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Abstract

We considercooperatre datamulticastin a wirelessnetwork with the objectve to
maximizethe network lifetime. For a static power assignmenat the nodes,in which a
nodepoweris constanthroughouthemulticastsessionye presenthe MaximumLifetime
AccumulativeBroadcast{MLAB) algorithmthatspecifieshenodes’orderof transmission
andtransmitpower levels. We prove thatthe solutionfound by MLAB is optimal. The
power levels found by the algorithmensurethat the lifetimes of the active relaysarethe
same causingthemto fail simultaneously

Thesimplicity of thesolutionis madepossibleby allowing thenodeghatareout of the
transmissiomrangeof a transmitterto collectthe enegy of unreliablyreceved overheard
signals.As a messagés forwardedthroughthe network, nodeswill have multiple oppor
tunitiesto reliably receve the messagdy collectingenegy during eachretransmission.
We referto this cooperatie stratgly asaccumulativemulticast Cooperatre multicastnot
only increaseshe multicastenegy-eficiency by allowing for moreenegy radiatedn the
network to be collected,but alsofacilitatesload balancingby relaxingthe constraintthat
arelay hasto transmitwith power suficient to reachits mostdisadwantagecchild. When
the messagés to be deliveredto all network nodesthis cooperatie stratgyy becomesac-
cumulativebroadcast

A more generaldynamicmulticastproblemallows variable power allocationat each
nodeduringthemulticast.We shav thatthis problemis aspecialcaseof astaticmulticom-
modity multicastproblem.We thendemonstratéhat,unlike single-sourcataticmulticast,
thedynamiccooperaire multicastproblem,andthusthemulticommodityproblemaswell,
areNP-complete.

Keywords: Cooperatre multicast,cooperatre broadcastmaximumnetwork lifetime, opti-
mumtransmitpowers,dynamicstrateyy, multiple-sourceboroadcasproblem.

1 Introduction

We considetheproblemof enegy-efficientmulticastingn awirelessnetwork. In themulticast
problem,a messagdrom a souice nodeis to be deliveredefficiently to a setof destination
nodes.Whenthe setof destinatiomodesincludesall the network nodes(exceptthe source),
the multicastproblemreducedo the broadcasproblem. Whenthereis only onedestination
node,multicastreducedo unicastandthe problembecomeghatof routingto onedestination
node.Prior work on this subjecthasbeenfocusedon the minimum-enegy broadcasproblem
with the objective of minimizing the total transmittedpower in the network. This problem



was showvn in [1-3] to be NP-complete. Several heuristicsfor constructingenepgy-efficient
broadcastreeshave beenproposedsee[1, 2,4—7] andreferencesherein.

However, broadcastinglatathroughanenegy-efficienttreedrainsthebatteriesaatthenodes
unevenly causinghigherdrainrelaysto fail first. A performancebjectve thataddressethis
issueis networklifetime which is definedto be the time durationuntil the first nodebattery
is fully drained[8]. Findinga broadcastreethatmaximizesnetwork lifetime wasconsidered
in [9-12]. The problemof maximizingthe network lifetime duringa multicastwasaddressed
in [13]. Becausehe enegies of the nodesin a tree are drainedunerenly, the optimal tree
changesn time andthereforethe authors[10, 12,13] distinguishedbetweenthe static and
dynamicmaximumlifetime problem. In a staticproblem,a singletreeis usedthroughouthe
broadcastessionrwhereaghe dynamicproblemallows a sequencef treesto be used. Since
the latter approachbalanceghe traffic more evenly over time, it generallyperformsbetter
For the static problem,an algorithmwas proposedhat finds the optimumtree[10]. For the
specialcaseof identicalinitial batteryenegy at the nodes,the optimumtree was shavn to
be the minimum spanningtree. In a dynamicproblem,a seriesof treeswere usedthatwere
periodicallyupdated10] or usedwith assignediuty cycles[12].

Wirelessformulationsof theabove broadcasproblemsassuméhatanodecanbenefitfrom
atransmissioronly if therecevedpoweris above athresholdrequiredfor reliablecommuni-
cation. This is a pessimisticassumption.A nodefor which the receved power is below the
requiredthreshold,but above the recever noisefloor, cancollectenegy from the unreliable
receptionof thetransmittednformation.

