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OptimalRateAllocationandTraffic Splits
for Energy EfficientRoutingin Ad HocNetworks

VikramSrinivasan,CarlaF. Chiasserini,PavanNuggehalli,RameshR.Rao

Abstract— In this paper, we addressthe problem of pro-
viding traffic quality of service and energy efficiency in ad
hocwir elessnetworks. Weconsidera network that is shared
by a set of sources,each one communicating with its cor-
respondingdestination using multiple routes. Each source
is associatedwith a utility function which increaseswith
the total traffic flowing over the available source-destination
routes. The network lifetime is defined as the time until
the first node in the network runs out of energy. We for-
mulate the problem as one of maximizing the sum of the
sources’ utilities subject to the required constraint on net-
work lifetime. Wepresenta primal formulation of the prob-
lem, which usespenalty functions to take into account the
system constraints, and we intr oduce a new methodology
for solving the problem. The proposedapproach leadsto a
flow control algorithm, which providesthe optimal sources’
rate and can be easily implemented in a distrib uted man-
ner. When compared with the minimum transmission en-
ergy routing scheme,the proposedalgorithm givessignifi-
cantly higher sources’rates for samenetwork lifetime guar-
antee.

Keywords—Mobile and wir elessnetworks, Flow control,
Quality of service.

I . INTRODUCTION

The convergence of various technologieshas made
ubiquitouswirelessaccessa reality andenabledwireless
systemsto supporta large variety of applications,from
Internet-basedservicesto remotesensing.

We deal with ad hoc networks composedof battery-
powerednodes,whichcommunicatewith eachotherusing
multihopwirelesslinks. Eachnetwork nodeactsalsoasa
router, forwardingdatapacketsto othernodes.Sincebat-
teriescansupplyonly a finite amountof energy, a major
challengein suchnetworks is minimizing the nodes’en-
ergy consumption,which dependson the power spentby
thenodesto transmit,receive,andprocesstraffic. Clearly,
a trade-off betweenenergy consumptionandtraffic perfor-
mance(e.g.,throughputanddelay)exists.

Several papershave addressedthe issue of energy
consumptionin wirelessad hoc networks by proposing
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energy-awareroutingalgorithms[1], [2], [3], [4], [5], [6].
In particular, in [1] the so-calledMTE (Minimum Trans-
missionEnergy) routing schemeis presented,which se-
lectstheroutethatusestheleastamountof energy to trans-
portapacket from thesourceto thedestination.In [4], the
conceptof network lifetime is first definedas the period
from thetime instantwhenthenetwork startsfunctioning
to the time instantwhenthefirst noderunsout of energy.
The objective there is to maximizethe network lifetime
while guaranteeingtherequiredtraffic rate.

In this paper, we consideranadhocnetwork composed
of wirelessnodes,eachof which mayhave a differentini-
tial energy. Thenetwork is sharedbyasetof traffic sources
andeachsourcehasa uniquedestinationfor all its data.
Sourcesdo not requirea fixed bandwidthbut can adjust
their transmissionratesto changesin network conditions
(e.g., as in the caseof Internet-basedapplicationsusing
TCP).Eachsourceknowsthesetof routesthatcanbeused
to reachits destination;thepossibleroutescanbediscov-
eredby applyingasourceroutingalgorithm,asin [7]. The
advantageof using multiple pathsis twofold: (i) It pro-
videsan even distribution of the traffic load, i.e., energy
drain, over the network. (ii) In caseof routedisruption,
the sourceis still able to senddatato the destinationby
usingthefunctioningroutes.

Consideringthis scenario,we posethe following prob-
lem: given a requirednetwork lifetime, what is the most
beneficialsourcerateallocationandflow controlstrategy?

To answerthis question,we draw uponprevious work
on congestionpricing in wired networks [8], [9], [10],
[11], [12], [13], [14]. Their approachconsistsin deriv-
ing thecontrolschemesfor thesources’traffic rateasso-
lutionsof anoptimizationproblem.Eachtraffic sourceis
associatedwith autility functionincreasingin its transmis-
sionrateandsubjectto bandwidthconstraints;thenetwork
objective is to maximizethe sumof sourceutilities. The
network problemis decomposedintoseveralsub-problems
eachof themcorrespondingto a singletraffic source. In
[9], [10], it is shown thatwhenasinglepathbetweenatraf-
fic sourceandits destinationis consideredandtheobjec-
tive function is strictly concave, solving thesinglesource
sub-problemsis the sameas solving the global network
problem. In [13], [15], [16], the multipath caseis ad-
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dressed.Solvingtheoptimizationproblemin themultipath
casebecomesmoredifficult because,evenif theobjective
functionsof thesourcesub-problemsarestrictly concave,
the overall objective function may not be so. Hence,ex-
tensionsof theapproachesadoptedfor thesinglepathcase
do not provide convergenceto an optimal solutionof the
global network problem. Solutionsto approximatever-
sionsof theproblemarepresentedin [13], while anexact
formulationis solvedin [16].

