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Optimal RateAllocation andTraffic Splits
for Enegy Efficient Routingin Ad Hoc Networks

Vikram SrinivasanCarlaF. ChiasseriniPavan Nuggehalli,RamesiR.Rao

Abstract—In this paper, we addressthe problem of pro-
viding traffic quality of serwice and enemy efficiencyin ad
hocwir elessnetworks. We considera 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 nodein 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. We presenta primal formulation of the prob-
lem, which usespenalty functions to take into accountthe
system constraints, and we intr oduce a new methodology
for solving the problem. The proposedapproachleadsto 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 gives signifi-
cantly higher sources’ratesfor samenetwork lifetime guar-
antee.

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

I. INTRODUCTION

The corvemgence of various technologieshas made
ubiquitouswirelessaccessa reality and enabledwireless
systemsto supporta large variety of applications,from
Internet-basedervicedo remotesensing.

We deal with ad hoc networks composedof battery-
powerednodeswhich communicatevith eachotherusing
multihopwirelesslinks. Eachnetwork nodeactsalsoasa
router forwardingdatapacletsto othernodes.Sincebat-
teriescansupplyonly a finite amountof enegy, a major
challengein suchnetworks is minimizing the nodes’en-
ergy consumptionwhich dependson the power spentby
thenodeso transmit,receve, andprocesdraffic. Clearly,
atrade-of betweerenegy consumptiorandtraffic perfor
mance(e.g.,throughputanddelay)exists.

Several papershave addressedhe issue of enegy
consumptionin wirelessad hoc networks by proposing
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enegy-awareroutingalgorithms[1], [2], [3], [4], [5], [6].
In particular in [1] the so-calledMTE (Minimum Trans-
mission Enegy) routing schemels presentedwhich se-
lectstheroutethatusegheleastamountof enegy to trans-
portapacletfrom thesourceto thedestinationln [4], the
conceptof network lifetime is first definedasthe period
from the time instantwhenthe network startsfunctioning
to thetime instantwhenthefirst noderunsout of enegy.
The objective thereis to maximizethe network lifetime
while guaranteeingherequiredtraffic rate.

In this paperwe consideranad hoc network composed
of wirelessnodes gachof which may have a differentini-
tial enegy. Thenetworkis sharedy asetof traffic sources
and eachsourcehasa uniguedestinationfor all its data.
Sourcesdo not requirea fixed bandwidthbut can adjust
their transmissiorratesto changesn network conditions
(e.g.,asin the caseof Internet-basedpplicationsusing
TCP).Eachsourceknows thesetof routesthatcanbeused
to reachits destinationthe possibleroutescanbe discov-
eredby applyingasourceroutingalgorithm,asin [7]. The
advantageof using multiple pathsis twofold: (i) It pro-
vides an even distribution of the traffic load, i.e., enegy
drain, over the network. (ii) In caseof routedisruption,
the sourceis still ableto senddatato the destinationby
usingthefunctioningroutes.

Consideringhis scenariowe posethe following prob-
lem: given a requirednetwork lifetime, whatis the most
beneficialsourcerateallocationandflow control stratgy?

To answerthis question,we drav uponprevious work
on congestionpricing in wired networks [8], [9], [10],
[11], [12], [13], [14]. Their approachconsistsin deriv-
ing the control schemedor the sourcestraffic rateasso-
lutions of an optimizationproblem. Eachtraffic sourceis
associateevith autility functionincreasingn its transmis-
sionrateandsubjecto bandwidthconstraintsthenetwork
objective is to maximizethe sumof sourceutilities. The
network problemis decomposeahto severalsub-problems
eachof themcorrespondindo a singletraffic source. In
[9], [10], it is shavn thatwhenasinglepathbetweeratraf-
fic sourceandits destinationis consideredandthe objec-
tive functionis strictly concae, solvingthe singlesource
sub-problemss the sameas solving the global network
problem. In [13], [15], [16], the multipath caseis ad-
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dressedSolvingtheoptimizationproblemin themultipath
casebecomesnoredifficult becauseevenif the objective

functionsof the sourcesub-problemsrestrictly concae,

the overall objective function may not be so. Hence,ex-

tensionf theapproacheadoptedor thesinglepathcase
do not provide cornvergenceto an optimal solutionof the
global network problem. Solutionsto approximatever

sionsof the problemarepresentedn [13], while anexact
formulationis solvedin [16].