Moreover, it wasobsenedin therelay channel[14] thatutilizing unreliableoverheardn-
formationis essentiato achiezing capacity This ideais particularly suitedfor the multicast
problem,wherea nodehasmultiple opportunitieso receve a messagasthe messagés for-
wardedthroughthe network. We borraw thisideaandre-examinethe multicastproblemunder
theassumptiorthatnodesaccumulatehe enegy of unreliablereceptionsWe referto this par
ticular cooperatre stratgy asaccumulativanulticastandin the specialcaseof broadcastas
accumulativébroadcas{15]. The minimumenepgy accumulatre broadcasproblemhasbeen
formulatedandaddressedh [15—-19]for a variety of network communicatiormodels. In all
casesthe problemwasshovn to be NP-complete.

In this paper we addresghe problemof maximizingthe network lifetime by employing
the accumulatre multicast. As in the corventionalbroadcasproblem,we imposea reliable
forwarding constraintthat a node can forward a messagenly after reliably decodingthat
message.

Wefirst considethestaticcooperatire multicastin whichnodepowersareconstanthrough-
out the multicastsession.We shaw thatthe staticmaximumlifetime multicastproblemhasa
simpleoptimal solutionand proposehe MaximumLifetime AccumulativeBroadcastMLAB)
algorithmthatfindsit. The solutionspecifiesthe orderof transmissiongndtransmitpower
levels at the nodes. The power levels given by the solutionensurethat the lifetimes of relay
nodesarethe sameandthus, their batteriesdie simultaneously Moreover, the simplicity of
the solutionallows usto formulatea distributedMLAB algorithmfor theaccumulatre broad-
cast[20] thatuseslocal informationat the nodesandis thusbettersuitedfor networks with
large numberof nodes.

Wethenconsidemoregeneramulticastproblemthatrelaxesthe constanpower constraint
andallows for variablepowersat the nodes. We show that this problemis a specialcaseof
a static, multicommodity cooperatre multicastproblem. We then demonstratehat, unlike
single-sourcestatic multicast,the dynamicmulticastproblem,and thus the multicommodity
problemaswell, areNP-complete.



2 System model

We considera wirelessnetwork of N nodessuchthatfrom eachtransmittingnodek to each
receving nodem, thereexistsanAWGN channebf bandwidthiV characterizety afrequeng
non-selectie link gain h,,,,. We further assumdarge enoughbandwidthresourcego enable
eachtransmissiorto occurin an orthogonalchannel,thus causingno interferenceto other
transmissionsA nodehasbothtransmitterandrecever capableof operatingoverall channels.

A recever nodej is saidto bein the transmissiorrangeof transmitter; if the receved
power at j is above a thresholdthat ensureghe capacityof the channelfrom i to j is above
the coderateof nodei. We assumehateachnodecanusedifferentpower levels, which will
determineits transmissiorrange. The nodesbeyond the transmissiorrangewill receve an
unreliablecopy of atransmittedsignal. Thosenodescanexploit thefactthata messagés sent
throughmultiple hopson its way to othernodes. Repeatedransmissionsct asa repetition
codefor all nodesbeyondthetransmissiomange.

During amulticastsessiona sequencef messagearetransmittedrom eachsourcenode.
After acertainmessag@asbeentransmittedrom a certainsourceJabelednodel, sequencef
retransmissionat appropriatepower levelswill ensurethateventuallyevery destinatiomode
hasreliably decodedhe messageWhenwe considera multicastof a certainmessageywe say
thata nodeis reliable with respecto thatmessagepnceit hasreliably decodedt. Underthe
reliableforwarding constraint,a nodeis permittedto retransmit(forward) only after reliably
decodinghe message.

The constraintof reliableforwardingimposesanorderingon the network nodes.In partic-
ular, anodem will decodea messagdérom the transmission®f a specificsetof transmitting
nodesthatbecameeliable prior to nodem. Startingwith nodel, the source asthefirst reli-
ablenode,a solutionto the cooperatre multicastproblemwill becharacterizedy areliability
schedule which specifiesthe orderin which the nodesbecomereliable. Sincethe multicast
stopsafter the messagédasbeendeliveredto D destinatiomnodes,a reliability schedulewill
not necessarilycontainall the network nodes. In general,a multicastreliability schedules
an orderedsubsequencef the list of nodesof lengthM, D < M < N, that startswith
nodel, andcontainsall destinationnodesand a subseta network nodesthat relay the mes-
sage.In the broadcastase areliability schedulgny, ns, no, . .., ny| is simply a permutation
of [1,2,..., N] thatalwaysstartswith the sourcenoden; = 1.

