = P/hy;, ascommonly
assumedn wirelessbroadcastingroblems[2], [3], [5], [11]-
[14]. However, using the accumulatie stratgyy, the required
enegy E; is collectedfrom m — 1 prior transmissions.

®3)

I1l. PROBLEM FORMULATION

A lifetime of a node+ transmittingwith power p; is given
by T;(p;) = e;/p; wheree; is initial batteryenegy at nodes.



The networklifetime is the time until the first nodefailure,
(4)

wherep is avectorof transmittechodepowers.Theproblemis
to maximizethe network lifetime underthe constraintghatall
destinationnodesbecomereliable. For the multicastproblem,
broadcastinguntil the subsetof destinationnodesbecomes
reliablewill solve the problem.

In the corventional multicast problem, the multicast tree
uniquelydetermineghe transmissiorevels;arelay thatis the
parentof agroupof siblingsin the multicasttreetransmitswith
the power neededto reliably reachthe most disadwantaged
sibling in the group. Hence, the arcs in the multicast tree
uniquely determinethe power levels for eachtransmission.

In the accumulatie multicast, however, thereis no clear
parent-childrelationshipbetweemodeshecauserodescollect
enegy from the transmissionof mary nodes.Furthermore,
the optimum solution may requirethat a relay transmitswith
apowerlevel differentfrom thelevel preciselyneededo reach
agroupof nodesreliably; the nodesmay collecttherestof the
neededenegy from the future transmissionof other nodes.
In fact, the optimum solution often favors such situations
becauseall nodesbeyond the rangeof a certaintransmission
arecollectingenegy while they areunreliable;the moresuch
nodes,the more efficiently the transmittedenegy is being
used.

The differencesfrom the corventional multicast problem
dictateanew approachTheoptimumsolutionmustspecifythe
reliability scheduleaswell asthe transmitpower level at each
node. Given a schedulewe can formulate a linear program
(LP) that will find the optimum solution for that schedule.
Sucha solutionwill identify thosenodesthat shouldtransmit
andtheir transmissiompower levels. A schedules an ordered
subsequencef M nodesfrom a network of N nodes,

Tret(P) = miin Ti(p;)

®)

with z; = 1. We saythat the length of the subsequence in
(5) is ||x|| = M. Let

{X} = {:L‘l, .. .,.ITHXH} (6)

denotethe setof nodesin a schedulex andlet II denotethe
setof all variable-lengtorderedsubsequencesf {1,...,N}.
It follows that the family of all possiblescheduless

X =[Z1,.-.,ZMm],

XN(D) = {X S HN|D S {X},.Z’l = 1} (7)

Given a schedulex, we definea gain matrix G(x) to have
i, jth element

hzi zj i > ja
0 otherwise

[G(x)]i]‘ = { (8)
for 1 <1i,7 < M. Whena node; doesnot participatein the
retransmissiomf the messageseliablereceptionby that node
is unnecessargndthat nodecanbe omittedfrom the problem
formulation. Thus, channelgains correspondingo ary node
j thatis notin schedulex arenotincludedin G(x). We can

define the problem of maximizing the network lifetime for
schedulex in termsof the vectorp of transmittedpowersas

min max 2 9)

P €;
subjectto G(x)p > 1P, (9a)
p>0. (9b)

The inequality (9a) contains M — 1 constraintsas in (3),

requiring that the accumulatedreceived power at all nodes
in schedulex (exceptthe source)is above the thresholdP.

It shouldbe apparentthat power p; in p correspondgo the
transmitpower of nodez; in the schedulex. Alternatively, we

candefinethe problemin termsof normalized node powers
D; = pie1/e; that accountfor different battery capacities
at the nodes;the lifetime at every node i in terms of the
normalizedpower is as if all the batterieswere the same:
T; = e;/pi = e1/P;. In terms of normalizednode powers,
Problem(9) canbe definedas

(10)

min maxp;
P

subjectto G(x)

whereeachcolumng; of the normalizedgain matrix G(x) is
obtainedfrom the correspondingcolumn g; of matrix G(x)
asg; = g,-ei/el.