In this paper we usean optimizationapproachto ad-
dressthe problemof providing enegy efficiengy andtraf-
fic quality of servicein ad hoc wirelessnetworks. The
network lifetime, as definedin [4], and the traffic rate

I[I. THE FLOw CONTROL PROBLEM

In this section,we first introducethe notationand as-
sumptionsthat we useto modelthe systemunderstudy
Then,a mathematicatepresentatiomf the network opti-
mizationproblemis given, which takesinto accountboth
thesourcestraffic ratesandthe network lifetime.

A. Notationand Assumptions

We modelanadhocnetwork with asetN of stationary
wirelessnodes,althoughthe extensionto a time-varying
network topologyis straightforvard. Weindicatethenum-
berof nodesby |N| = N andassumehatthe network is
sharedby a setS of sources.Let D bethe setof destina-

over the availableroutesbetweereachsource-destination tjon nodesin the network; for the sale of simplicity, we

pair, are taken as measure®f the network performance.
Eachsourceis associateavith a utility functionwhichin-
creasewith thetraffic flowing over the available source-
destinationroutes. We considera primal formulation of
the network optimizationproblem,wherethe objectve is
maximizingthe sumof the sourcesltilities for arequired
network lifetime guarantee.Then,in orderto solve the
problemin the multipath case,we presenta new formu-
lation, which makesuseof penaltyfunctionsto take into
accounthe systemconstraint§17]. We prove thattheop-
timal solution of the proposedformulation convergesto
an optimal solutionof the original problemandwe showv
that the optimal solution can be obtainedby applying a
gradientdescentmethod. By usingthe gradientdescent
techniquewe devise a distributedflow controlalgorithm,
namedORSA(OptimalRateSplittingandAllocation) that
quickly convergesto the optimalsourcestrates.

The performanceof the ORSA schemeis compared
againstheperformancef theMTE algorithm[1]. Results
shav that, given the desirednetwork lifetime, the ORSA
algorithmallows for much highersources’ratesthanthe
MTE schemewhen (i) the sourcedensityin the network
is lessthan 0.5 or (ii) the enegy resourcesare unevenly
distributed amongthe nodes. By increasingthe number
of availablesource-destinatiopaths highersourcesrates
canbeachieved. Resultsalsosuggesthatanoptimalnum-
ber of source-destinatioroutescanbe found, thatallows
for high sourcestrateswhile keepingthe systemcomple-
ity low.

Theremaindenf thepapelis organizedasfollows. Sec-
tion Il describeshesystemmodelanda mathematicatep-
resentatiorof the flow controlproblem. Sectionlll intro-
duceghe methodologyproposedor solvingthe optimiza-
tion problem. SectionlV providesnumericalresults;and,
SectionV reviews somerelatedwork. Finally, SectionVI
concludeghe paper

assumehateachsourcehasa uniquedestinatiorfor all its
traffic.

A pathor aroute,r C N, is asubsef nodes.Let R
bethe setof routes.Let R(3),7 € N, bethe setof routes
thatcontainnodei, RS (s), bethe setof routesstartingat
nodes,s € S, andRP(d), bethe setof routesthatend
atnoded,d € D. We defineNS(s),s € S, asthe setof
nodesbelongingto ary routein RS(s). For eachsource,
we assumehat the setof all possibleroutestoward the
destinationis known througha sourcerouting algorithm
suchasthe oneproposedn [7].

Givenarouter andanodes € r, welet f,; bethenode
immediatelysucceedingnode: onrouter. Theenegy re-
guiredto transmitoneunit flow from nodes to thegeneric
nodej is denotedby eg-m). We saythateg-m) = oo if no
communicatiorlink existsbetween andj. This parame-
terdepend®nthedistancebetweemodes andj, channel
conditions,antennagains,andreceve/transmitpowers.

Let z,; bethetraffic ratethatis associatedvith source
s,s € S andis splitby s onits |RS(s)| routes.Lety,,r €
Rs(s) be the flow on router, i.e., the fraction of traffic
ratex, routedthroughr; we have

> .