For a given reliability schedulewe refer to the ith nodein the scheduleas simply node
i. After eachnodek € {1,...,m — 1} transmitswith averagepower py, the ratein bits per
secondhatcanbeachiavedatnodem is [21]

m—1
—1 PomkDr :
rm = Wlog, (1 + W) bits/s, (2)
whereN, is theone-sidecpower spectradensityof theadditive white Gaussiamecevernoise.

Lettherequireddatarater begivenby 7 = W log,(1 + P/NoW) b/s. From(1), achieving
rn = T impliesthatthetotal receved poweratnodem hasto beabove thethresholdP, thatis,

—1
Bonkpr > P. (2)
1

3

=
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After the datahasbeensuccessfullydeliveredto the destinationnodes,all thosenodesare
reliableandthefeasibility constraint(2) is satisfiedat every destinatiomodem.



3 Problem Formulation

The objective of the network lifetime problemis to maximizethe amountof data,thatis, the
numberof bits, sentatthe sourceanddeliveredto asetof destinatiomodesfor agivenenegy
budgetat eachnode. For a givendatarate7, this objective translatego maximizingthetime
duringwhich datais recevedatthedestinatiomodes.

From a nodeperspeciie, for a node: with a batterybudgete; andtransmittingwith an
averagepower p;, the time until its batteryis draineddetermineghe lifetime of a node: as
T; = e;/p;. A network in which a large numberof dimensionss available, may faciliate
pipelining, by allowing a nodeto transmita new messagén every transmitinterval, in a new
orthogonalchannel. If all the messagefollow a samesequencef hops,a node: will have
a new messagéeo forward in eachtransmissiorintenal usingp;. Assumingthatthe datais
delivereduntil a first network nodedies, the smallestT; determineshe numberof messages
deliveredto the destinatiomodes.

On the otherhand,dependingon the underlyingprotocol,a node:, may have periodsof
idlenessafter forwarding while waiting for the messagéeo reachthe destinationnodesor for
anew messagéo be sentby the source. If node: transmitsa messagevery T secondsthe
averagepower at node: is reducedto p, = p,T;/T andthe nodelifetime appeargo have
increasedalthoughthe numberof messagesentby anodeanddeliveredto thedestinationss
thesame.

To unify thesetwo casedy ensuringthatthe nodelifetime reflectonly thetime a nodeis
actuallytransmitting we considetthepoweratthenode: to beenegy transmittedpermessage.
The maximumnetwork lifetime problemis thento maximizethe numberof messageg that
arereliably deliveredto a setof destinatiomodes,D.

In the dynamiccooperatre multicastthatdelivers L messages a multicastsessiongach
nodei is assignedL transmitpower levels [p;(1), ..., p;(L)] to forward the messagesFor
message, power assignmenat all nodesis givenby avectorp(l) = [p:(1),...,px(1)]*. We
referto power allocationP = {p(1),...,p(L)} asadynamicpowerassignmenfl3].

Whenthe transmitpower p; (1) is constanfor all [, a dynamicpower assignmenteduces
to a static power assignmenandthe above problembecomeghe staticcooperatre multicast
problem. A numberof messages nodei cantransmitis simply e;/p; andit is maximized
by choosingp; assmallaspossible.We next presenthe solutionfor the staticsingle-source
multicastproblem;theoremproofsanda distributedimplementatioraregivenin [20].

In thestaticmulticast,it is enoughto considemmulticastof asinglemessageTheoptimum
solutionmustspecifythereliability scheduleaswell asthetransmitpower level ateachnodeto
deliverthatmessageGivena schedulewe canformulatea linear program(LP) thatwill find
the optimumsolutionfor thatschedule.Sucha solutionwill identify thosenodesthat should
transmitand their transmissiorpower levels. A scheduleis an orderedsubsequencef M
nodesrom anetwork of N nodesx = [z, ..., 2] With z; = 1. We saythatthelengthof the
subsequence is ||x|| = M. Let{x} = {z1, ..., 7|} denotethesetof nodesn aschedulex
andletITy denotethesetof all variable-lengtiorderedsubsequences {1, ..., N}. It follows
thatthe family of all possiblescheduless Xy (D, 1) where