For ary schedulex, we can formulate Problem(10) as a
linear programin termsof transmitpower levels p,

p*(x) =min p (11)
P

subjectto G(x)p > 1P, (11a)

p<1p (11b)

p>0 (11c)

If p = p*(x), thenthereexists a power vector p suchthat
(11a) and (11b) are satisfied.It follows that for ary p > p,
p < 1p. Thus,for ary power p > p*(x), we say that power
p is feasiblefor schedulex. Over all possibleschedulesthe
optimum power is

*

= min p*(x).

12
xEXN (D) ( )

Equation(12) is aformal statemenof the problemfrom which
finding the bestschedulecorrespondingo p* is not apparent.
We will seethatthe power p*, may, in fact, be the solutionto
(11) for a setof schedulesX*. In the rest of the paper we
will consideronly normalizedpowers and we thereforedrop
the overline notation; H will denotethe ordinarygain matrix,
G(x) will denotethe gain matrix permutedfor schedulex,
and the power vectorwill be simply p, with p; representing
eitherthe power of nodes: or nodez;, asappropriatefor the
context.

Ratherthanidentifying X*, we employ a simple procedure
that for any power p, determinesa collection of schedules
for which power p is feasible.In particular to distribute a
messagewe let eachnoderetransmitwith power p as soon
as possible namelyas soonasit becomegeliable. We refer
to sucha distribution asthe ASARp) distribution. During the



ASAP(p) distribution, themessagevill beresenin asequence
of retransmissiorstagesfrom setsof nodesZ; (p), Z»>(p), - - -
with power p wherein eachstages, a set Z; that became
reliableduring stagei — 1, transmitsandmakes Z;  ; reliable.

Let S;(p) andU;(p) denotethereliablenodesandunreliable
nodesat the start of stagei. Up;(p) C U;(p) is the set
of unreliabledestinationnodesat the start of stagei. Then,
Z1(p) =1andS;(p) = Zi(p) U...U Z;(p). ThesetZ; 1 (p)
is given by

Z,'+1(p) = {Z S Uz(p) p Z hop > P}

k€Si(p)
Note that if power p is too small, the ASAP(p) distribution
can stall at stagei with S;;1(p) = Si(p) and Up,i(p) # 0,
the empty set. In this case,ASAP(p) fails to distribute the
messageto all destinationnodes.When Up ;(p) = 0 at a
stagei, the ASAP(p) distribution terminatessuccessfullyWe
will saythat ASAP(p) distribution is a feasiblemulticastif it
terminatessuccessfully

The partial node ordering, Z; (p), Z2(p), - - -, specifiesthe
sequencén which nodesbecamereliableduringthe ASAP(p)
distribution. In particular ary schedulex that is consistent
with this partial orderingis a feasibleschedulefor power p.
Nodesthatbecomereliableduring the samestageof ASAP(p)
canbescheduledn anarbitraryorderamongthemselessince
thesenodesdo not contribute to eachother’s receved power.
The following theoremverifies that in terms of maximizing
the network lifetime it is sufficient to consideronly schedules
consistentwith the ASAP(p) distribution.

Theoem1: If p is a feasiblepower for a schedulex, then
the ASAP(p) distribution is a feasiblemulticast.

In particular Theorem1 implies that for optimum power
p*, the ASAP(p*) distribution is feasible.

We next presentthe Maximum Lifetime Accumulative
Broadcast(MLAB) algorithm, that determinesthe optimum
power p*. Once the power p* is given, broadcastingwith
ASAP(p*) will maximizethe network lifetime.