TERS(s)

s @

Next, we assuméhateachnodehasalimited amountof
availableenegy anddenoteby E; the enegy availableat
nodei,i € N. We considerthatenegy costsareincurred
in transmitandreceve mode,while enegy consumption
dueto traffic processings neglected. The enegy con-
sumedper unit flow while receving, denotedby ("), is
assumedo be constantLet v; bethe power consumedy
nodei,i € N. Then,

> owelfl+ > el

reRS (i) reRP (i)

Yi
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+ > (e(”)+e§}‘f2) )

r € R(4)
reg RSO URP®G)
wherethe first term on the right handside is the power
consumedo transmitthe traffic generatedy nodes, the
secondermrepresentshe power spentto receve thetraf-
fic of which i is the destinationandthe third termis the
transmissiorand receptioncost due to the traffic that is
relayedthroughs.

We definethe network lifetime, L, asthetime until the
first nodein the network runsout of enegy, asfirst de-
finedin [4]. By denotingby L; thelifetime of nodes, the
network lifetime canbe written as

L 3

min L; .
1eN

Let L, be the requiredguaranteeon the network life-
time. Then,the maximumenegy consumptionper unit
time, or equivalently the maximumpower consumption,
allowedat nodes is equalto

(4)

By limiting the nodes’power consumptiorto I';, we en-
surethatthe network lifetime is at leastequalto L,. We
definethe ‘congestion’of nodes, denotedby Y;, as

Vi
r;

Y, = ®)

Whenthepower consumptiorof node; is equatto its max-
imum allowedvalue,I';, we have Y; = 1.

Obsenethatwhenaconstrainbnthelevel of thenodes’
output power exists, I'; can be viewed as the maximum
allowedvalueof transmissiorpower.

B. ProblemStatement

The optimizationapproachconsistsin deriving control
mechanism$or thesourcestraffic ratesassolutionsof an
optimization problem. Differentflow control algorithms
canbeobtainedby varyingthe problemobjective function
or the solutionapproach Below, we presenthe objective
functionto be maximizedin our network problem,along
with the constraintson the systemvariablesthat werein-
troducedn the previous section.

For eachsources, s € S, we definea utility function

Vs‘( > yr>
reRS(s)

whereV; : Ry — R4 dependsolelyontherateallocated
to sources, with 3-,czs(,) yr = s, andis assumedo

(6)

bestrictly concae, continuousphoundedandincreasingn

zs,zs € [0,00). Sincethegoalof the network is to max-
imize the utility of all sourceswhile providing the desired
lifetime, thecentralizechetwork problemcanbewrittenas

max > Vi > @)
yrr€R SES (rERS(s) )
subjectto yr >0 VreR
Yrers(s)Yr < Ms  Vs€S
Y, <1 VieN .

The first constraintemphasizeshe non-ngatiity of the
traffic rates. The secondconstraintsaysthat the rate at
eachsources, s € S mustbelessthana maximumvalue
M. M, dependson the characteristicof the system
and/orthe applicationrequirementsa minimum rate re-
qguirementcanbe similarly specified. The third condition
ensureshatthe network lifetime guarantedés met,i.e., the
power consumptiorof ary nodein the network is always
lessthanthe maximumallowed consumptiorrate.

[11. A PENALTY FUNCTION-BASED APPROACH

Theobijective functionin (7) is strictly concaein z; but
is not strictly concae in {z,y, }, thusa uniquesolution
doesnotexist andthedualfunctionis notdifferentiable.In
this casesimplesolutionapproachebasednthegradient
descentmethodarenotdirectly applicablg]18].

Here,we proposea novel approacho solve (7), which
usesexact penaltyfunctions.A penaltyfunctionis saidto
be exactif a constrainedhonlinearprogrammingproblem
canbesolvedby asingleminimizationof anunconstrained
problem[19]. We considerthe following unconstrained
optimizationproblem

PO :
max ZVS ( Z yr> —ZP(Yi_l)
yrir€R seS reRS(s) ieN
- Zp(ms — M) — Z p(=yr) (8)
SES reER

whereY; is the congestiorof nodei andp(t) is a scalar
penaltyfunctionp : R — R givenby

elet) — 1

It is easyto verify thatthefunctionp(t) definedin (9) sat-
isfiesthefollowing assumptions:

t>0

t<0. ®)

1. piscorvex
2. p(t)=0 Vi<O0
3. p(t)>0 Vt>0.