Xn(D,s) ={x € lIy|D € {x},z; = s} (3)
Givenaschedulex, we defineagainmatrix G(x) to have i, jth element

how i > 7,
G = Y 4
(Gl {0 otherwise @)



for1 < 4,57 < M. Whenanode; doesnot participatein the retransmissiorof the message,
reliablereceptionby thatnodeis unnecessargndthatnodecanbe omittedfrom the problem
formulation. Thus,channelgainscorrespondindgo any nodej thatis notin schedulex arenot
includedin G(x). We candefinethe problemof maximizingthe network lifetime for schedule
x in termsof thevectorp of transmittedoowersas

min max 2% (5)

P €
subjectto G(x)p > 1P, (5a)
p>0. (5b)

Theinequality(5a)containsM — 1 constraintsasin (2), requiringthattheaccumulatedeceved
power at all nodesin schedulex (exceptthe source)is above the thresholdP. It shouldbe
apparenthat power p; in p correspondso the transmitpower of nodez; in the schedulex.
Alternatively, we candefinethe problemin termsof normalizednodepowersp; = p;e1/e; that
accounffor differentbatterycapacitiesatthe nodesthelifetime atevery node: in termsof the
normalizedooweris asif all thebatteriesverethesame:T; = e;/p; = e, /p;. For ary schedule
x, we canformulateProblem(5) asalinearprogramin termsof transmitpower levelsp,

P (x) =mﬁin p (6)
subjectto G(x)p > 1P, (6a)
p<1p (6b)

p>0. (6¢)

whereeachcolumng, of thenormalizedgainmatrix G (x) is obtainedfrom the corresponding
columng; of matrix G(x) asg; = g;e;/e1. If p = p*(x), thenthereexists a power vectorp
suchthat(6a)and(6b) aresatisfied.It followsthatfor any p > p, p < 1p. Thus,for ary power
p > p*(x), we saythat power p is feasiblefor schedulex. Over all possibleschedulesthe
optimumpoweris
pr= min (x). (7

Equation(7) is aformal statemenof the problemfrom which finding the bestschedulecorre-
spondingto p* is not apparentWe will seethatthe power p*, may; in fact, be the solutionto
(6) for asetof schedulest’™. In therestof the paperwewill consideronly normalizedoowers
andwe thereforedroptheoverlinenotation;H will denotetheordinarygainmatrix, G(x) will
denotethe gain matrix permutedor schedulex, andthe power vectorwill be simply p, with
p; representingitherthe power of node: or nodex;, asappropriatdor the context.

Ratherthanidentifying X'*, we employ asimpleprocedurehatfor any power p, determines
a collectionof schedulegor which power p is feasible.In particular to distribute a message,
we let eachnoderetransmitwith power p as soonas possible namelyassoonasit becomes
reliable. We refer to sucha distribution asthe ASARp) distribution. During the ASAP(p)
distribution, the messagewill be resentin a sequencef retransmissiorstagesrom setsof
nodes”Z; (p), Z»(p), . . . with power p. In eachstagei, asetZ; thatbecameeliableduringstage
1 — 1, transmitsandmakes 7, . reliable.

Let S;(p) andU;(p) denotethe reliable nodesand unreliablenodesat the startof stage
i. Upi(p) C Ui(p) is the setof unreliabledestinationnodesat the startof stage:. Then,
Zi(p) = 1 andS;(p) = Zi(p) U ... U Z;(p). ThesetZ;.1(p) is givenby Z;.1(p) = {z €
Ui(p) = P kesi(p) Pek = P}. Notethatif power p is too small,the ASAP(p) distribution can



stall at stagei with S;;1(p) = Si(p) andUp,(p) # 0, theemptyset. In this case ASAP(p)
fails to distribute the messageo all destinationnodes. WhenUp, ;(p) = 0 at a stagei, the
ASAP(p) distribution terminatessuccessfullyndis saidto be a feasiblemulticast

The partialnodeorderingZ;(p), Z»(p), . . . specifieshe sequencén which nodesbecame
reliableduringthe ASAP(p) distribution. In particular ary schedulex thatis consistentvith
this partial orderingis a feasiblescheduldor power p. Nodesthatbecomereliableduringthe
samestageof ASAP(p) canbe scheduledn anarbitraryorderamongthemselessincethese
nodesdo not contribute to eachothers receved power. Thefollowing theoremverifiesthatin
termsof maximizingthe network lifetime it is sufficientto consideronly schedulegonsistent
with the ASAP(p) distribution.

