
Load BalancedLink ReversalRouting in Wireless
Ad Hoc Networks

NabhendraBisnik, AlhusseinAbouzeid,CostasBusch
RensselaerPolytechnicInstitute

Troy, New York
bisnin@rpi.edu,abouzeid@ecse.rpi.edu,buschc@cs.rpi.edu

Abstract— The link reversal routing (LRR) algorithm main-
tains loop fr ee routes in mobile ad hoc wir elessnetworks while
incurring low overhead. In this paper we explore the problem
of balancing the load of forwarding traf�c in LRR algorithm.
We make someimportant observations regarding the situations
that lead to load unbalance in the LRR algorithm and formally
de�ne the load balancing problem. Based on our observations
we propose thr ee modi�cations to the LRR algorithm such
that the load may be distrib uted in a more uniform manner.
The modi�cations preserve all the desirable qualities of LRR
algorithms such as loop fr ee routes, local responseto topology
change,low overhead and are completely distrib uted in nature.
We perform simulations in order to evaluate the performance
of the proposed modi�cations for both single-path and multi-
path scenarios.It is observed that the modi�cations enableLRR
algorithm to provide a much impr oved load balance.

I . INTRODUCTION

Designingef�cient routing algorithmsfor mobile wireless
ad hoc networks is a very challengingand interestingprob-
lem. The routing algorithmsdesignedfor the wired networks
(OSPF, RIP) do not work ef�ciently in the wirelessad hoc
networksbecausetheadhocnetworksareinherentlydifferent
from the wired networks.To begin with, the ad hoc networks
lack the regular infrastructurefeatures,suchas switchesand
routers,thatarefairly commonin wired networks. In addition
the wirelessnodeshave limited communicationrangewhich
allows them to directly communicatewith only a few nodes.
If a nodewishesto senda packet to a nodethatdoeslie in its
communicationrangethenthe packet hasto be forwardedby
the intermediatenodesuntil it reachesthe destination.Thus
in an ad hoc network each node sharesthe responsibility
of appropriatelyrouting the packets. Also the wireless ad
hoc networks are characterizedby variablelink qualitiesand
frequentlychangingtopology, whichmayleadto routingloops
andlarge overheadsif the routing algorithmsof regular wired
networksareused.Finally in mostof thedeploymentsof wire-
less ad hoc networks, particularly wirelesssensornetworks,
the wirelessnodesarebatterypowered.Thereforethe routing
algorithmmustensurethattheloadof forwardingpacketsis as
evenly distributed as possibleotherwisethe nodesthat carry
most of the burden of forwarding would run out of power
quickly which may lead to disconnectednetwork.

A lot of researcheffort has beendedicatedto the devel-
opment of ef�cient routing algorithms for mobile wireless
ad hoc networks. It is desirablethat the routing protocols
for mobile wirelessnetworks must converge quickly, ensure

high packet delivery ratio, be scalableand energy ef�cient.
The routing algorithmsfor wirelessad hoc networks may be
classi�ed into reactiveand proactive algorithms.In reactive
routing algorithms,a nodemaintainsinformationaboutroute
to anothernodeonly if it hasanactive communicationsession
with the node(e.g.AODV, DSR) [15], [9]. On the otherhand
in proactive routing algorithmsa nodemaintainsinformation
aboutrouteto every othernodein thenetwork, irrespective of
the currentsessions(e.g. DSDV) [16]. The proactive routing
algorithmstypically concedehigheroverheadin orderto main
consistentstatesbut leadto lower delaysin comparisonto the
reactive routing algorithms.

Link reversal routing (LRR) algorithm [5] is a routing
algorithm for mobile wirelessnetworks that can be usedin
both proactive and reactive modes.LRR algorithm generates
and maintains destination oriented directed acyclic graph
(DAG), in which the labels of nodesalong the path to the
destinationarein strictly decreasingorder. This strict ordering
ensuresloop free routes.The label of eachnode is referred
as the “height” of that nodewith respectto the destination.
In proactive mode the LRR algorithm maintainsDAGs for
all possibledestinationsat all times. In reactive mode the
LRR algorithmgeneratesandmaintainsDAG for a destination
only when required. The routing control information that
is required for maintaining DAGs is local, and is mostly
restrictedto one hop. SinceLRR algorithm elicits only local
control information, it incurs low overheadand is therefore
scalable.The loop-freenatureof the LRR algorithm ensures
a high packet delivery ratio. Also LRR algorithm maintains
redundantroutes, thus making network robust against link
errors and topology changes.LRR algorithms are therefore
quite ef�cient in networks with moderaterate of topology
changes.TORA [13] is a link reversalbasedrouting protocol
for mobile ad hoc networks.