In this paper, we usean optimizationapproachto ad-
dresstheproblemof providing energy efficiency andtraf-
fic quality of servicein ad hoc wirelessnetworks. The
network lifetime, as definedin [4], and the traffic rate
over theavailableroutesbetweeneachsource-destination
pair, are taken asmeasuresof the network performance.
Eachsourceis associatedwith a utility functionwhich in-
creaseswith the traffic flowing over theavailablesource-
destinationroutes. We considera primal formulationof
thenetwork optimizationproblem,wheretheobjective is
maximizingthesumof thesources’utilities for a required
network lifetime guarantee.Then, in order to solve the
problemin the multipathcase,we presenta new formu-
lation, which makesuseof penaltyfunctionsto take into
accountthesystemconstraints[17]. Weprove thattheop-
timal solution of the proposedformulation converges to
an optimal solutionof theoriginal problemandwe show
that the optimal solution can be obtainedby applying a
gradientdescentmethod. By using the gradientdescent
technique,we devisea distributedflow controlalgorithm,
namedORSA(OptimalRateSplittingandAllocation), that
quickly convergesto theoptimalsources’rates.

The performanceof the ORSA schemeis compared
againsttheperformanceof theMTE algorithm[1]. Results
show that, given the desirednetwork lifetime, the ORSA
algorithmallows for muchhighersources’ratesthanthe
MTE schemewhen (i) the sourcedensityin the network
is lessthan0.5 or (ii) the energy resourcesareunevenly
distributed amongthe nodes. By increasingthe number
of availablesource-destinationpaths,highersources’rates
canbeachieved.Resultsalsosuggestthatanoptimalnum-
berof source-destinationroutescanbe found,thatallows
for highsources’rateswhile keepingthesystemcomplex-
ity low.

Theremainderof thepaperis organizedasfollows. Sec-
tion II describesthesystemmodelandamathematicalrep-
resentationof theflow controlproblem.SectionIII intro-
ducesthemethodologyproposedfor solvingtheoptimiza-
tion problem.SectionIV providesnumericalresults;and,
SectionV reviews somerelatedwork. Finally, SectionVI
concludesthepaper.

I I . THE FLOW CONTROL PROBLEM

In this section,we first introducethe notationandas-
sumptionsthat we useto model the systemunderstudy.
Then,a mathematicalrepresentationof the network opti-
mizationproblemis given,which takesinto accountboth
thesources’traffic ratesandthenetwork lifetime.

A. NotationandAssumptions

Wemodelanadhocnetwork with aset � of stationary
wirelessnodes,althoughthe extensionto a time-varying
network topologyis straightforward.Weindicatethenum-
berof nodesby � ������� andassumethat thenetwork is
sharedby a set 	 of sources.Let 
 bethesetof destina-
tion nodesin the network; for the sake of simplicity, we
assumethateachsourcehasauniquedestinationfor all its
traffic.

A pathor a route, �
��� , is a subsetof nodes.Let �
bethesetof routes.Let ��������������� , bethesetof routes
thatcontainnode � , ����� �!� , bethesetof routesstartingat
node �"�#�$�%	 , and �'&(�*)+� , be the setof routesthat end
at node )��,)-�.
 . We define�/�0� �!���#�1�.	 , asthesetof
nodesbelongingto any routein �'�2� �3� . For eachsource,
we assumethat the set of all possibleroutestoward the
destinationis known througha sourcerouting algorithm
suchastheoneproposedin [7].

Givena route � andanode�4�5� , we let 637�8 bethenode
immediatelysucceedingnode� on route � . Theenergy re-
quiredto transmitoneunit flow from node� to thegeneric
node 9 is denotedby :!;=<?>A@8CB . We saythat :D;E<?>A@8FB �HG if no
communicationlink existsbetween� and 9 . This parame-
terdependsonthedistancebetweennodes� and9 , channel
conditions,antennagains,andreceive/transmitpowers.

Let IKJ be the traffic ratethat is associatedwith source�L�#�M�5	 andis split by � on its � � � � �!�N� routes.Let OD7P���Q��'�2� �3� be the flow on route � , i.e., the fraction of traffic
rate I J routedthrough� ; wehaveI J � R7�S3TVU ; J @ OD7�W (1)

Next, weassumethateachnodehasalimited amountof
availableenergy anddenoteby X 8 theenergy availableat
node �,���Y�Z� . We considerthatenergy costsareincurred
in transmitandreceive mode,while energy consumption
due to traffic processingis neglected. The energy con-
sumedper unit flow while receiving, denotedby : ; 7 >A@ , is
assumedto beconstant.Let [\8 bethepower consumedby
node�,���]�^� . Then,[_8`� R7aSPTVU ; 8 @ OD7a:D;E<?>A@8cbedgf0h R7aSPTVi ; 8 @ OD7a: ; 7 >A@
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h Rd�j0k_lCfEmdonjKpKqLlFf=m�ropKstlCfEmO 7Yu : ; 7 >A@ h :!;=<?>A@8cbvdwf�x (2)

wherethe first term on the right handside is the power
consumedto transmitthe traffic generatedby node � , the
secondtermrepresentsthepowerspentto receive thetraf-
fic of which � is the destination,andthe third term is the
transmissionand receptioncost due to the traffic that is
relayedthrough� .