Theorem 1 If pis afeasiblepowerfor a schedulex, thenthe ASARp) distributionis a feasible
multicast.

Theoreml impliesthatfor optimumpower p*, the ASAP(p*) distributionis feasible.

We next presenthe MaximumLifetime AccumulativeBroadcast(MLAB) algorithm, that
determineghe optimumpower p*. Oncethe power p* is given, broadcastingvith ASAP(p*)
will maximizethe network lifetime.

We labelnodel asthe sourceand?2 asits closesteighbor(moreprecisely the nodewith
thehighestink gainto thesource). TheMLAB algorithmfindsthe optimumpower p* through
a seriesof ASAP(p) distributions, startingwith the smallestpossiblebroadcaspower, p =
P/hy1. WhetherASAP(p) stallsor terminatessuccessfullywe definer(p) astheterminating
stage.Whenthe ASAP(p) distribution stallsat stager(p), we mustdeterminethe minimum
powerincrease) for which ASAP(p + ¢) will notstallatstager(p). Theincreasen broadcast
power §; neededo make anodej € Uy, (p) reliablemustsatisfy

=(+6) > h (8)

keS:(p)(p)

We choose = minjey, (5 J;- Wethenincreasep to p + ¢ andrestartthe MLAB algorithm.
ThealgorithmstopswhenanASAP(p) distributionterminatesuccessfullyafteratmostN — 1
restarts. Thereexists a setof feasiblescheduleghat are consistenwith the partial ordering
givenby the ASAP(p) distribution. The normalizediransmitpower at all nodesin S, (p) is
p. Thenext theoremshaws thatthe power foundby MLAB is in factthe optimumpower.

Theorem 2 TheMLAB algorithmfindsthe optimumpowerp* sud thatthe ASARp*) distri-
bution maximizeghe networklifetime.

Thefull restartof MLAB areusedprimarily to simplify the proofof Theoren®. In fact,when
MLAB stalls,it is sufficientfor thereliablenodedo offer incrementatetransmissionat power
0. This obsenationwasthe basisof distributedalgorithmproposedn [20].

4 Dynamic Cooperative M ulticast

The ASAP(p*) solutionfound by MLAB is static sinceit staysconstanthroughoutthe mul-
ticastsession.In corventionalbroadcastthe constraintthat a nodeis madereliable by the
transmissiorof a singlerelay, causeghe relay with the mostdisadwantagecdthild to drainits
batteryfastest.Consequentiallythe optimality of a spanningreethatmaximizesthe network
lifetime for a giveninitial batterylevelsis temporaryanddynamictree updateq11,12] are
neededfor load balancing. In a cooperatre multicastusing the ASAP(p*) distribution, all



relayswill be drainingtheir batteriesevenly; however, a setof leaf nodesU.- (p*) will never
transmitandwill have full batteriessvenwhenthe relay nodesdie. A significantquestionis
whetherthe undepletedatteriesof theseleaf nodescanbe exploited by a dynamicmulticast
stratey.

After multiple usesof the ASAP(p*) distribution, re-examinationof the maximumlifetime
problem(7), asexpressedn termsof normalizedpowers,will shav for eachnon-relaynode
j € U.~(p*) thatthe outgoingnormalizedlink gainsh;; have increasedy the ratio of the
full batteryenegy of node; to the depletedbatteryof nodel. Althoughonecanshawv that
reconfiguringhe multicastdistributionto maximizetheresidualnetwork lifetime resultsin the
very sameASAP(p*) distribution, it would be mistake to concludethat ASAP(p*) policy is an
optimaldynamicpolicy. In fact,similarto the corventionalbroadcastadynamicstratey with
time varying powerscanextendthe network lifetime. For example,in the four nodenetwork
shownin Figurel, the sourcenodel wishesto sendmessageto the destinatiomode4. With
initial batterypowerse; = 2 andrequiredreceved power P = 1, the ASAP solutionuses
transmissiondy nodesl, 2 and 3, eachwith power p* = 2/3. The numberof messages
deliveredto node4 is e¢;/p* = 3. Ontheotherhand,alternatingbetweernschedulex = [1, 2]
with power vectorp = [1/3,1,0] andschedulex’ = [1, 3] with power vectorp’ = [2/3,0, 1]
resultsin asystenthatdeliversL. = 4 message® node4 by usingeachschedulgwice. In this
case dynamicswitchingbetweenschedulesgorrespondindo routing packetsalong multiple
routes,deliversa larger numberof messageshanthe ASAP distribution, the optimal static
policy. With the solutionto thestaticproblemat our hand,a questiorwhethera simplegeneral
solutionfor the dynamiccooperatre multicastexists,begsfor ananswer