(13)

IV. THE MLAB ALGORITHM

We labelnodel asthe sourceand?2 asits closestneighbor
(more precisely the node with the highestlink gain to the
source).The MLAB algorithm finds the optimum power p*
through a seriesof ASAP(p) distributions, starting with the
smallest possible candidate broadcastpower, p = P/ha;.
WhetherASAP(p) stallsor terminatessuccessfullywe define
7(p) asthe terminatingstage.Whenp = p*, the ASAP(p*)
distribution will terminatein 7* = 7(p*) stages.When the
ASAP(p) distribution stalls at stager(p), we determinethe
minimum power increased for which ASAP(p + 6) will not
stall at stager(p), in the following way. The increasein
broadcastpawer §; neededto make a node j € U, (p)
reliable must satisfy

> B

k€S, (p)(p)

P=(p+5) (14)

We choosed = minjey, . (p) d;. We thenincreasep to p 4§
andrestartthe MLAB algorithm. The algorithm stopswhen
an ASAP(p) distribution terminatessuccessfully

Initialize: p=P/hn
Start: Set Si(p) ={1}; Ui(p)=S5°
apply the ASAP(p) distribution;

If ASAP(p) stalls at stage 7(p):

for all jeU,(p) calculate:

6; =P/ EkEST(p)(p) hjr — p;

Set: 0 =minjey, , (p)dj; P+ P+,

go to Start;
end

The cardinality of S is givenby |S|. S¢ denoteshe
complement.

Fig. 1. MLAB algorithm.

The pseudocodef the algorithmis givenin Figure 1. The
MLAB algorithmendsafteratmost N —1 restartsThereexists
a setof feasiblescheduleghat are consistentwith the partial
orderinggiven by the ASAP(p) distribution. The normalized
transmitpower at all nodesin S. ;) (p) is p. Note thatthe last
transmittingset Z,.(,,y could in fact, transmitwith power less
thanyp if it is enoughfor the last setof unreliabledestination
nodes,Up () (p), to becomereliable. Thus, choosingthe
power level at all nodesto be p is not necessarilya unique
solution. While this won't changethe network lifetime, the
latter solution will reducethe total transmit power in the
network. Next we shav that the power found by MLAB is
in fact the optimum power, thatis, p = p*.

Theoem?2: TheMLAB algorithmfindstheoptimumpower

p* suchthatthe ASAP(p*) distribution maximizesthe network
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 incrementalretransmissionat power A*. This
obsenationwill bethebasisof distributedalgorithmproposed
in SectionVI.

V. PERFORMANCE

We now evaluate the benefit of accumulatre broadcast
to the network lifetime and compareit to the corventional
network broadcasthat discardsoverhearddatain a network.
In particular networks with randomly positionednodesin a
10 x 10 squareregion were generatedThe transmittedpower
was attenuatedwith distanced as d® for different values
of propagationexponenta = 2,3,4. The receved power
thresholdwas chosento be P = 1. Resultswere basedon
the performanceof 100 randomlychosennetworks.

Figure 2 shaws the power p for differentvaluesof propaga-
tion exponentin networks with different node densities.The
obsenedpower decreasés dueto shorterhopsbetweemodes
in densemetworks. For equalbatterycapacitiesat the nodes,
the correspondingietwork lifetime is shavn in Figure 3.

Figures4 and5 shav the benefitof accumulatve broadcast
as comparedto corventional broadcastn terms of network
lifetime. For cornventionalbroadcastthe authorsin [11], [12]
proposedwo algorithms,MSNL andMST, that maximizethe
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staticnetwork lifetime aswell WMSTSW a greedyalgorithm
that increaseghe dynamiclifetime. We comparethe perfor
manceof thesealgorithmsfor three different battery enegy
distribution as given in [11], [12], to the network lifetime
found by the MLAB algorithm. We first assumethat all the
nodeshave identicalbatteriesThen,we considertwo different
node battery scenariosin which the initial battery enepgies
at the nodesare independentuniform (0,1000) or uniform
(500,1000) random variables. Several other algorithms to
increasethe dynamicnetwork lifetime were evaluatedin [12]
with similar performanceo WMSTSW As expected,we see
that solutionfound by MLAB considerablyincreasesetwork
lifetime. Typically, MLAB increasedhe network lifetime by
afactorof 2 or more.Thereasonis twofold: first, becausehe
broadcastusesthe enegy of overheardinformation enabling
for moreradiatedenegy to be captured And secondpecause
the accumulatie broadcastenablesMLAB to distribute the

Comparison: Accumulative Broadcast vs. Conventional Broadcast
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Fig. 4. Network lifetime of accumulatie broadcastand conventional
broadcast.

load more evenly amongthe nodesthan doesthe dynamic
load balancingin conventionalbroadcast.