(10)
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Then, we shav that (9) is an exact penaltyfunction, by
usingtheresultbelow [17, Prop.1].
Theoeml: Let g bethesolutionof problem(8).
(a) A necessargonditionfor 7 to beanoptimalsolutionof
problem(7) is that

lim pit)>x VA € X

t—0t

(11)

for someLagrangemultiplier vectorA = {);} of (7).
(b) A sufiicient conditionfor problems(7) and(8) to have
thesamesolutionis

i P

t—0t

>N YA EN (12)
for someLagrangemultiplier vectorh = {);}.

We notethatfor suficiently large valuesof «, part (b) of
the theoremwill be satisfiedfor ary network. Thus, by
solving the unconstrainegroblemgiven by (8), we also
obtaina solutionto (7).

A. Solvingthe PenaltyFunction-basedProblem

The penaltyfunctionin (8) is not strictly corvex, con-
sequentlyneitheris the objective functionin Pg. Thisim-
pliesthatproblemP doesnot have a uniquesolutionand
that the objective function is not differentiable;hencea
gradientdescentnethodcannot be usedto solve problem
(8). An optimal solution, however, canbe found by con-
structinga sequencef strictly concae anddifferentiable
optimizationproblemswhosesolutionscorvergeto anop-
timal solutionof Pg. Sincetheseproblemsarestrictly con-
cave anddifferentiablethey possessa uniquesolutionthat
canbe obtainedby applyingthe gradientdescenmethod
[18]. Otheroptimalsolutionsto Py canbe attainedoy se-
lecting different penaltyfunctionsor different sequences
of optimizationproblems.

Considerafunctionp, (t) definedasfollows

{

Notethatp,,(¢) is strictly corvex anddifferentiablein ¢ €
[—00, 00). Now, considerthe problem

elet) — 14 %
e(atn) /TL

t>0
t<0.

pn(t) (13)

P,:
max V. y pn(Y; — 1)
Z pn Tg — - an(_yr)(l4)
SERS(s reR

Notice that the contritution of eachnodeto the sumin
the seconderm of (14) is equalto (lessthan)1 whenthe

4

nodes power consumptioris equalto (lessthan)its maxi-
mumallowedvalue,i.e.,whenY; = 1 (¥; < 1). Also, the
greaterthe power consumptionthe higherthevalueof the
penaltyfunction.

Theobjective functionof P, is strictly concae. In fact,
sincep, (—y,) is strictly corvex in y,., thelasttermin (14)
is strictly concae in {y, }. As mentionedearlier thisim-
plies that P,, hasa uniquesolutionandis differentiable;
hencethe solutioncanbe obtainedby thegradientdescent
method. All thatwe needto shaw is thatthe sequencef
solutions{y,, } convergesto g, i.e.,thesolutionto (8).

Let¢(n) betheoptimalvalueof problemP,,. Then,we
have the following lemma.

Lemmal: ¢(n) is anincreasingsequence.

Proof:
1)

W) = YV (o) - 3 (1 -
sES 1EN

=Y pa (2 = M) = 3 pu (—4™) . (15)
SES reR
Here{a:gn)} and{yﬁn)} aretheoptimalratesfor problem

P, and Yi(") is the correspondingongestionof nodes.
We have

pn(t) > pn-l—l(t)' (16)

Thisimpliesthat

<§%( ) an—l—l(

- Z Pn+1 (-775

SES
qgin+1)

_ 1)
s) - me—l (—

r€ER

yﬁ”))

(17)

wherethefirst inequalityfollows from (16), while the sec-
ondinequalityfollows from the definitionof ¢(n) in (15).
Note thatg(n) is boundedabore by V*, i.e., the value
of (8). Since{g, } is amonotonicallyincreasingoounded
sequencat hasalimit ¢* andg* < V*. It remaingo shav
thatg* = V*.
Fix any e > 0. For sufiiciently largen we have

€

t t)+ —. 18

palt) < P)+ 3 (19

Thisimpliesthat
= max Vs(zs) an -1)
yrreR SES 1EN
Z pn(zs — - Z pn(=yr)