The optimum solution for the dynamic multicast
problemis given by thereliability schedulesequence
X = {x(1),...,x(L)} thatspecifiesa schedulex(()
for eachmessagé € {1,...L}, andsimilarly, a dy-
namicpower assignmenP = {p(1),...,p(L)}. For
thesubsequendiscussionit will becornvenientto for-
mulate the optimization problemin the form of de-
cision problemin which the questionis whetherthe
nodes’batteryenepies are sufficient for the broadcasbf I. messagesEmploying the con-
straintsgiven in (6), we have the dynamic maximum lifetime accumulatre broadcastD-
MLAB) problem.

Figurel: Four nodeexample.

D-MLAB Givenasetof nodesV = {1,..., N}, anonngyatve matrix {h; |, k € V'}, avec-
tor of batteryenegiese = [61 e eN} , anda constantP, doesthereexist a sequence
of schedulex(l) € Xy(V, 1) andpowervectorsp(l) > 0,1 =1,..., L, suchthat

G(x(1)p(l) > 1P, I=1,...,L 9)

Y p(l)<e. (10)

Notethat Xy (V1) is definedby (3) asthe setof all reliability schedulestartingwith nodel
andincludingtheentiresetof nodesl’. Thusthe problemstatemenénsureshateachschedule
startswith the sourcenodel andmakesall nodesin V reliable.

As we will see,D-MLAB is a closely connectedo a static, multi-commoditybroadcast
problemin which morethanonesourcehasdatato broadcasto a subsebf nodes.We referto
this problemasthe multiple-sourcemaximumlifetime accumulatie broadcas{MS-MLAB)



problem. In MS-MLAB, messagessncodedat the samecoderate, from eachof L sources
{s1,...,s.}, aredeliveredto all nodesv € V over L staticreliability schedulesEachsource
s; employsasingleschedulex (/) anda staticpower assignmenp(1). Thesolutionspecifies
schedulegx(l)|l = 1,..., L} andtransmitpower vectors,{p({)|l = 1, ..., L}, onefor each
source A choiceof schedules(/) admitsthefollowing decisionformulationof the problem.

MSMLAB Givena setof nodesV = {1,..., N}, a nonngative matrix {h;x|j, k € V'},

avectorof batteryenegiese = [e; --- ey|, anda constantP, doesthereexist a
sequencef schedulex(l) € X (V, s;) andpowervectorsp(l) > 0,1 =1,..., L, such
that
G(x()p(l) > 1P, I=1,...L, (11)
L
Y p()<e. (12)

Wheneachsources; is nodel, theMS-MLAB becomesninstanceD-MLAB. Thusto exam-
ine thecompleity of theseproblemst is sufficientto focuson D-MLAB.

Theorem 3 D-MLAB is NP complete

SinceD-MLAB is a specialcaseof dynamicmaximumlifetime accumulatre multicast,the
compleity resultextendsdirectly to that problem. The proof of Theorem3 is basedon the
obsenationthata non-accumulatie formulationof the dynamicmaximumlifetime broadcast
canbeembeddedh aninstanceof the D-MLAB in which asparsdink gainmatrixis designed
to precludeary enegy accumulation. This techniquecan be usedto shav that a variety of
intractablenon-accumulatie network connectvity problemsremainintractablein a wireless
network with enegy accumulation.