We definethenetwork lifetime, y , asthetime until the
first nodein the network runs out of energy, as first de-
finedin [4]. By denotingby yz8 the lifetime of node � , the
network lifetime canbewrittenasy � {'|c}8�Sa~ yz8_W (3)

Let yz� be the requiredguaranteeon the network life-
time. Then, the maximumenergy consumptionper unit
time, or equivalently the maximumpower consumption,
allowedat node� is equalto� 8�� XY8y�� W (4)

By limiting the nodes’power consumptionto
� 8 , we en-

surethat thenetwork lifetime is at leastequalto yz� . We
definethe‘congestion’of node� , denotedby �t8 , as�t8`� [\8� 8 W (5)

Whenthepowerconsumptionof node� is equalto its max-
imum allowedvalue,

� 8 , we have � 8 ��� .
Observethatwhenaconstraintonthelevel of thenodes’

output power exists,
� 8 can be viewed as the maximum

allowedvalueof transmissionpower.

B. ProblemStatement

The optimizationapproachconsistsin deriving control
mechanismsfor thesources’traffic ratesassolutionsof an
optimizationproblem. Different flow control algorithms
canbeobtainedby varyingtheproblemobjective function
or thesolutionapproach.Below, we presenttheobjective
function to be maximizedin our network problem,along
with theconstraintson thesystemvariablesthat werein-
troducedin theprevioussection.

For eachsource�"�#���5	 , we defineautility function

� JM�� R7�S3TVU ; J @ OD7#�� (6)

where
� JY�L���
����� dependssolelyontherateallocated

to source � , with � 7aS3TVU ; J @ OD7
��I J , and is assumedto

bestrictly concave,continuous,boundedandincreasinginI J ��I J �/� �+��G�� . Sincethegoalof thenetwork is to max-
imize theutility of all sourceswhile providing thedesired
lifetime, thecentralizednetwork problemcanbewrittenas

{^�3�� da� 7�S3T RJ S � � J �� R7aSPTVU ; J @ O 7 �� (7)

subjectto OD7���� �t�Q�5�� 7aSPT U ; J @ OD7���� J �K�M�5	�t82� � �t���'�¡W
The first constraintemphasizesthe non-negativity of the
traffic rates. The secondconstraintsaysthat the rate at
eachsource�L�#�Z�$	 mustbe lessthana maximumvalue� J . � J dependson the characteristicsof the system
and/orthe applicationrequirements;a minimum rate re-
quirementcanbesimilarly specified.The third condition
ensuresthatthenetwork lifetime guaranteeis met,i.e., the
power consumptionof any nodein thenetwork is always
lessthanthemaximumallowedconsumptionrate.

I I I . A PENALTY FUNCTION-BASED APPROACH

Theobjective functionin (7) is strictly concave in I J but
is not strictly concave in ¢£I J ��OD7A¤ , thusa uniquesolution
doesnotexist andthedualfunctionis notdifferentiable.In
thiscase,simplesolutionapproachesbasedonthegradient
descentmethodarenotdirectly applicable[18].

Here,we proposea novel approachto solve (7), which
usesexactpenaltyfunctions.A penaltyfunctionis saidto
beexact if a constrainednonlinearprogrammingproblem
canbesolvedby asingleminimizationof anunconstrained
problem[19]. We considerthe following unconstrained
optimizationproblem¥§¦ �

{'�3�� d � 7aSPT RJ S � � J �� R7�S3TVU ; J @ OD7 ���¨©R8�Sa~5ª �*��8 ¨ �A�
¨ RJ S � ª ��I Jz¨ � J � ¨ R7aSPT ª � ¨ OD7N� (8)

where ��8 is the congestionof node � and ª ��«,� is a scalar
penaltyfunction ª �\�©�¬� givenby

ª ��«��­� ® : ;=¯!<°@ ¨ � «±���� «±²��]W (9)

It is easyto verify thatthefunction ª ��«�� definedin (9) sat-
isfiesthefollowing assumptions:�!W ª is convex³ W ª ��«,�z��� �´«±���µ W ª ��«,�]¶�� �´«±¶��]W (10)
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Then, we show that (9) is an exact penaltyfunction, by
usingtheresultbelow [17, Prop.1].