SERS(s) r€ER
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> Z Vs(Zs) — Z pn(Yi —1)
s€S iEN
- an(i's - Z Pn(=Tr) - (19)
s€S reER

Here{z;} and{g, } aretheoptimalratesfor problem(8),
andY; is thecorrespondingongestiorof node:. Thus,

qn > Z‘/;‘(‘%S) - Zp(f'z -
SES 1EN
- Zp(-is - Z p(=Tr) —
sES reR
> V' —e. (20)
Sincee is arbitrary we have ¢* = V'*. |

B. TheORSAAIgorithm

As discussedn the previous section, the solution to
problem(8) can be approacheds closely as desiredby
choosinga suficiently large valuefor n. Moreover, it was
shawvn thatthe solutionto problemP,, canbe obtainedby
applying the gradientdescentmethod. In the following,
we presenta distributedimplementatiorof this algorithm,
the so-calledORSA(Optimal Rate Splitting and Alloca-
tion) algorithm.

We considerthe utility function for the genericsource
s,s € §,as[13]

(21)

Vs(zs) = log(1+s).

Obsenre thatV, increasessthe sourcerateincreasesthe
log functionis usedin the expressiorof the sourceutility
becausdt ensureproportionalfairness.

ProblemP,, canbethereforerewritten as

P,:

Y um (ws, {Yk,k € Ns(s)}) (22)

SES

max
Yr ;TER

with

U (xs, {Yk,k € Ns(s)}) =

log(1+ z4) — Z pr(Y;
|8| ieN
—pn(Ts — M Z Pn(—yr)(23)
reRS(s)

Theoptimalsolutionof (22) mustsatisfythefirst order
conditions[18]

U™ oy,
Yy, Oyr

U™
0yr

- - ¥

keENS(s)

U™ oy,
BYk Ay,

DI

2€8\{s} keNS(z
— wi(m) +wn(n)

Vr e RS(s) VseS. (24)
In (24),theleft handsiderepresentthe maginal increase
in utility for sources if s increasests rateon router by
a smallamount. Thefirst termon theright handsiderep-
resentghe mamginal decreasén sources’s utility dueto
the increasein y,; this termis denotedby wi(n). The
secondermontheright handsiderepresentthe maginal
decreas utility for all othersourceswe denotehisterm
by w,(n). Hence(24) saysthateachsourcenodemustin-
creasehe flow on eachroute,until the maginal increase
in its utility is equalto the maginal decreasén the utility
imposedon all nodesin thesystem.

In orderto obtainthe optimalsolutionin adecentralized
fashion,we considerthateachsources, s € S solvesthe
following problem[8],

P;:
(n) S
yr,'flel%}'g(s) Us (xs,{Yk,k eN (5)})
- Z Wy (n)yT . (25)
reRS(s)
Indeed the abore maximumis obtainedwvhen
i U e | )
Oyr kERS(s) 0k Oyr
= wi(n) +wr(n) VreRS(s) (26)

which is the sameconditionasthe oneexpressedn (24).
This shaws that, by solving sub-problemP$ for each
s € §, we canattainthe global optimumfor P, in ade-
centralizedashion.

Next, we introducethe distributed algorithmto be per
formed at eachsources, in orderto solve P$. By ap-
plying the gradientdescenmethod,eachsourceneedso
computethe gradientof its utility functionwith respecto
yr,v € RS(s). Foreachrouter € RS(s), the source
algorithmis asfollows.

Source Algorithm

1. Evaluategradient(V,.) onrouter

(n)
V,= Uy —wi(n) —wy(n)
with U{™ asin (23)
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2. y(t) =y, (t — 1) + V,e [*updateflow rateover r*/
wheree > 0 is ascalingparametethatdetermineshestep
sizefor the gradientdescenglgorithmandt is the current
updatetime. Noticethatthesourcedoesnotrequirew; (n)
andw, (n) separatelybut wi(n) + wy(n).

Let route r be definedby {ig, %1, ...,4;}, whereig is
the sourceandyi, is thedestinatiomodeandthe othersare
intermediatenodes. The algorithmto computew?(n) +
wy(n) for eachrouter,r € RS(s), is givenbelaw.