LRR algorithm naturally �ts the communicationdemands
of mobile wirelesssensornetworks that are involved in the
task of surveillance or environmental monitoring. In such
networks, all the nodes deployed in the surveillance �eld
forward the senseddata to a sink node.For LRR algorithm
this translatesto maintaininga single DAG for the sink. For
similar reasonsLRR algorithm is suitablerouting algorithm
for mobile wirelessad hoc networks wherenodesconnectto
theInternetthrougha singleaccesspoint. In suchnetworksthe
wirelessnodesare typically batterypoweredand it is desired
that the load is evenly spreadacrossthe nodesin order to
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ensurelongevity of life of the network.
In this study we inspect the problem of load balancing

in the LRR algorithm. The motivation for load balancing
is to ensurehigh network lifetime. We show that the LRR
algorithmmay leadto routing hot spotsresultingfrom unbal-
ancedDAG. We investigate the variouscausesof load unbal-
ancein LRR algorithm.The insightsdevelopedhereinprove
valuablefor alleviating the problem.We formally formulate
the load balancingproblem for LRR algorithm and propose
threedistributedheuristicmechanisms,namely(i) Sel�sh-node
basedmechanism(SNBM) (ii) Proactive decreasein height
(PDH) and(iii) Reactive increasein height (RIH), for evenly
distributing load in the network. We usethe networklifetime,
balancefactor and squared summetricsin order to quantify
the performanceof the mechanisms.We perform extensive
simulationsin order to evaluate the improvementsachieved
by the proposedmechanisms.In the simulationswe consider
both multi-pathandsingle-pathrouting, so as to evaluatethe
performancegains for varying forwardingstrategies.

The rest of this paper is organized as follows: A brief
overview of relatedwork is presentedin SectionII. In Sec-
tion III, we brie�y describethe LRR algorithm, or more
preciselywe describethe full-LRR algorithm. In SectionIV
we discussthe causesof load unbalancein LRR algorithm
and de�ne the load balancingproblem.This is followed by
descriptionof theheuristicmechanismsfor distributing loadin
SectionV. Thesimulationresultsarepresentedin SectionVI.
SectionVII concludesthepaperwith a discussionof thefuture
work.

I I . RELATED WORK

The Gafni-Bertsekas(GB) algorithm was the �rst algo-
rithm that employed LRR algorithm for routing packets in
mobile wirelessnetworks [5]. However GB algorithmis very
simple but fails to converge in case of network partition.
Thelightweightmobilerouting(LMR) andtemporally-ordered
routing algorithm (TORA), proposedin [4] and [13] respec-
tively, are also basedon LRR algorithm and alleviate the
convergenceproblemof GB algorithm.

Many studies have focused on developing mechanisms
and analytically study the load balancingproblemin mobile
wireless ad hoc networks. Load-BalancedAd Hoc Routing
(LBAR) protocol is proposedin [7]. LBAR is very similar to
AODV, exceptthatwhile forwardingtherouterequest(RREQ)
messageseachnodeappendsits currentactivity statusto the
RREQ.The destinationusesthis extra informationin orderto
relay theRREPmessagealongthepathwith leastloadso that
the load is evenly spreadacrossthe nodes.In [8], the authors
proposeloadbalancingalgorithmfor wirelessaccessnetworks.
Thealgorithmmaintainsa load-balancedbackbonetreerooted
at theaccesspoint.Theaccesspoint is responsiblefor updating
the backbonetree and information about load distribution
is required at the accesspoint. Also it is assumedin [8]
that nodeshave multiple-antennas,so wireless connections
betweenneighborsis modeledasisolatedpoint-to-pointlinks,
which makesthe topologyvery similar to thewired-networks.
In [17], theauthorsproposea mechanismof loadbalancingin
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Fig. 1. Routegenerationphase.

ad hoc wirelessnetworks that relies on dissipationof load-
distribution information throughout the network. If a node
is overloaded(serving more load than the averageload in
the network), then it queriesit neighborhoodfor underloaded
nodes,andtransfersits loadto theunderloadednode.However
thedissipationof load informationincreasestheoverheadand
may causeinstability.

In [14], the authorsstudy that how alternatepath routing,
which is a popular load balancingmechanismin wired net-
works, performsin a wirelessad hoc network. It is observed
that the interference,causedby channelsharing,signi�cantly
reducestheperformanceof APR in wirelessadhocnetworks.
An analyticalmodelof load distribution in multi-pathrouting
is presentedin [6]. It is shown that the multi-path routing
doesnot provide any bene�ts in ad hoc networks, unlessthe
numberof pathsis large. In [10] the authorsshow that multi-
pathroutingmayachieve signi�cant improvementover single-
path routing provided the various paths involved in multi-
path routing aresuf�ciently disjoint. They usethe numberof
interfering links existing betweenthe nodesof two pathsas
the measureof correlationbetweenthe pathsand choosethe
pathswith minimum “interferencecorrelation”.It is shown in
[20] that optimumload balancingis a NP-hardproblemeven
for a simplenetwork topology.

The load balancing mechanismsproposedin this paper
are built on top of the link reversal routing algorithms.The
mechanismsuse the notion of height in order to attract or
repeltraf�c. While doingso it is ensuredthat themechanisms
are completelydistributed and �o w of control information is
localized.