Theorem1: Let ·O bethesolutionof problem(8).
(a) A necessaryconditionfor ·O to beanoptimalsolutionof
problem(7) is that¸ |c{<°¹�º,» ª ��«��« ��¼ 8 �o¼ 8 � ¼ (11)

for someLagrangemultiplier vector ¼½�¾¢3¼¿8e¤ of (7).
(b) A sufficient conditionfor problems(7) and(8) to have
thesamesolutionis¸ |c{<°¹�º,» ª ��«��« ¶�¼¿8­�o¼À82� ¼ (12)

for someLagrangemultiplier vector ¼½�¾¢3¼¿8e¤ .
We notethat for sufficiently large valuesof Á , part (b) of
the theoremwill be satisfiedfor any network. Thus, by
solving the unconstrainedproblemgiven by (8), we also
obtainasolutionto (7).

A. SolvingthePenaltyFunction-basedProblem

The penaltyfunction in (8) is not strictly convex, con-
sequentlyneitheris theobjective functionin

¥§¦
. This im-

pliesthatproblem
¥ ¦

doesnothaveauniquesolutionand
that the objective function is not differentiable;hencea
gradientdescentmethodcannot beusedto solve problem
(8). An optimal solution,however, canbe foundby con-
structinga sequenceof strictly concave anddifferentiable
optimizationproblemswhosesolutionsconvergeto anop-
timal solutionof

¥§¦
. Sincetheseproblemsarestrictly con-

caveanddifferentiable,they possessauniquesolutionthat
canbe obtainedby applyingthegradientdescentmethod
[18]. Otheroptimalsolutionsto

¥§¦
canbeattainedby se-

lecting differentpenaltyfunctionsor different sequences
of optimizationproblems.

Considera function ª�Â ��«�� definedasfollows

ª Â ��«,�­� ® : ;Ã¯!<°@ ¨ � hÅÄÂ «]���: ;Ã¯!< Â @�ÆPÇ «±²��ÈW (13)

Notethat ª Â ��«,� is strictly convex anddifferentiablein «��� ¨ GÉ��G�� . Now, considertheproblem¥MÊ �
{^�3�� d#� 7aS3T RJ S � � JM�� R7aSPT U ; J @ OD7����¨ R8�Sa~ ª Â �*�t8 ¨ �A�

¨ RJ SPTVU ; J @ ª Â ��I Jz¨ � J � ¨ R7aS3T�ª Â � ¨ OD7£��W(14)

Notice that the contribution of eachnodeto the sum in
thesecondtermof (14) is equalto (lessthan)1 whenthe

node’s powerconsumptionis equalto (lessthan)its maxi-
mumallowedvalue,i.e.,when �t80�Ë� ( �t8�²Ì� ). Also, the
greaterthepowerconsumption,thehigherthevalueof the
penaltyfunction.

Theobjective functionof
¥ Ê

is strictly concave. In fact,
sinceª Â � ¨ OD7£� is strictly convex in OD7 , thelasttermin (14)
is strictly concave in ¢£OD7P¤ . As mentionedearlier, this im-
plies that

¥MÊ
hasa uniquesolutionandis differentiable;

hencethesolutioncanbeobtainedby thegradientdescent
method.All thatwe needto show is that thesequenceof
solutions¢£O Â ¤ convergesto ·O , i.e., thesolutionto (8).

Let Í¿� Ç � betheoptimalvalueof problem
¥MÊ

. Then,we
have thefollowing lemma.

Lemma1: Í¿� Ç � is anincreasingsequence.
Proof:

Í¿� Ç �§�ÎRJ S � � J u I ; Â @J x ¨ R8�Sa~Ïª Â u �'; Â @8 ¨ � x
¨ RJ S � ª Â u I ; Â @J ¨ � J x ¨ R7aSPT ª Â u ¨ O ; Â @7 x W (15)

Here Ð\I�; Â @JÒÑ and Ð\O�; Â @7 Ñ aretheoptimalratesfor problem¥MÊ
and � ; Â @8 is the correspondingcongestionof node � .

Wehave

ª Â ��«��Ó¶ ª Â � Ä ��«,�tW (16)

This impliesthat

Í+� Ç �È² RJ S � � J u I ; Â @J x ¨©R8�Sa~ ª Â � Ä u �'; Â @8 ¨ � x
¨$RJ S � ª Â � Ä u I ; Â @J ¨ � J x ¨ÌR7aSPT ª Â � Ä u ¨ O ; Â @7 x�ËÍ¿� Ç h �A� (17)

wherethefirst inequalityfollows from (16),while thesec-
ondinequalityfollows from thedefinitionof Í¿� Ç � in (15).