Route Algorithm
1. j=0,wi(n)=0,w(n) =0
2. At nodes;_; I*updatews(n) + wy(n)*/

wi(n) + wy(n) = w(n) +w,(n)

+[Ri—g)| Pt Tt
3. Relayw;(n) + w,(n) to nodes;_;_;
j=Jj+1
it (l—j#0)
Goto Step2
endif

Step2 is derived from (24); eachcontrikution is obtained
by fixing nodeindex k in (24) andsummingover all the
sourcesvhoseroutesincludek.

IV. NUMERICAL RESULTS

We considerthetopologyshavn in Figurel, which has
beenobtainedby randomlydistributing N nodesover a
Q@ x @ region,with N = 20 and@ = 1. We assume
thateachnodeis characterizethy adifferentmaximumal-
lowed power consumption]’; with ¢ = 1,..., N. Recall
from (4) thatT";’s dependon the nodes’initial enegy and
the requirednetwork lifetime. We assumethatI';'s are
uniformly distributed randomvariableswith meanequal
to 0.75. The normalizedvalue of enegy consumedper
unit flow in receve modeis assumedo be constantand
equalto 0.01; while, the enegy spentto transmita unit
flow depend®nthedistanceébetweerthetransmittingand
thereceving node.Usingthe DSR algorithm[7], we find
multiple routesbetweereachsource-destinatiopair. The
plots shavn in thefollowing arederived by averagingthe

013
0.8 1

0.6r b

0.4~ 015 B
o9

o8 12

0.2r b

0 0.2 0.4 0.6 0.8 1

Fig. 1. Network topologywith N = 20.
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160 --- MTE - Varl| A

—— ORSA - Var2
140~ -- MTE - Var2| |

Average source rate [Kbps]

40 L L L L L
2 4 6 8 10 12 14
Number of sources
Fig. 2.  Averagesourcerate as a function of the num-

ber of sourcesfor maximum numberof available source-
destinatiorroutesequalto 5. Theperformancef theORSA
algorithmis comparedto the resultsobtainedthroughthe
MTE algorithmfor two differentvaluesof varianceof the
nodes’maximumallowed power consumption.

resultsobtainedhroughthe ORSAalgorithmwith theper
formanceof theMTE schemeFor eachsource-destinatio
pair, up to five available routesare consideredthe MTE
schemalwaysselectgheroutewith the minimumenegy
costamongthe availableones.Resultsarederivedfor two
differentdistributionsof themaximumallowedpowercon-
sumption. Curveslabeledin the plot by Varlreferto the
casewherel’;'s areuniformly distributedbetweerD.5and
1, thusresultingin a variancein the nodes’maximumal-
lowed power consumptiorroughly equalto 0.02. Curves

resultsover 10 differentruns,eachof themcorresponding labeledby Var2referto the casewherel’;’s areuniformly

to a differentsetof sourcesandomlychosenamongthe
network nodesanddifferentinstance®f the randomvari-
ablesl’;’s.

Figure 2 presentghe averagesourcerate asa function
of thenumberof sourcesn the network andcompareshe

distributedwith meanequalto 0.75andvarianceof about
0.04. This correspondso a varianceof the nodes’initial
enegy in the Var2 casebeing twice the variancein the
Varlcase.

Figure 2 shaws that the ORSA algorithm significantly
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Fig. 3. Averagecorvergencetime of the rateallocationalgo-
rithm asa function of the numberof sourcesn the network
for maximumnumberof availablesource-destinatioroutes
equalto 5. Theperformancef the ORSAalgorithmis com-
paredto theresultsobtainedhroughthe MTE algorithmfor
two differentvaluesof varianceof the nodes’maximumal-

lowed power consumption.
16
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e
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Fig. 4. Averagesourcerateasafunctionof themaximumnum-
ber of available source-destinatioroutesfor S = 4. The
performancef the ORSAalgorithmis comparedo there-
sultsobtainedthroughthe MTE algorithm.

outperformsthe MTE schemeas long as the numberof
sourceghataresimultaneoushactive doesnotexceedhalf
the total numberof nodesin the network. For higherval-
uesof sourcedensity the ORSAandMTE algorithmsper
form equallywell. Interestingly asthevariancen thedis-
tribution of the nodes’initial enegy increasesthe gain

of the ORSA schemeover the MTE algorithmincreases.