I I I . L INK REVERSAL ROUTING ALGORITHM

In this section we brie�y describethe generic LRR al-
gorithm. For a detailed discussionon LRR algorithms and
routing protocolsbasedon it, pleaserefer to [18]. We assume
that the network is fully connectedand that eachnodei has
a unique node id vi . The height of node i with respectto
destinationk is denotedby hk

i . Both the node id and the
heightsbelong to a completelyorderedset. The heightsof
a nodemay not be uniqueandmay frequentlychangeduring
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Fig. 2. Executionof full reversalalgorithm.The nodesshadedgray aresinks.

the lifetime of a network. The LRR algorithm ensuresloop
freedomby maintainingan invariant that node i forwards a
packet, destinedfor nodek, to nodej only if

hk
i > hk

j _ (hk
i = hk

j ^ vi > vj ) (1)

The LRR algorithm maintainsthe invariant by maintaininga
directedacyclic graph (DAG) for eachdestination.The link
i ! j would exist in the DAG for the destinationk, denoted
by ¡ k , only if i andj arewithin communicationrangeof each
otherand(1) is satis�ed. A nodeis said to be a sink if it has
not outgoing links in the DAG. It is desiredthat node k is
the only sink in the ¡ k . Also hk

k < hk
j 8 j . For the sake of

simplicity, in the restof this paperwe consideronly a single
destinationk. Thus we prefer to omit the superscript(k) in
order to avoid notationalclutter.

The link reversalalgorithmconsistsof two phases:(i) route
generationphaseand (ii) route maintainancephase.In the
route generationphasethe connectedgraphof a wirelessad
hocnetwork is transformedinto a destinationorienteddirected
acyclic graph (DAG), as illustrated in �gure 1. Any path in
the resulting DAG proceedsin the direction of decreasing
height,thusavoiding any loop formation.This is achieved by
the broadcastof routerequestpacketstowardsthe destination
andpropagation of routereply packetsalongthe reversepath
[4]. Theroutegenerationphaseinvolvesforwardingof routing
controlpacketsoverseveralhopsandthusit mayresultin large
overhead.However this phaseis short lived and thereforeit
doesnot make signi�cant contribution to theoverall overhead.

A node can communicatewith the destinationas long as
it has at least one outgoing link in the DAG. The route
maintainancephaseis initiatedwheneveranode,otherthanthe
destination,becomesa sink. A nodemay becomea sink if all
its possiblesuccessorsmove out of its communicationrange.
In sucha situationthe heightof the sink nodeis smallerthan

the heightof all its neighbors.A sink nodeis said to be in a
badstateasit hasno feasiblerouteto thedestination.For route
maintainancethe LRR algorithm may employ full reversal
algorithm or partial reversal algorithm. In [2], the authors
show that in worstcasethepartial reversalalgorithmmaytake
muchhighertime to stabilizethanthe full reversalalgorithm.
So in this work we focusonly on the full reversalalgorithm1.
We now brie�y describethe full reversalalgorithm.

Full reversal algorithm: Let N (i ) denotethe set of nodes
that areneighborsof nodei and

hmax i = max
j 2 N ( i )

hj (2)

i.e. hmax i is themaximumheightin theneighborhoodof node
i . A node,i becomesa sink sinceits height is lessthan that
of all of its neighbors.So in order to get out of the badstate
the nodeadjustsits height,hi , accordingto

hi = hmax i + 1 (3)

andreversesthe directionof all its incominglink. This brings
the nodei out of the badstate.However this may causeother
nodesto becomesink. Thesenodesmay again adjust their
heightsandreversethe directionof their incominglinks. The
full reversalalgorithmis illustratedin �gure 2.

The nodesdo not have any informationaboutthe topology
of the network other than the knowledgeof their neighbors.
Thereforeif a node has more than one outgoing link then
it has no extra information available in order to choosethe
optimal next hop. One possibleway is to randomly choose
an outgoinglink andsendall the dataover that link. Another

1It should however be noted that the problem of load balancingis not
alleviated by the partial link reversalalgorithm, in fact the problemremains
the sameand mechanismssimilar to thosepresentedin this papermay be
employed to solve the problem.
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Fig. 3. An exampleof unequalload distribution in LRR algorithm.

possibleapproachis to evenly distribute all the load over all
outgoinglinks.

It shouldbe notedthat the exchangeof routing information
during the route maintainancephaseis localized.Whenever
a nodebecomesa sink it adjustsits height,which is a local
decision,and informs its one hop neighboraboutthe change
in the height which leadsto the changein the direction of
the links of underlying DAG. Due to the localized nature
of control information and presenceof redundantpaths,the
overheadof LRR algorithmis expectedto be lessthantheDV
routing algorithms.Also at every instant the DAG maintains
the invariant condition (1) and hencethe network is free of
loops at all times. However a downside of LRR algorithm
is that large amount of state information (heights and link
directions for DAGs correspondingto eachdestination)has
to be maintainedat the eachnode.Also the heightsof nodes
is a non decreasingfunction of time and thus may become
arbitrarily large.