Note that Í¿� Ç � is boundedabove by
�ÕÔ

, i.e., thevalue
of (8). Since ¢AÍ Â ¤ is a monotonicallyincreasingbounded
sequence,it hasalimit Í Ô and Í Ô � ��Ô

. It remainsto show
that Í Ô � � Ô

.
Fix any ÖY¶�� . For sufficiently large Ç we have

ª Â ��«,�×² ª ��«,� h Öµ � �Ø� W (18)

This impliesthatÍ Â � {^�3�� d 7aS3T RJ S � � J£��I´Ja� ¨ R8�Sa~ ª�Â �*� 8 ¨ �A�
¨ RJ S3TVU ; J @ ª Â ��I J4¨ � J � ¨ R7aS3T ª Â � ¨ OD7£�
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¶ RJ S � � J �Ù·I J � ¨ R8�Sa~ ª Â � ·�t8 ¨ �A�
¨ØRJ S � ª Â �Ù·I J�¨ � J � ¨ÌR7aSPT ª Â � ¨ ·OD7£�tW (19)

Here ¢�·I J ¤ and ¢�·OD7P¤ aretheoptimalratesfor problem(8),
and ·��8 is thecorrespondingcongestionof node� . Thus,Í Â ¶ RJ S � � J �Ù·I J � ¨ R8�Sa~ ª � ·��8 ¨ �A�

¨ RJ S � ª �Ù·IKJ ¨ �.J�� ¨ R7aS3T�ª � ¨ ·O 7 � ¨ Ö� � Ô ¨ ÖoW (20)

Since Ö is arbitrary, we have Í Ô � � Ô
.

B. TheORSAAlgorithm

As discussedin the previous section, the solution to
problem(8) can be approachedas closely as desiredby
choosinga sufficiently largevaluefor Ç . Moreover, it was
shown thatthesolutionto problem

¥MÊ
canbeobtainedby

applying the gradientdescentmethod. In the following,
we presenta distributedimplementationof this algorithm,
the so-calledORSA(Optimal RateSplitting and Alloca-
tion) algorithm.

We considerthe utility function for the genericsource�L�#�M�5	 , as[13]� J ��I J �­� ¸?ÚDÛ ��� h I J �tW (21)

Observe that
� J increasesasthesourcerateincreases;the

log function is usedin theexpressionof thesourceutility
becauseit ensuresproportionalfairness.

Problem
¥�Ê

canbethereforerewrittenas¥MÊ � {^�3�� d � 7�S3T RJ S �(Ü ; Â @J u I´J£�PÐ+�´Ý"�#Þ5�^� � � �!� Ñ x (22)

with

Ü ; Â @J u,I J � Ð �´Ý"�#Þ1�^� � � �3� Ñ x �¸?ÚDÛ ��� h I J � ¨ �� 	�� R8�Sa~ ª Â �*�t8 ¨ �A�
¨ ª Â ��I J�¨ � J � ¨ R7�S3TVU ; J @ ª Â � ¨ OD7£�tW(23)

Theoptimalsolutionof (22) mustsatisfythefirst order
conditions[18]ß Ü ; Â @Jß O 7 � ¨ RÝ Sa~�U ; J @

ß Ü ; Â @Jß �tÝ ß �´Ýß O 7

¨ Rà S �¿á,â J�ã RÝ SÙ~MU ; à @
ß Ü ; Â @àß �´Ý ß �tÝß OD7� ä J7 � Ç � h äå7!� Ç ��t�È�½� � � �3�Ó�K�M�1	ÏW (24)

In (24), theleft handsiderepresentsthemarginal increase
in utility for source� if � increasesits rateon route � by
a smallamount.Thefirst termon theright handsiderep-
resentsthe marginal decreasein source� ’s utility due to
the increasein OD7 ; this term is denotedby ä J7 � Ç � . The
secondtermontheright handsiderepresentsthemarginal
decreasein utility for all othersources;wedenotethisterm
by äå7D� Ç � . Hence,(24)saysthateachsourcenodemustin-
creasetheflow on eachroute,until themarginal increase
in its utility is equalto themarginal decreasein theutility
imposedonall nodesin thesystem.

In orderto obtaintheoptimalsolutionin adecentralized
fashion,we considerthateachsource�L�#�5�.	 solvesthe
following problem[8],¥§æÊ �

{'�3�� da� 7aSPTVU ; J @ Ü ; Â @J u I´JN�PÐ¿�tÝL�#Þ5�^� � � �3� Ñ x¨ R7aSPT U ; J @ äå7D� Ç �eOD70W (25)

Indeed,theabove maximumis obtainedwhenß Ü ; Â @Jß OD7 � ¨ RÝ S3TVU ; J @
ß Ü ; Â @Jß �tÝ ß �´Ýß OD7 h äå7!� Ç �

� ä J7 � Ç � h äå7D� Ç �¡�t�Q�5� � � �!� (26)

which is thesameconditionastheoneexpressedin (24).
This shows that, by solving sub-problem

¥MæÊ
for each�1�.	 , we canattaintheglobaloptimumfor

¥MÊ
in a de-

centralizedfashion.
Next, we introducethedistributedalgorithmto beper-

formed at eachsource � , in order to solve
¥ æ Ê

. By ap-
plying thegradientdescentmethod,eachsourceneedsto
computethegradientof its utility functionwith respecttoOD73��� �ç� � � �!� . For eachroute �©�ç� � � �!� , the source
algorithmis asfollows.èoétê0ëPì"íÕî½ïñðté�ë!òñóPô0õ
1. Evaluategradient( öQ7 ) on route �öQ7å�Å÷Pø lCùamú÷ � d ¨ ä J7 � Ç � ¨ äå7D� Ç �

with Ü ; Â @J asin (23)
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2. OD73��«,�z�ÉOD7D��« ¨ �A� h öQ7NÖ /*updateflow rateover � */

whereÖû¶�� is ascalingparameterthatdeterminesthestep
sizefor thegradientdescentalgorithmand « is thecurrent
updatetime. Noticethatthesourcedoesnot requireä J7 � Ç �
and äå7!� Ç � separately, but ä J7 � Ç � h äå7D� Ç � .

Let route � be definedby ¢£� º ��� Ä �NWNWNWA���güw¤ , where � º is
thesourceand �gü is thedestinationnodeandtheothersare
intermediatenodes. The algorithmto computeä J7 � Ç � häå7D� Ç � for eachroute �P���È�5� � � �!� , is givenbelow.ý étêþóAíMî½ï�ð�é�ë!òñóPô�õ
1. 9Q��� , ä J7 � Ç �V��� , äå7D� Ç �z���
2. At node�gü?ÿ B /*updateä J7 � Ç � h äå7!� Ç � */ä J7 � Ç � h äå7!� Ç �z��ä J7 � Ç � h äå7!� Ç �h � �
���gü?ÿ B �N� ÷�� ù ; � f������ ÿ Ä @÷ � f ���	� ÷ � f
���	�÷ � d
3. Relay ä J7 � Ç � h äå7D� Ç � to node�gü?ÿ B ÿ Ä9Õ� 9 h �

if (
� ¨ 9
���� )
GotoStep2

endif

Step2 is derived from (24); eachcontribution is obtained
by fixing nodeindex Þ in (24) andsummingover all the
sourceswhoseroutesinclude Þ .

IV. NUMERICAL RESULTS

Weconsiderthetopologyshown in Figure1, whichhas
beenobtainedby randomlydistributing � nodesover a�����

region, with � � ³ � and
� � � . We assume

thateachnodeis characterizedby adifferentmaximumal-
lowedpower consumption,

� 8 with �û� �!�NWNWNWP�,� . Recall
from (4) that

� 8 ’s dependon thenodes’initial energy and
the requirednetwork lifetime. We assumethat

� 8 ’s are
uniformly distributed randomvariableswith meanequal
to 0.75. The normalizedvalue of energy consumedper
unit flow in receive modeis assumedto be constantand
equalto 0.01; while, the energy spentto transmita unit
flow dependson thedistancebetweenthetransmittingand
thereceiving node.UsingtheDSRalgorithm[7], we find
multiple routesbetweeneachsource-destinationpair. The
plotsshown in thefollowing arederivedby averagingthe
resultsover 10 differentruns,eachof themcorresponding
to a differentsetof sourcesrandomlychosenamongthe
network nodesanddifferentinstancesof therandomvari-
ables

� 8 ’s.
Figure2 presentsthe averagesourcerateasa function

of thenumberof sourcesin thenetwork andcomparesthe
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Fig. 1. Network topologywith ������� .
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Fig. 2. Average source rate as a function of the num-
ber of sourcesfor maximumnumberof available source-
destinationroutesequalto 5. Theperformanceof theORSA
algorithm is comparedto the resultsobtainedthroughthe
MTE algorithmfor two differentvaluesof varianceof the
nodes’maximumallowedpowerconsumption.

resultsobtainedthroughtheORSAalgorithmwith theper-
formanceof theMTE scheme.Foreachsource-destination
pair, up to five available routesareconsidered;the MTE
schemealwaysselectstheroutewith theminimumenergy
costamongtheavailableones.Resultsarederivedfor two
differentdistributionsof themaximumallowedpowercon-
sumption.Curveslabeledin theplot by Var1 refer to the
casewhere

� 8 ’s areuniformly distributedbetween0.5and
1, thusresultingin a variancein thenodes’maximumal-
lowed power consumptionroughlyequalto 0.02. Curves
labeledby Var2referto thecasewhere

� 8 ’s areuniformly
distributedwith meanequalto 0.75andvarianceof about
0.04. This correspondsto a varianceof thenodes’initial
energy in the Var2 casebeing twice the variancein the
Var1case.