Thissuggestshata multipathschemevould be preferable
when(i) thedensityof simultaneouslhactive sourcesn the
network is notveryhighor (ii) theenegy resourcesreun-
evenly distributed amongthe network nodes. Otherwise,
a single pathrouting schemehat hasa lower compleity

0.8r 1

o
o

0.4
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Fig. 5. Averageof the normalizedresiduallifetime of the net-
work nodeswhenthefirst noderunsout of enegy asafunc-
tion of themaximumnumberof availablesource-destination
routes. The performanceof the ORSA algorithmis com-
paredto theresultsobtainedhroughthe MTE algorithmfor
S =4.
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Fig. 6. Varianceof the normalizedresiduallifetime of the net-
work nodeswhenthefirst noderunsout of enegy asafunc-
tion of themaximumnumberof availablesource-destination
routes. The performanceof the ORSA algorithmis com-
paredto theresultsobtainedhroughthe MTE algorithmfor
S =4.

maybemoredesirable.

Underthe samesystemassumptionsye derive thecon-
vemgencetime of the ORSAandMTE schemesexpressed
as the numberof algorithm iterations. Figure 3 shaws
that the MTE algorithm always outperformsthe ORSA
schemehowever, thegapin performancesignificantlyde-
creasessthe variancein the nodes’available enegy be-
comedarger(curveslabeledin theplot by Var2). Figure3
also shaws that the convergencetime grows with the in-
creaseof the numberof sourcesjn fact, greaterthe num-
ber of sourcesthe morelikely it is that the traffic flow
throughthenetwork nodess changedht eachiteration.



V. SRINIVASAN ETAL.: OPTIMAL RATE ALLOCATION AND TRAFFIC SPLITSFORENERGY EFFICIENTROUTING IN AD HOC NETWORKS 8

Figures 4-6 are derived by consideringfour active
sourcesand varying the maximum numberof available
source-destinatioroutesbetweenl and10.

Figure 4 comparesthe average sourcerate obtained
throughthe ORSA and MTE schemedor the two cases,
Varl and Var2, as describedabove. The averagesource
rateincreasesvith thenumberof availableroutes.In fact,

ing price. Thetwo approachesorrespondo a primal and
a dual formulation of the optimization problem, respec-
tively.

In [15], the sameapproachas in [10] is appliedto
the multipath case. The network fixesthe price for each
source-destinatiopath and the sourcesendsall its traf-
fic on the route with the minimum price. The sources’

as the numberof pathsbetweeneachsource-destination rates thataredeterminedhroughthis algorithm,areopti-

pair increasesa larger setof enegy resourceshecomes
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
shaws thatasthe numberof availableroutesincreasede-
yonda certainthresholdtheimprovementin performance
becomesnainal. This suggestshatan optimal number
of source-destinatioroutescanbe found, that allows for
high sources’rateswhile keepingthe systemcompleity
low.

Next, in orderto gain an insightinto the dynamicsof
enegy consumptionye studytheresidualifetimesof the
nodesat the endof the network’s lifetime. Figures5 and
6 presentthe meanand varianceof the residuallifetime
of the nodes,normalizedto the desirednetwork lifetime,
Lg4. With the MTE schemethe meanandvarianceof the
residuallifetimesarehigherthanthatobtainedhroughthe
ORSAschemeThis shavs thatthe ORSA algorithmbal-
ancegsheloadin the network, which resultsin a moreeg-
uitableuseof enegy resources.

V. RELATED WORK

Optimizationbasedlow controlschemesave beenpre-
viously proposedn [8], [9], [10], [11], [12], [13], [14],
[15], [16] in the context of wired networks.

Most of the work on flow control hasbeendone un-
derthe assumptiorthat a single path exists betweeneach
source-destinatiomair.  In [9], [10], [13], eachtraffic
sourceis associatedvith a utility function increasingin
its transmissiorrateandsubjectto bandwidthconstraints;
the network objective is to maximizethe sum of source
utilities. The network problemis decomposednto sev-
eral sub-problemachof themcorrespondindo a single
traffic source.By introducingthe notion of resourceprice
andsettingthe price valueaccordingto the resourcecon-
gestionlevel, sourcenodescan adjusttheir transmission
ratesso that the optimal trade-of betweenutility value
andthe price they have to pay for the network resources
is achieed. While in [9], [13] sourcesselectawillingness
to pay andthe network allocatesthe traffic rates,in [10]
the sourcegleterminetheir ratesand pay the correspond-

mal only whenthe objective function of the dual problem
is evaluatedin the minimum price vector[20]. However,
evenin this caseit is hardto obtainthe optimal solution
for the primal problemfrom the optimal solutionfor the
dualproblemdueto thelack of strict concaity of thedual
objectie function. The optimal dual solution may yield
multiple primal solutions,andsomeof themcanbe infea-
sible[16],[18, Chap6].