IV. THE LOAD BALANCING PROBLEM

AlthoughtheLRR algorithmis veryeffective in maintaining
loop-freerouteswithout incurringhigh overheads,it may lead
to unbalancedload distribution in the network. Unbalanced
load reducesthe lifetime of highly loaded node in battery
powerednetworks,apartfrom causinghigh delaysandpacket
lossesdue to congestion.In this section we �rst illustrate
the problem of unequal load distribution with the help of
an example.We then discussthe reasonsthat causesuchan
unbalanceandthenformally de�ne the load balanceproblem.
The insightsobtainedfrom thediscussionwould behelpful in
devising solutionsto the problem.

A. An exampleof unbalancedload distribution

Considera network whoseassociatedDAG for destination
A is shown in �gure 3(a).In this caseall thetraf�c destinedto
the destinationis routedover the link B ! A, which causes
B to beresponsiblefor forwardinglargetraf�c load.However
this situation cannotbe avoided since there are no alternate
paths.Now supposethat the nodeF moves towardsnodeA
asshown in �gure 3(a).As a resultof this movementthenode
F comeswithin communicationrangeof nodeA but moves
out of the communicationrangeof nodeE. This is re�ected
in formationof a new link F ! A anddisappearanceof link
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Fig. 4. A sel®shnodemay lead to load unbalance.

E ! F from the DAG, as shown in �gure 3(b). In the new
topology(�gure 3(b)), nodeF hasa link to thedestinationand
thuscanroutesomeportionof thetraf�c to thedestinationand
thusrelieving B of sometraf�c. But theDAG, constructedand
maintainedusing LRR algorithm, that governs the routesof
packetsdoesnot allow this becausenodeF hasno incoming
links. So althoughan alternatepath is available,most of the
traf�c would still be routedthroughnodeB . This is a clear
situationof unbalancedload distribution.

B. Causesof load unbalance

Thenetwork is saidto bein anunbalancedstateif theDAG
doesnot allow routing of packets throughalternatepathsthat
areavailablein the underlyingconnectednetwork graph,thus
resultingin somenodesbeinghighly loaded.In suchascenario
theoverloadednodesmaybe relievedif thedirectionof some
links of theDAG is reversed.For examplein �gure 3(b), node
B is overloadedalthoughthereexistsanalternatepaththrough
F . This situation may be correctedif the direction of link
F ! G is reversed.

The main reasonfor the load unbalanceis that the height
of the nodesis a non-decreasingfunction of time. Eachtime
a nodebecomea sink, the full reversalalgorithm leadsto an
increasein its height.Soover a periodof time this maycreate
a situation where a node may be capableof relieving some
nodesbut it may not be able to do that becauseits height
is greaterthan the height of all its neighbors.Such a node
would only have outgoinglinks andis referredto asa sel�sh
node since it doesnot forward packets of other nodesand
simply pumpsits own traf�c into the network. A sel�sh node
essentiallypartitionsa DAG into isolatedrouting components
which may obstructload balancing.SetsS1 and S2 are said
to be isolatedroutingcomponentsif no nodein S1 hasa node
from thesetS2 on its pathto thedestinationandvice-versa.In
�gure 3(b), nodeF is the sel�sh that leadsto the overloadof
nodeB . Theoverloadingcauseddueto thepresenceof sel�sh
nodesis further illustrated in �gure 4. Node L is a sel�sh
nodethatpartitionstheDAG into isolatedroutingcomponents
f B ; D ; E ; F; G; H ; I ; J g andf C; K g. This overloadsnodeB
althoughsometraf�c maybeenroutedthroughnodeC. Since
the height of the nodesnever decreaseswith time, a node
would remainsel�sh as long assomeof its neighborsdo not
becomesink or a nodewith a higherheightdoesnot enterthe
neighborhoodof the sel�sh node.
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Another implication of the non-decreasingnature of the
heightsis that thenodesthatdo not enterbadstatefrequently,
that is nodesthat maintainstableroutesover a long periodof
time, have comparatively lower heightsthanrestof thenodes.
If the heightof a nodeis lower thanmostof the nodesin the
network then it is highly likely that mostof the traf�c would
be directedto the node.Thus in a way the LRR algorithm
leadsto the overloadingof the stablenodes.

C. Load balancingproblem

The load balancein LRR algorithm basedwirelessad hoc
network is characterizedby (i) the destinationorientedDAG,
¡ , and(ii) the forwardingstrategy usedto forward the traf�c,
denotedby S¡ . The forwarding strategy governs that how a
nodedistributesthe incomingloadto theoutgoinglinks of the
DAG. Oneapproachmaybeto equallydistributetheloadover
all outgoinglinks while anotherapproachmay be to choosea
singleoutgoinglink andforwardall incomingtraf�c over that
link.