Proof: Theorem 3

We obsere thatD-MLAB is in NP sincegivena schedulesequencex(/) and power vectors
p(l),l=1,..., L, it is easyto checkif theD-MLAB constraintsaremet. In [22, Theoren¥],

it is obsenedthatthe non-accumulatie DYNAMIC MAXIMUM LIFETIME BROADCAST

(D-MLB) problemis NP hard.In D-MLB, theschedulex(/) becomestreeT; andnodei uses
power p;(T(1)) sufficientto ensurethatits childrenaremadereliable. A formal statemenbf

thedecisionformulationof this problemis

D-MLB Givena directedcompleteweightedgraphG = (V, ¢), the power of a nodew in a
directedspanningsubgraptil’ is p, (1) = maxy .)er(r) c(u, v), whereE(T") denoteshe
setof edgesn subgraphl’. Giventhateachnodev hasbatteryenegy e, do thereexist
directedspanningsubgraphd’(1),.. ., T(L) suchthat>>~ , p,(T(1)) < e, for eachu.

In the context of wirelessnetworks, the D-MLB edgecostc(u, v) correspondso P/h,,, the
power requiredfor nodeu to transmitreliably to nodew.

We now transformary instanceof D-MLB into an instanceof D-MLAB with graphG’
andnodesetV’ in whichthelink gainmatrix is designedo precludeary actualaccumulation.
For eachnodev € V, we createa clusterof N nodesin V' consistingof an input nodeset
I, = {iyuJu=1,...,N,u # v} andaclusterheado,. For the sourcenodel, the setof input
nodes/; is emptyandclusterl consistsof just the clusterheado,. Nodejs,, haslink gain
h(iyu,0u) = hy from nodeo, andzem link gainfrom all othernodesoutsideclusterv. The



clusterheado, is givenbatteryenepy e,. Eachnodei, ,, haslink gainl/e to everynodewithin
clusterv andzerolink to ary nodeoutsideclusterv. This impliesthatnodesi,, canemploy
transmitpower Pe to transmitreliably to every othernodein clusterv. We choosee so that
LPe < e,,, thebatteryenegy of nodei, .. Thusary input nodes, , hassuficientenegy to
forwardall L messagesgeliably to the othernodesin its clusterandthe batteryconstraintsof
theinputnodesarenotbindingon D-MLB.

To prove thatD-MLAB is NP-completewe shav thatD-MLB hasan L-messageaolution
if andonly D-MLAB with P = ¢ hasan L-messageolution.ThegraphG’ for D-MLAB has
thefollowing key properties:

e Nodei,, canonly be madereliable by a transmissiorfrom outsideof its clusterby
the clusterheado, andcannotaccumulateenegy from arny othertransmissionsutside
clusterv.

e Thenodesn clusterv becomeeliableif andonly if atleastonenode, , is madereliable
by atransmissiorirom a clusterheado,.

Considera solutionT'(1) ..., T(L) for MLB. In the broadcastreeT’(/), nodeu usespower
pu(l) to broadcasto child nodesuvy, ..., v,. In theinducedinstanceof D-MLAB, nodeo,
is assignedransmitpower p,(I) to make reliablethe nodesi,, 4, . . ., i, .. Eachnodei,,,
thentransmitswith power e to make reliableall othernodesn clusterv,, includingthecluster
heado,,. Thekey obsenationis thatthereis a one-to-onecorrespondencbetweennodev
transmittingwith powerp, () for treeT’(l) in D-MLB andclusterheado, transmittingwith the
samepower p, (1) for schedulex(/) in D-MLAB. However, this power assignmenon graphG’
admitsa setof possibleschedules (/) suchthatif nodev € V' is achild of nodeu in thetree
T (1), thennode;, ,, followstheclusterheado, andall othernodesn clusterv follow nodesi, ,,.
The existenceof the treeT'({) for D-MLB impliesthereare mary suchD-MLAB schedules
x (). Thusafeasiblesolutionfor D-MLB impliesafeasiblesolutionfor D-MLAB.

For the reversedirection, supposeve have an L-messagdeasiblesequencef schedules
x(1),...,x(L) for D-MLAB undergraphG’. For eachschedulex(l), eachnodein eachcluster
v ismadereliable. An arbitraryclusterv is madereliableif andonly if anode, ,, for someu is
madereliableby thetransmissiorof nodeo, precedingall nodesn clusterC, in theschedule
x(1). In thegraphG, we definethetreeT’() suchthatwu is a parentof v if in D-MLAB, cluster
heado, is theearliesnodein theschedulex(!) thattransmitsto make anodei, ,, € I, reliable.
Sincex(!) is a feasibleschedulegfor D-MLAB, thetreeT'(I) andpower assignmenp(l) is a
feasiblebroadcastreefor D-MLB. O
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