In [8], theauthorsapplythe economicheoryof pricing
of congestibleresourcedo a networking context. They
detail the useof congestiorpricing to efficiently allocate
a singlenetwork resourceamongmary users,andextend
theirwork to differenteconomicscenariosuchasmonop-
olistic and competitive ervironments. The focusthereis
on sharinga single network resourcesuchasa ftp sener
or arouter

An algorithmbasedon a primal formulationof therate
control problemfor the single-pathcaseis presentedn
[14], andit is generalizedo the multipath casein [16].
An exact solutionis derved, which optimizesboth flow
control and routing in wired networks. In this casethe
congestionof the network resourcess indicatedthrough
abinaryvariable(1 ="congested’, 0 ="not congested’).
This approachs not suitablein awirelesscontet for the
following reasons.In a wired capacitatechetwork, each
link is asgoodasary other i.e., thedesignof awired net-
work ensureghat the effort requiredto transmita bit on
ary link is the same. On the contrary in a wirelesssce-
nario, distancebetweerthe nodesdetermineghe transmit
effort. Fromanoptimizationviewpoint, in awired contet
the Lagrangemultipliers of the optimizationproblemare
the price per unit flow. In a wirelesscontet, thesemul-
tipliers can be thoughtof as price per unit flow per unit
distance.Thus, usingbinary indicatorsof congestionas
donein [14], [16], is not suficient.

V1. CONCLUSIONS AND DISCUSSION

In this paper we jointly addressethe problemof flow
controlandenengy efficiencgy in wirelessadhocnetworks.
We considereda network scenariowheremultiple routes
betweeneach source-destinatio pair are knovn to the
source.We associatedo eachsourcenodea utility func-
tion which increaseswith the traffic flowing over the
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availablesource-destinatioroutes,andwe formulatedthe
problemasoneof maximizingthe sumof the sourceutil-
ities for a requirednetwork lifetime guarantee.We pro-
poseda nev methodologyfor solving the problem, that
corvergesto the optimal solution. This techniquesnabled
usto applythe gradientdescenmethodandderive a sim-
ple and distributed flow control algorithm that provides
the optimal sources’rates. In orderto study the perfor
manceof the proposedlgorithm,namedORSA,we com-
paredit with the MTE scheme.We found thatunderthe
requiredconstrainton network lifetime, the ORSA algo-
rithm significantly outperformsthe MTE algorithmwhen
the sourcedensityin the network is lessthan0.5. By in-
creasinghe numberof availablesource-destinatiopaths,
highersourcesratescanbeachiezed. Resultsalsosuggest
thatanoptimalnumberof source-destinatioroutescanbe
found,thatallows for high sourcestrateswhile keepingthe
systemcomplexity low.

Thedefinitionof lifetime thatwe consideredllowedus
to gain someinsight in the interplay betweenenepy ef-
ficiengy and throughput. However, this definition is not
completelysatishctory asit doesnot addresssomekey
issuesof ad hoc networks. For instance,the deathof a
single nodedoesnot completelydisruptthe communica-
tion betweerthe varioussource-destinatiopairs. A more
naturaldefinition of network lifetime would be the time
until no communicatioris feasiblebetweernsomesource-
destinationpair. With this definition, however, it is no
longer straightforvard to posethe problemin an analyti-
cally tractablemanner Also, acommonlifetime guarantee
for the whole network may be unfair. The factthatsome
nodescan be unduly burdenedin relaying other nodes’
traffic may be highly undesirabldor somenetwork appli-
cationsanddevice characteristics.Therefore we believe
thatdevising appropriatgperformancemetricsanddesign-
ing algorithmsthat ensurea more equitablenetwork be-

havior, areimportantaspectshatstill needio beaddressed [,

in futureresearch.
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