The traf�c (bits/sec)forwardedon a link l of DAG ¡ for
the forwarding strategy S¡ is denotedby xS¡ (l ). The set of
outgoing links at node i in a DAG ¡ is denotedby E ¡ (i ).
Thus,for agivenDAG andforwardingstrategy, thetotal traf�c
forwardedby nodei , F ¡ ;S¡ (i ), is given by:

F ¡ ;S¡ (i ) =
X

l 2 E ¡ ( i )

xS¡ (l ) (4)

We de�ne two metrics for characterizingthe load balance,
calledbalancefactor andsquared sum:
(i) BalanceFactor (BF): Let F ¡ ;S¡ denotethe meantraf�c
load handledby a nodein the network. The BF for a given ¡
andS¡ , denotedby B(¡ ; S¡ ), is de�ned as

B(¡ ; S¡ ) =
µ

1
N

X

i 2 V

(F ¡ ;S¡ (i ) ¡ F ¡ ;S¡ )2
¶ ¡ 1

(5)

In otherwordsBF is the inverseof load variance.The higher
the BF is, more balancedis the traf�c load. So from an
optimization point of view, the load balanceproblem for
LRR algorithmis to �nd the optimal DAG for the underlying
connectedgraph,¡ ?, and the optimal forwardingstrategy for
the DAG, S?

¡ , suchthat

B(¡ ?; S?
¡ ) = max

¡ ;S¡

B(¡ ; S¡ ) (6)

(ii) SquaredSum(SS):TheSSfor a given¡ andS¡ , denoted
by C(¡ ; S¡ ), is de�ned as

C(¡ ; S¡ ) =
X

i 2 V

F 2
¡ ;S¡

(i ) (7)

While BF indicatesthat how much the load is balanced,the
purposeof SS is to serve as a metric for the amountof load
actuallyserved by nodesin the network. The lower the SSis,
thebetteris the loaddistribution. It is importantto understand
that why a linear sum(LS),

P
i 2 V F ¡ ;S¡ , may not be a good

indicationof the load forwardedby nodes.Supposethereare
two forwarding nodesA and B . Considerscenario1 where
they forward 4 Mbps and 10 Mbps while in scenario2 they

forward 7 Mbps each.Clearly scenario2 is more desirable.
However this is not re�ected in LS, which is samefor both
the scenarios.However SS for scenario1 is 116, while that
for scenario2 SS is 98 which clearly indicatesthat scenario
2 is betterthanscenario1. If thereis more thanonesolution
to (6), we choosethe solutionwith leastSS.

The solution of load balancingthus consistsof two parts:
(i) constructingan optimal destinationoriented DAG over
connectednetwork graph and (ii) devising an optimal for-
wardingstrategy for routing traf�c on the DAG. As shown in
[20], the load balancingproblemis NP-hardeven for simple
topologies.Although distributed solutionsare very appealing
in ad hoc networks, the distributed solution of optimal load
balanceproblemis even harderandmay requireexchangeof
large amountof information amongnodes.Thereforein this
work we will presentsomeheuristicmodi�cations to theroute
maintainancephaseof LRR

V. HEURISTIC MECHANISMS FOR LOAD DISTRIBUTION

In this sectionwe presentthree heuristic mechanismsfor
ensuringloadbalancein LRR algorithmbasedmobilewireless
adhocnetworks.Thebasicideabehindall themechanismsis
that they try to make thedistribution of heightsin thenetwork
moreuniform. However themechanismsdiffer in theway and
the eventsthat trigger the updateof the heights.

A. Sel�sh nodebasedmechanism(SNBM)

As pointedout in sectionIV-C and illustrated in �gure 4,
a sel�sh node may lead to load unbalance.Thus a simple
way to precludethis possibility is to prevent the formation
of sel�sh nodeswhenever it is possible.In SNBM eachnode
periodicallychecksthe numberof incoming links. If number
of incominglinks equalszero,thenthis implies that the node
hasbecomesel�sh. Whena nodesdiscovers that it is sel�sh,
it updatesits height in the following manner. Let hmax and
hmin denotethemaximumandminimumheightsof neighbors
of the sel�sh node.If hmax ¡ hmin < 2, then the nodesdoes
nothing,sincein sucha situationthesel�sh nodemaybecome
a sink if it decreasesits height.If hmax ¡ hmin ¸ 2, thenthe
sel�sh nodeupdatesits height to be an integer betweenhmax

andhmin .
Theaggressivenessof SNBM dependson how theheightof

sel�sh nodeis updated.Let hnew denotethe updatedheight.
SNBM is highly aggressive if hnew = hmin + 1 and least
aggressive if hnew = hmin ¡ 1. In former approachSNBM
updatesthe height to be the minimum height while ensuring
that the nodedoesnot becomea sink. In the latter approach
SNBM updatesthe height to be the maximum height while
ensuringthat the node is no longer a sel�sh node. A less
extreme approachcould be setting hnew equal to a random
integer betweenhmin andhmax .