V1. 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)o other nodesat the beginning of
the algorithm. The distributed algorithm will be run at the
beginning of a broadcastsessionduring the broadcasbf the
first messagel et ¢ denotethe broadcaspower determinecby
the distributed MLAB. Oncethe power q is determineddata
will be broadcastedhroughASAP(q) distribution. In a static
network where the samepower ¢ is usedthroughouta long
broadcassessionthe initial overheadto determineg will be
small comparedo the amountof broadcastata.

The distributed implementationof MLAB algorithmhasto
resole the following:

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

2) Howmud shoulda reliable nodeincreasethe broadcast
power?

Whenthe ASAP(p) distribution stalls,determiningthe neces-
sary power increased, requiresglobal knowledge of network
gains and cannot be computedlocally at a node. In the
distributed MLAB algorithm, the broadcastpower will be
increasedn stepsof size A, for somesmall fixed power A.
Further during theinitial broadcasphasewhile the algorithm
is run to determineq, we let A be the transmit power of
every transmissionA reliable nodeintendingto transmitwith
powernA for somen > 1 will insteadrepeatedijtransmitfor
n times,eachtime with power A. A transmissiorfrom a node
i with power A will be overheardby a numberof nodesthat
definea A-neighborhoodV;(A) of node:. Nodeswill belong
to Na(7) if they can detectthe presenceof a signal sentat
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node, althoughtheir receved power may not be suficient
for reliable decoding.

Overhearinga broadcasfrom anodek will enablenodei to
determinethe link gain h;;, andidentify nodek asits reliable
neighbor During the algorithm, nodei will keeptrack of its
setof reliable neighbors,R; C N;(A). From the numberof
repeatedransmissionst node k, node: will alsobe ableto
determinethe currenttransmitpower at node k. Becausethe
transmitpower will not necessarilybe the sameat all nodes
all thetime, node: will keeptrack of transmitpower p; (k)
n;(k)A for every k € R;, wheren; (k) is anumberof repeated
broadcastdy nodek. In addition, oncereliable, nodes will
keeptrackof its unreliableneighbors[J;. An unreliablenodej
will sendNACK; control messageso identify itself. As node
1 becomesreliable, it will broadcastwith maximum power
amongits reliable neighborsin R;,

p(R;) =A }c%a}gf{m(k)}-

While reliable, whenever it overhearsa transmissionthat
increaseshe power p(R;), nodes will repeatthe broadcast
to meetit. In that way, the currentmaximumtransmitpower
in the network g will propagate until all reliable nodeshave
transmittedwith that power. A reliable node that overhears
no transmissionsfor time 7, > 7(A) and has unreliable
neighbors,will decideto increaseits transmitpower. At the
end of the algorithm, power g will determinethe broadcast
power gq. A detaileddescriptionof the algorithmis given in
pseudocodén Figure6.

Constrainingthe power of eachtransmissionto A defines
A-neighborhoodandallows nodesto determinethelink gains
within their A-neighborhoodsTherefore power A definesthe
network topology and hasto be high enoughto guarantee
network connectvity [23]. In thedistributedMLAB algorithm,
it is sufficient that underpower A, the network is connected
in the overheardsense.That is, in the underlying graph, a
link betweenwo nodesexistsif they canoverheareachother