Figure2 shows that the ORSA algorithmsignificantly
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for maximumnumberof availablesource-destinationroutes
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lowedpowerconsumption.
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Fig. 4. Averagesourcerateasafunctionof themaximumnum-
ber of availablesource-destinationroutesfor ����� . The
performanceof theORSAalgorithmis comparedto there-
sultsobtainedthroughtheMTE algorithm.

outperformsthe MTE schemeas long as the numberof
sourcesthataresimultaneouslyactivedoesnotexceedhalf
the total numberof nodesin thenetwork. For higherval-
uesof sourcedensity, theORSAandMTE algorithmsper-
form equallywell. Interestingly, asthevariancein thedis-
tribution of the nodes’ initial energy increases,the gain
of the ORSA schemeover the MTE algorithmincreases.
Thissuggeststhatamultipathschemewouldbepreferable
when(i) thedensityof simultaneouslyactivesourcesin the
network is notveryhighor (ii) theenergy resourcesareun-
evenly distributedamongthe network nodes.Otherwise,
a singlepathroutingschemethat hasa lower complexity
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Fig. 5. Averageof thenormalizedresiduallifetime of thenet-
work nodeswhenthefirst noderunsoutof energy asafunc-
tion of themaximumnumberof availablesource-destination
routes. The performanceof the ORSA algorithm is com-
paredto theresultsobtainedthroughtheMTE algorithmfor
����� .
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Fig. 6. Varianceof thenormalizedresiduallifetime of thenet-
work nodeswhenthefirst noderunsoutof energy asafunc-
tion of themaximumnumberof availablesource-destination
routes. The performanceof the ORSA algorithm is com-
paredto theresultsobtainedthroughtheMTE algorithmfor
����� .

maybemoredesirable.
Underthesamesystemassumptions,wederive thecon-

vergencetime of theORSAandMTE schemes,expressed
as the numberof algorithm iterations. Figure 3 shows
that the MTE algorithm always outperformsthe ORSA
scheme;however, thegapin performancesignificantlyde-
creasesasthevariancein thenodes’availableenergy be-
comeslarger(curveslabeledin theplot by Var2).Figure3
alsoshows that the convergencetime grows with the in-
creaseof thenumberof sources;in fact,greaterthenum-
ber of sources,the more likely it is that the traffic flow
throughthenetwork nodesis changedateachiteration.
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Figures 4–6 are derived by consideringfour active
sourcesand varying the maximum numberof available
source-destinationroutesbetween1 and10.

Figure 4 comparesthe averagesourcerate obtained
throughthe ORSA andMTE schemesfor the two cases,
Var1 and Var2, as describedabove. The averagesource
rateincreaseswith thenumberof availableroutes.In fact,
as the numberof pathsbetweeneachsource-destination
pair increases,a larger set of energy resourcesbecomes
availablefor optimization. Whenonly onerouteis avail-
able, the ORSA and the MTE algorithmsare the same.
Instead,when the numberof available routesis greater
than one, 20–30%improvementcan be obtainedby the
ORSA schemeover the MTE scheme. Also, Figure 4
shows thatasthenumberof availableroutesincreasesbe-
yondacertainthreshold,theimprovementin performance
becomesmarginal. This suggeststhatanoptimalnumber
of source-destinationroutescanbe found, thatallows for
high sources’rateswhile keepingthe systemcomplexity
low.

Next, in order to gain an insight into the dynamicsof
energy consumption,westudytheresiduallifetimesof the
nodesat theendof thenetwork’s lifetime. Figures5 and
6 presentthe meanand varianceof the residuallifetime
of the nodes,normalizedto the desirednetwork lifetime,yz� . With theMTE scheme,themeanandvarianceof the
residuallifetimesarehigherthanthatobtainedthroughthe
ORSAscheme.This shows that theORSAalgorithmbal-
ancestheloadin thenetwork, which resultsin a moreeq-
uitableuseof energy resources.

V. RELATED WORK

Optimizationbasedflow controlschemeshavebeenpre-
viously proposedin [8], [9], [10], [11], [12], [13], [14],
[15], [16] in thecontext of wired networks.

Most of the work on flow control hasbeendoneun-
der theassumptionthata singlepathexistsbetweeneach
source-destinationpair. In [9], [10], [13], eachtraffic
sourceis associatedwith a utility function increasingin
its transmissionrateandsubjectto bandwidthconstraints;
the network objective is to maximizethe sum of source
utilities. The network problemis decomposedinto sev-
eralsub-problemseachof themcorrespondingto a single
traffic source.By introducingthenotionof resourceprice
andsettingthepricevalueaccordingto the resourcecon-
gestionlevel, sourcenodescanadjusttheir transmission
ratesso that the optimal trade-off betweenutility value
andthe price they have to pay for the network resources
is achieved.While in [9], [13] sourcesselectawillingness
to pay andthe network allocatesthe traffic rates,in [10]
thesourcesdeterminetheir ratesandpay thecorrespond-

ing price. Thetwo approachescorrespondto a primal and
a dual formulation of the optimizationproblem, respec-
tively.