SNBM leadsto a reductionin theheightof thesel�sh node
and ensuresthat the direction of at least one outgoing link
is reversed.The amountby which the sel�shnessof the node
decreasesdependson the valueof new height.The lower the
new height is, the moreoutgoinglinks of the sel�sh nodeare
reversed.However if nodei setsits heightbelow hmin i , then
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Fig. 5. An exampleshowing how the sel®shnodebasedmechanismworks.

the direction of all the links would be reversedand i would
becomesink. This is why a sel�sh doesnot do anything if all
its neighborshave thesameheightor it hasonly oneneighbor.

Theexecutionof sel�sh nodebasedmechanismis shown in
�gure 5. Initially thenetwork hasunbalancedloaddistribution
asshown in �gure 5(a).NodeB is responsiblefor forwarding
packets from nodef B ; D ; E ; F; G; H ; I ; J g while nodeC is
responsiblefor forwardingpacketsfrom nodesf C; K ; Lg only.
This is becausenodeL is a sel�sh nodewhich partitionsthe
network into isolatedroutingcomponents.Soaccordingto the
mechanismnodeL updatesits height to 5, and reversesthe
direction of links L ! H and L ! K , which makes H
and K sel�sh (�gure 5(b)). Now nodeH updatesits height
to 4 and reversesthe direction of H ! L . Similarly node
K updatesits height to 2 and reversesthe direction of link
K ! L . This again makesL a sel�sh node(�gure 5(b)). Now
L setsits height to be equal to 3 and reversesthe direction
of links L ! H and L ! K . This makes nodesH and G
sel�sh. G updatesits height to 4 but this leadsto no changes
in the link direction. H cannotupdateits height since both
its neighborshave same height. The resulting network, as
shown in �gure 5(e) is morebalancedthantheinitial network.
The node C may be responsiblefor forwarding the packets
from f C; K ; L; H ; Gg while nodeB may be responsiblefor
forwarding the packets from f D ; E ; F; I ; J g. It should be
notedthat the mechanismmakesa morecritical node(L) un-
sel�sh andmakesotherappropriatenodessel�sh, (in this case
H andG), thusbalancingthe load.

The sel�sh node basedmechanismterminatesbecauseat
eachstep the height of somenode is reducedby at least 1
andthe lower boundof theheightof any nodeis 1. Also loop
freedomis ensuredduring the execution of the mechanism
sinceproperty(1) is never violated.A nice sideeffect of this
mechanismis that it would prevent the height of the nodes
from becomingarbitrarily large.

Althoughthis mechanismsolvestheproblemof unbalanced
loadcausedby sel�sh node,all casesof loadunbalancedo not
involve a sel�sh nodes.Figure 6 shows an unbalancedload
scenariowherethereis no sel�sh node.So thereis a needof
mechanismsthat do not rely on the presenceof sel�sh node.
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Fig. 6. A load unbalancemay not alwaysbe dueto sel®shnodes.

B. Proactivedecreasein height (PDH)

We have earlierobserved that the load unbalanceis caused
becausea nodethat is capableof relieving the highly loaded
nodeshashigherheight thanthe surroundingnodesso that it
doesnot attractenoughtraf�c. This is becauseof the fact that
in LRR algorithm the height of a node is a non-decreasing
function of time. So one way solving this problem is to
decreasethe height of the nodeswhenever possible.This is
ideabehindthenext mechanism,calledtheproactivedecrease
in height (PDH) mechanism.

ThePDH mechanismis very simple.Periodicallyeachnode
comparesits heightwith the heightof its neighbors.If height
of a nodeis greaterthanhmin + 1, thenthe nodethensetsits
heightequalto hmin + 1. In otherwords,eachnodemaintains
the smallestpossibleheight that doesnot make it a sink. The
height updateis accompaniedby appropriateadjustmentsin
the directionsof its links suchthat (1) is maintained.

The execution of the algorithm is illustrated in �gure 7.
As shown in �gure 7(a), initially the load in the network is
unbalanced.Note that this kind of load unbalancecannotbe
�x ed by the sel�sh nodebasedmechanismsincethere is no
sel�sh node in the network (except M , but it has only one
neighbor).NodeC initiates the PDH mechanismandsetsits
heightequalto 1, asshown in �gure 7(b). ThennodesK and
H executethe PDH mechanismand set their heightequalto
2 and4 respectively (�gure 7(c)). Similarly nodeL executed
PDH and sets its height equal to 3. This results in reversal
of the direction of links L ! H and L ! G. NodesG and
M alsoupdatetheir heightsto 4. The resultingload balanced
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Fig. 7. An exampleshowing how proactive decreasein height leadsto load balancing.

network is representedin �gure 7(d).
The PDH mechanismensuresthat gradientof the heights

is low and uniform throughoutthe DAG. Since (1) is never
violated,loop freedomis maintainedthroughouttheexecution
of the mechanism.The PDH mechanismensuresthat the
heightof the nodesdo not becomearbitrarily high. The PDH
mechanismterminatessince in eachstepthe height of some
nodedecreasesat leastby 1 andthe lower boundof heightof
a nodeis 1.