At each node i do:
initialize R; =0, pr=0;
while (pr <P) do:
when data received with P from k:
col l ect data; pgr <« pr+ P;
if k&R
hir = P/A, nz(k) =0, R;+ R;U {k},
send NACK; reliably to k;
end % f
’I’L,(k) = n,(k) + 1,
end % while
as (pr>P) do once:
decode the nessage;
set n;(i) = maxger, {ni(k),1};
br oadcast the decoded nessage once;
Ui={j:j that responded with NACK;};
broadcast n;(i) —1 tines;
while (pr>P) do:
when data received fromnode k:
updat e n;(k) =n;(k) + 1;
n;(i) < n;(i) + 1, broadcast;
if k€R;: R;+ R;U{k}, U+ U;\{k}
if no data received for T, and U; # 0:
br oadcast ;
ni(i) < ni(i) + 1;
end % f
end % while

Receivedowerat a nodeis denotedpg.

Fig. 6. Distributed MLAB algorithm.

During MLAB, we assuméhatthenetwork is connectedinder
power A.

This assumptionis not essentiaffor the algorithm and can
be relaxed by letting MLAB algorithm rely on preeisting
network topology Different distributed algorithmsfor deter
mining network topology have beenproposedsee[24], [25])
andtypically employ shortHELLO control paclketsexchanged
at the nodes. Given the power P, and rate r. of control
paclets,HELLO pacletsdefineone-hopneighborhoodV;(P,)
for nodei as all nodesthat can reliably receve a HELLO;
paclet sentat nodei. A version of the distributed MLAB
algorithm canthenbe run on the top of the topology defined
by neighborhoodsV;(P,) insteadof N;(A).

Notethatdecreasingherater,. reduceghe power P, neces-
saryfor network connectvity by reducingthe recever power
thresholdneededor reliable communicationConnectvity in
overheardsense requiredfor A-neighborhoodsreducesthis
thresholdto its minimum value necessaryo acquirea signal
or decodea paclet headerand thus reducesnecessarypower
for connectvity. Therefore,it may be reasonabldgo assume
thatunderpower A, network is connectedThe next theorem
shaws that the algorithmis correctandfinishesin finite time.

Theoem 3: The distributed MLAB algorithm makesevery
network nodereliablein finite time.



The running time and performanceof the algorithm are
dependenbn value of parameterg\ andT,. In fact,we have
the following theorem.

Theoem4: For large enoughT,, T, > 7(A), power g

found by the distributed MLAB is within A of the optimum
solution; thatis, ¢ € [p*,p* + A).
Thus,by choosingsmallerA, solutionfoundby the distributed
MLAB approacheghe optimum, at the expenseof longer
running time due to the larger 7, and smaller step size A.
When the distributed MLAB doesnot rely on a preeisting
topology, thereis a lower boundon A to guaranteenetwork
connectvity. At the other extreme, for A large enoughto
guaranteefull connectvity (every node can overhearevery
transmission),I, canbe chosento be 0. The optimal tuning
of the algorithm parameterdiasyet to be determined.

VIlI. CONCLUSION

In this paper we addressedhe cooperatre multicast net-
work lifetime problem and proposedthe Maximum Lifetime
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 simultaneouslyFurthermore,
the MLAB algorithm solves both the cooperatie broadcast
and cooperatie unicast problem that are useful for mary
applications.In sensornetworks, for example, the unicast
problem arisesin ary scenariowhere the data collected at
the sensords gatheredby a centralstation.

The ASAP(p*) solutionfound by MLAB is static sinceit
stays constantthroughoutthe multicast session.In corven-
tional broadcastthe constraintthat a nodeis madereliable by
the transmissionof a single relay, causesthe relay with the
most disadwantagedchild to drain its battery fastest.Conse-
guentially the optimality of a spanningreethatmaximizesthe
network lifetime for a giveninitial batterylevelsis temporary
and dynamic tree updates[12], [13] are neededfor load
balancing.In a cooperatie multicast using the ASAP(p*)
distribution, all relayswill be drainingtheir batteriesevenly;
however, a setof leaf nodesU..« (p*) will never transmitand
will have full batterieseven when the relay nodesdie. An
significantquestionis whethertheundepletedatterief these
leaf nodescan be exploited by a dynamicmulticaststratayy.