In [15], the sameapproachas in [10] is applied to
the multipathcase. The network fixesthe price for each
source-destinationpath and the sourcesendsall its traf-
fic on the route with the minimum price. The sources’
rates,thataredeterminedthroughthis algorithm,areopti-
mal only whentheobjective functionof thedualproblem
is evaluatedin theminimum price vector[20]. However,
even in this caseit is hardto obtainthe optimal solution
for the primal problemfrom the optimal solution for the
dualproblemdueto thelackof strict concavity of thedual
objective function. The optimal dual solutionmay yield
multiple primal solutions,andsomeof themcanbeinfea-
sible[16],[18,Chap.6].

In [8], theauthorsapplytheeconomictheoryof pricing
of congestibleresourcesto a networking context. They
detail the useof congestionpricing to efficiently allocate
a singlenetwork resourceamongmany users,andextend
theirwork to differenteconomicscenariossuchasmonop-
olistic andcompetitive environments. The focusthereis
on sharinga singlenetwork resourcesuchasa ftp server
or a router.

An algorithmbasedon a primal formulationof therate
control problemfor the single-pathcaseis presentedin
[14], and it is generalizedto the multipath casein [16].
An exact solution is derived, which optimizesboth flow
control and routing in wired networks. In this casethe
congestionof the network resourcesis indicatedthrough
a binaryvariable( �û� “congested”, ��� “not congested”).
This approachis not suitablein a wirelesscontext for the
following reasons.In a wired capacitatednetwork, each
link is asgoodasany other, i.e., thedesignof awired net-
work ensuresthat the effort requiredto transmita bit on
any link is the same. On the contrary, in a wirelesssce-
nario,distancebetweenthenodesdeterminesthetransmit
effort. Fromanoptimizationviewpoint, in awiredcontext
the Lagrangemultipliers of the optimizationproblemare
the price per unit flow. In a wirelesscontext, thesemul-
tipliers canbe thoughtof as price per unit flow per unit
distance.Thus,usingbinary indicatorsof congestion,as
donein [14], [16], is not sufficient.

VI. CONCLUSIONS AND DISCUSSION

In this paper, we jointly addressedtheproblemof flow
controlandenergy efficiency in wirelessadhocnetworks.
We considereda network scenariowheremultiple routes
betweeneachsource-destination pair are known to the
source.We associatedto eachsourcenodea utility func-
tion which increaseswith the traffic flowing over the
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availablesource-destinationroutes,andweformulatedthe
problemasoneof maximizingthesumof thesourceutil-
ities for a requirednetwork lifetime guarantee.We pro-
poseda new methodologyfor solving the problem, that
convergesto theoptimalsolution.This techniqueenabled
usto applythegradientdescentmethodandderive a sim-
ple and distributed flow control algorithm that provides
the optimal sources’rates. In order to study the perfor-
manceof theproposedalgorithm,namedORSA,wecom-
paredit with the MTE scheme.We found that underthe
requiredconstrainton network lifetime, the ORSA algo-
rithm significantlyoutperformsthe MTE algorithmwhen
thesourcedensityin thenetwork is lessthan0.5. By in-
creasingthenumberof availablesource-destinationpaths,
highersources’ratescanbeachieved.Resultsalsosuggest
thatanoptimalnumberof source-destinationroutescanbe
found,thatallowsfor highsources’rateswhile keepingthe
systemcomplexity low.

Thedefinitionof lifetime thatweconsideredallowedus
to gain someinsight in the interplaybetweenenergy ef-
ficiency and throughput. However, this definition is not
completelysatisfactory as it doesnot addresssomekey
issuesof ad hoc networks. For instance,the deathof a
singlenodedoesnot completelydisrupt the communica-
tion betweenthevarioussource-destinationpairs.A more
naturaldefinition of network lifetime would be the time
until no communicationis feasiblebetweensomesource-
destinationpair. With this definition, however, it is no
longerstraightforward to posethe problemin an analyti-
cally tractablemanner. Also,acommonlifetime guarantee
for thewholenetwork may be unfair. The fact that some
nodescan be unduly burdenedin relaying other nodes’
traffic maybehighly undesirablefor somenetwork appli-
cationsanddevice characteristics.Therefore,we believe
thatdevisingappropriateperformancemetricsanddesign-
ing algorithmsthat ensurea more equitablenetwork be-
havior, areimportantaspectsthatstill needto beaddressed
in futureresearch.
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