C. Reactiveincreasein height (RIH)

Both the SNBM andPDH mechanismareproactive in na-
ture.This meansthat thenodesthatemploy thesemechanisms
perform someactionswhen certainlocal conditionsare true.
Thenodehopesthattheactionsperformedby it would prevent
load unbalancein the network. However, in the proactive
mechanisms,a nodemay take an action even when there is
no load unbalance,or even when there is no threat of load
unbalance.This wastesthe network resourcesand may lead
to high overheads.For exampleconsider�gure 7(a). In this
�gure althoughtheDAG is unbalancedbut someof thenodes
that have pathsthroughB may never transmitany packets to
the destination.ThusnodeB may actuallynot be overloaded
and therefore there might be no need for invoking load
balancingmechanisms.This leadsa rathertrivial but a critical
observation, that is the only nodesthat know that load in the
network unbalancedarethenodesthatareactuallyoverloaded.
This is the basisof the mechanismpresentedin this section,
calledreactiveincreasein height (RIH) mechanism.

The RIH mechanismachieves load balancingby driving
traf�c away from an overloadednode.As observed earlier, a
nodeattractstraf�c if it haslow heightandstablerouteto the
destination.ThusRIH repelstraf�c from an overloadednode
by increasingthe heightof the node.

TheRIH mechanismis initiatedby a nodewhenit becomes
overloaded.A load may be overloadedif the rate of traf�c
forwardedby it exceedsa certainthresholdor if thebuffersof
thenodeover�ow. If a nodediscoversthat it is overload,then
it setsits heightequalto hmax + 1 andreversesall theincoming
links. If noneof the neighborsof the nodebecomessink then
no traf�c needsto be forwardedby the nodeandit canrelax.
However if this leadsto formation of somebad nodesthen
thosenodesexecutefull reversalalgorithmin orderto establish

pathsto thedestination.This discovery for new routesleadsto
a moreeven distribution of load, if it is possible.However if
thenodeis theonly nodein theconnectedcomponentthathas
a routeto the destination,thenthe initial conditionis restored
afterthefull reversalalgorithmterminates.If thenoderemains
overloadedafter an executionof RIH, then the nodecan re-
initiate RIH only after Tmin seconds.

Theexecutionof RIH is illustratedin �gure 8. Supposethat
nodeB discovers that it is overloaded,so accordingto RIH
it setsits heightequalto 5 andreversesthe directionof links
C ! B and G ! B . As a result of this changenodesC
andG becomesink, asshown is �gure 8(b). So nodesC and
G executefull reversalalgorithmin order to comeout of the
badstate.As a resultD becomessink,asshown in �gure 8(c).
Thenetwork �nally settlesin thestateasshown in �gure 8(e).
In the �nal statenodesD; E ; G have an alternatepath to the
destinationthroughF . Thusthe load may be moreuniformly
distributed in the �nal state.

The RIH terminatessince it basically involves reversalof
incoming links at the overloadednodesandexecutionof full
reversalalgorithm,if it is required.Thefull reversalalgorithm
is proven to terminateprovided the destinationis reachable.
The disadvantageof this algorithm is that it leads to an
increasein the rateof increaseof heightsof the nodes.Thus
the heightsof nodesmay becomearbitrarily high.

The RIH mechanismmay be used in combination with
LRR algorithm in situations,other than load balancing,that
requirethediversionof traf�c from a node.For exampleif the
residualpower of a batterypowerednodefalls below a certain
thresholdthen the nodemay not want to forward the packets
of other nodesin order to increaseits lifetime. So in order
to repel traf�c, the nodemay increaseits heightaccordingto
RIH.

VI . SIMULATIONS

In this section we presentsimulation results in order to
comparethe performanceof our proposedmodi�cations with
thebasicLRR algorithm.We considertwo extremeforwarding
strategies for forwarding traf�c over the DAG: (i) Multi-path
routing: In this strategy eachnode evenly distributes traf�c
over all outgoinglinks of the DAG, (ii) Shortestpathrouting:
In this strategy each forwards traf�c to the outgoing link
which ensuresthat thepacket thepacket is routedthroughthe



8

Destination

4

3 4

5

6

5

0A

B

C D

E

F

G

(a)

Destination

4

5 4

5

6

5

0A

B

C D

E

F

G

(b)

6

Destination

6

5

5

6

5

0A

B

C D

E

F

G

(c)

Destination

6

5 6

5

6

7

0A

B

C D

E

F

G

(d)

Destination

6

5 6

5

8

7

0A

B

C D

E

F

G

(e)

Fig. 8. An exampleshowing how reactive increasein heightsleadsto load balancing.
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Fig. 9. SSfor multi-path routing.
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Fig. 10. BF for multi-path routing.

shortestpathover the DAG. For the shortest-pathsimulations
we assumethat the nodeshave suf�cient global information
in orderto identify theoutgoinglink for shortestpathrouting,
althoughtheLRR algorithmshave informationonly abouttheir
immediateneighbors.We considertheseextremeforwarding
strategies to point out that our modi�cations for maintaining
DAG perform well undera wide rangeof forwarding strate-
gies.We usetheaverageBF, averageSS,network lifetime and
therateof heightupdatesasa measureto assessperformance.
The network lifetime is de�ned as the time until a noderuns
out of power after the network becomesoperational.
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Fig. 11. SSfor shortestpath routing.