After multiple uses of the ASAP(p*) distribution, re-
examination of the maximum lifetime problem (12), as ex-
pressedin terms of normalizedpowers, will shav for each
non-relaynode j € U,-(p*) that the outgoing normalized
link gainshy; have increasedby the ratio of the full battery
enegy of node; to the depletedbatteryof nodel. Although
one can shov that reconfiguringthe multicastdistribution to
maximize the residual network lifetime resultsin the very
sameASAP(p*) distribution, it would be mistale to conclude
that ASAP(p*) policy is an optimal dynamic policy. In fact,
similar to the corventionalbroadcasta dynamicstrateyy with
time varying powers can extend the network lifetime. For
example, in the four node network shavn in Figure 7, the
sourcenode 1 wishesto send messagedo the destination
node 4. With initial battery powers e; = 1 and required

Fig. 7. Four nodenetwork example.

receved power P = 1, the ASAP solution usetransmissions
by nodesl, 2 and3, eachwith power p* = 2/3. The lifetime
of eachnodeis e;/p* = 3/2. On the other hand, alternating
betweenschedulex = [1, 2] with power vectorp = [1/3,1, 0]
and schedulex’ = [1, 3] with power vectorp’ = [2/3,0,1]
resultsin a systemwhich has average transmit power of
1/2 for eachnode and resulting network lifetime 2. In this
case, dynamicswitching betweenschedulesgorrespondindo
routingpacletsalongmultiple routes yieldsanetwork lifetime
larger than that of the ASAP distribution, the optimal static
policy. A generalkolutionfor the optimaldynamiccooperatie
multicastremainsan openproblemat this time.

In this paper the cooperatie multicast was proposedfor
the AWGN channelwith constantlink gains. However, the
cooperatiorbetweerthe nodesin thefadingchanneloffersthe
additional benefitas a form of diversity [26]-[28]. It would
alsobe interestingto considertheimplicationsof time varying
channelgto the accumulatie multicastproblems.

VIII. APPENDIX
Proof: Theoem1

The proof is by inductionon k, wherek is theindex to a
sequencef stagesuringthe ASAP(p) distribution. We prove
by inductionthatat the startof stagek, nodes{z1,...,2x} C
Sk (D). In casethat the numberof stagesis 7 = 7(p) < M,
we defineS,(p) = S7(p) for all 7 < k < M. Theideais that
ASAP(p) makesnodesreliableat leastassoonasthe schedule
X.

Casek = 1 is obvious since S; (p) = {1} for ary 5. Next
we assumehat {z1, ...,z } C Sg(p). Thisimplies

D Z Gk+1,j 2 P Z

z;€Sk(P) z;€{z1,. Tk}

grt1,; > PP (15)

where(a) follows from the feasibility of power p for schedule
X, becauseunder schedulex, node z41 is made reliable
by transmissionf {z1,...,z;}. We concludethat z;1 €

Sk+1(p) andsince{z1,...,zr} C Sk(P) C Sk+1(D), it fol-

lows that {.Z'l, ceey Z’k+1} C Sk_;,_l(ﬁ) Thus, {.Z'l, - ,.CL'M} C

Sm(p), implying the ASAP(p) distribution makes all the
nodesin a schedulex, andthusall destinatiomodesreliable.
O

Proof: Theoem2

Supposéhelastrestartof the MLAB algorithmoccurswhen
the power is po andthe ASAP(p,) distribution stalls at stage



To = T(po). This implies

Z hjk < p,

kESTO (po)

j € U‘ro (pO) (16)

Do

In this case,we restartMLAB with broadcaspower pg + d¢
wheredy = minjey, () 0; andd; satisfies

(po +65) Z hijF. a7
kESTO(pO)
This implies
(po+38) Y, hp<P, jE€Us(p)  (18)

kES-rO (po)

Sincerthis is the last restartof MLAB, the ASAP(pgy + do)
distribution is a feasiblemulticast.It follows thatp* < pg+dg
sincep* is the optimal broadcastpower. To showv that p* =
po + do requiresthe following lemma.