A. Simulationsetting

Thesimulationsettingconsistsof N nodesthatareinitially
distributedrandomlyover a 1000m £ 1000m squarearea.The
nodesmove within the areaaccordingto the randomway-
point mobility model.The velocity of the nodesis uniformly
distributed between 2 m/sec and 5 m/sec. The non-zero
minimum velocity ensuresthat the averagenodal speeddoes
not decaywith time and the network reachesa steadystate
[19]. The pausetime is exponentiallydistributedwith a mean
5 seconds.The communicationradius of each node equals

1000
q

log N
N . This radiusensuresthatthenetwork is connected

with high probability[12]. Eachnodegeneratestraf�c at a rate
1 Kbps, which is destinedto a stationarysink node located
at (500m; 500m). This simulationscenariomodelssituations
wheremobilewirelessnodescommunicatewith a centralbase
station,for purposessuchas Internetaccessor for reporting
senseddata.

For SNBM, theheightof sel�sh nodeis updatedto bea ran-
dom integer betweenhmin andhmax . For RIH simulations,a
nodeis consideredoverloadedif instantaneoustraf�c exceedsp

N Kbps. For RIH simulationTmin , the minimum duration
betweentwo successive initiationsof RIH, is randomlychosen
to be between2 and 5 seconds.For the network lifetime
simulations,eachnodehasenoughbatterypower to forward
transmit10 Mb data.
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B. Simulationresults

Figure 9 and 10 shows the plots of SS and BF against
number of nodesfor LRR algorithm and various proposed
mechanismswith multi-path routing. The SS is the least for
PDH and highestfor the basicLRR algorithm. This implies
that all the modi�cations lead to an reductionin the amount
of load that is served by the nodes.The BF is highest for
PDH and leastfor basicLRR algorithm.This shows that the
modi�cations to the link reversal algorithm leadsto a more
uniformdistributionof loadthanthebasicLRR algorithm.The
SSandBF for theshortestpathrouting is shown in �gures 11
and 12. The SS and BF for the shortestpath routing show
the sametrend i.e. PDH has the best performancefollowed
by SNBM, while the performanceof RIH and basic LRR
algorithmis almostthe same.

Figure 13 shows the plots of network lifetime in seconds
againstnumberof nodesfor theLRR algorithm,SNBM, PDH
and RIH. The lifetime result is presentedonly for multi-path
routing scenario.It is observed that the mechanismsproposed
in this paperprovide signi�cant improvementin the lifetime
of the network. The network lifetime is maximumfor PDH,
followed by SNBM, RIH andLRR algorithm.

Figure14 shows therateof heightupdatesagainstthepause
time of the mobility model. Since in the LRR algorithm, a
nodegeneratesrouting control messageonly whenthe height
of the node is updatedand the routing updateis propagated
over a singlehoponly, theoverheadis proportionalto therate
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Fig. 14. Comparisonof number of updatesfor various versionsof link
reversalalgorithm.

of heightupdate.It is observed that the basicLRR algorithm
has the smallestupdaterate, followed by SNBM, PDH and
RIH.

Theseresultsindicatethat althoughPDH provides the best
load distribution, it leads to a much higher overhead.The
SNBM hassmalleroverhead,but theloaddistributionachieved
by SNBM is also inferior to PDH. RIH is the worst of the
proposedmechanisms,it yields the worst performanceand
causesthehighestoverhead.Thereasonfor thelargeoverhead
of RIH is that in RIH the reactingnodeadjustsin heightsuch
that it only hasoutgoingnodes.This might make someother
nodesa sink, leading to a chain reactionof height updates.
Other mechanism,SNBM and PDH ensurethat no sinks are
createdin the processof heightupdate.

VI I . CONCLUSION AND FUTURE WORK

In this paper we studied the problem of load balancing
in LRR algorithm with the goal of maximizing the lifetime
of the network. We proposedthree heuristic mechanisms
for evenly distributing load in LRR algorithm basedmobile
ad hoc networks and used simulationsin order to evaluate
the performanceof the proposedmechanisms.It is observed
that for a wide range of network con�guration, the PDH
mechanismis the bestmechanismfor load balancingamong
the proposedmechanism.

However in thispaperwedonotconsidertheeffectof multi-
pathcouplingwhich may leadto a largerenergy consumption
and packet loss. The basic causeof the multi-path coupling
effect in wirelessnetworks is the randomaccessMAC pro-
tocol. However the resultsof this paperwould be valid for
practical networks with small traf�c rates (typical of many
sensornetworks) andnetworks with contention-freeMAC, as
proposedin [1].

In future, we would like to develop centralizedand dis-
tributedalgorithmsfor constructingoptimalDAG andforward-
ing strategies, as de�ned in (6). We would also include the
effects of randomaccessMAC protocolsin the performance
evaluationof the load balancingmechanisms.
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