Lemmal: For ary power p' < po + do, the ASAP(p')
distribution stalls at stager’ = 7(p') with S (p') C Sy, (po)-

Lemmal implies that if p* < po + dg, then the ASAP(p*)
distribution will stall, which is a contradictionof Theoreml.
Thus, at the final restartof the MLAB algorithm, the power
is po + do = p*.

Proof: Lemmal

Let F = S (p') \ Sr,(po)- First, we shav by contradiction
that F is anemptyset.SupposeF is nonemptyLet 7= denote
the first stagein which a nodej’ € F was madereliable by
the ASAP(p') distribution. Thus,

> hj

kGST}_ (")

P<p (19)

Moreover, S, (p') C S,,(po) Sinceup to stagerr, all nodes
that were made reliable by ASAP(p’) belong to S;,(po)-
Hence,

P<p > hyu (20)
kESTO(Po)
<@ (po+8) D hy (21)
kES,—O(pO)
<®Pp (22)

since (a) follows from p’ < pg + do and (b) follows from
Equation(18). Thuswe have the contradictionP < P andwe
concludethat F is empty S.:(p') C Sr,(po), and U, (po) C
U, (p'). Secondwe obsene that ASAP(p') stalls at stager’
sincefor all j € U,/ (p'),

P hp<p D hi (23)
keS.. (p) k€S, (po)
<(po+d) DY, hp<P. (24
k€S, (o)

Proof: Theoem3

In a network that is connectedunder power A, thereis a
pathfrom the sourcenodeto every othernodein the network.
Considera path from node 1 to somenode K. We relabel
the nodessuchthat the pathis givenby [1,2, ... K]. For ary
reliablenodel < k < K — 1 suchthat £ + 1 is unreliable,
it holds that ¥k + 1 € Uj. By distributed MLAB, node &
will increaseits transmit power wheneer it overhearsno
transmissiongor T, until £ + 1 is reliable. Thus, eventually
all the nodeson the pathwill be reliable. This holds for ary
pathfor any node K.

We next find anupperboundon 7;, time it takesfor a node
i to malke all of its neighborsreliable. An upperbound on
the numberof transmissionsieededat a nodei to make node
Jj € N;(A) reliable, neglecting the enegy node j may have
collectedfrom transmissionfrom other nodes,is [P/hj; A].
In the worst case,node¢ will wait for T, betweenary two
consecutre broadcastsThus,

P
< T, |1
m< me {r | 5]

P
=T, : .
[A mlnjeN,-(A){hji}w

Sincej € N;(A), it follows that hj; # 0 andtherefore7; is
finite for every nodes. Sincethereis only a finite numberof
nodes,all nodeswill be madereliablein finite time. O

(25)

(26)

Proof: Theoem4

To prove Theorem4, we next upperboundthe time 7 (k)
it takes for maximum transmit powver § = kA, kK > 0 to
propagatethroughthe network.

Lemma2: Let T be the duration of a single transmission
andlet 7(k) = N(k + 1)T. Then, T (k) < (k).

Proof: Lemma2

The time it takesfor one nodeto transmitwith g is upper
boundedby kT, the casewhen the node never previously
transmitted.Sincethe nodemay have to wait for NACKs for
additionaltime T, the total time at a nodeis upperbounded
by (k + 1)T, Sincethe propagationcannottake morethan N
hops,the total time is upperboundedby N (k + 1)T. O

To prove Theoremd, we first obsene that power ¢ is lower
boundedby p*: before the power p* is reached,there are
always nodesthat are unreliable and the distributed MLAB
doesnot stop at the reliable nodes.The power p* is reached
for g = [p*/A]A < p* + A andno furtherincreasein power
is neccessaryBy Lemma 2, g will propagatein lessthan
T(A) = N([p*/A] + DT time. If T, > 7(A), no node
will increaseg before all reliable nodestransmittedwith 3.
However, at that point all network nodeswill be reliable and
distributed MLAB will stopat all nodeswith ¢ =g. O
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