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ABSTRACT

We deal with enegy efficiencyand quality of service
provisioningin multihopad hoc wirelessnetworks. e
assumehat eath node genertestraffic for someother
nodein thenetworkandthattheavailableroutesbetween
ead source-destinationpair are known. Each source
randomlyselectsone of the possibleroutesand asksthe
intermediatenodeson the route to relay traffic. Since
enegy is a valuableresouce intermediatenodesmay
not wish to consumetheir enegy to carry the source’s
traffic. However, if every node behavesselfishly’ and
refusesto coopente, networkthroughputmay be dras-
tically reduced. In this paper we investigatethe trade-
off that exists betweenenegy consumptionand block-
ing probability of a sessionand studythe ability of the
network at guaranteeinga low enegy consumptionto
uses that want or needto be selfish. We definea pa-
rameter called sympathywhich reflectsthe level of self-
ishness/altruisnof the nodes. We proposetwo different
strategies,which governthe nodebehaviorandcompae
their performanceas sympathys varied.

1 INTRODUCTION

In recentimes,we have witnessedignificantresearch
in the areaof ad-hocnetworks. Thesenetworks are
very attractive sincethey provide ubiquitousconnectv-
ity withoutthe needfor fixedinfrastructure.

We consideran ad hoc network composecdf mobile
nodes,which communicateover the wireless channel.
Nodesarebattery-pavered;thusenengy is a preciousre-
sourcethathasto becarefullyusedby thenodesn order
to avoid an early terminationof the their activity. A key
featureenablingconnectvity in the network is the store
andforwardconceptj.e.,anodecantransmitpaclettraf-
fic to afar off destinatiorby usingrelaynodes.This con-
ceptnot only resultsin increasecconnectvity, but also
leadsto enegy savings since relaying information be-
tweennodesmayresultin lower powertransmissiorthan
communicatiorover largedistancegl, 2].

Most of previouswork on ad hocnetworks[1, 2, 3, 4]
hasimplicitly assumedhat nodesare cooperatie; that
is, whenever a node receves a requestto relay traffic,
it alwaysdoesso. This ignoresthe userviewpoint [5].

Consider for example,an airportlobby or a conference
roomwith a gatevay nodeto the Internet. A numberof
usersmight form an ad-hocnetwork to accesghe gate-
way node. The userphysically nearthe gatevay node
will endup relayingmostof the traffic; however, since
this userviews his enegy resourceas being limited by
batterylife, it may not feel inclined to relay traffic for
otherusers. From this perspectie, the assumptiorof a
cooperatre network is not alwaysjustified. On the other
hand,if no usercooperatesn relayingtraffic, it will re-
sultin alossin connectvity andpossibleinability of the
usergto corvey traffic to thedestination.

In this paper we assumethat network nodesmay
have differentbehaiior becausef theirapplicationneeds
or their physical constraints. We assumeconnection-
orientedtraffic and consideras performanceametricsthe
nodes’enegy consumptiorandthe connectiorblocking
probability. The objectiveis to allow usergo be selfishif
they needto beso,andstudytheimpactof theirbehaior
onthesystemperformance.

Thefirst aspecthat we investigatds the tradeof that
exists betweenthe enegy expenditureof a nodeandthe
probability thatits requestfor a traffic connectionis de-
clined by the network dueto the non-cooperatiormf the
relay nodes.If we assumeéhateachuserwishesto max-
imize his throughput,t maybein his bestinterestto be
cooperatre andrelaytraffic for anotheruser He maydo
this in the hopethat when he attemptsto transmitat a
later time, the favor will be returnedandhis connection
requestwill not be blocked. This however, implies that
theuserwill haveto spendpartof its enegy resourceor
relayingtraffic of otherusers.

The secondaspecthatwe exploreis the ability of the
network to guarantedow enegy consumptiorevels for
userswho wantor needto be ‘selfish’. For instancepne
canthink of network pricing schemeghat chage more
for usersthat want to usetheir enegy resourcesmore
sparingly

The paperis organizedasfollows. In Section2, we re-
view previouswork ontheproblemof nodescooperation
in ad hoc wirelessnetworks. In Section3, we propose
two novel policieswhichregulatetheuserinteractionand
can be implementedin a distributed fashion. We call



thetwo stratgiesRANDOM andPAY-IT-FORNVARD. In
Section4, we investigatetheir performancen the case
whereall usersin the network have the samebehavior,
aswell aswhensomeusersaremoreselfishthanothers.
Finally, in Section5 we concludethe paperanddiscuss
aspectghatwill be subjectof futureresearch.

2 RELATED WORK

The problemof non-cooperatie nodeshasbeenad-
dressegreviouslyin [5, 6, 7, 8].

In [6], non-cooperatie nodesareviewedasmalicious,
and methodsto identify misbehaing usersandto avoid
routingthroughthesenodesarepresented.

In[5, 7, 8], theideathatusersmaynotwantto cooper
atebecausef their batteryconstraintds introducedand
simplerules are proposedwhich canbe usedto deter
mine on a paclet-by-paclet basiswhethera usershould
forwardothernodes'traffic or not. In particular in [5, 7]
theauthorgproposeamethodbasedntheintroductionof
a virtual curreng, the so-callednuglets Every network
nodehasaninitial stockof nuglets.Eitherthe sourceor
the destinationof eachtraffic connectionusenugletsto
paytherelay nodesfor forwardingdatatraffic. Thecost
of a pacletmaydepencdon severalthings,suchasthere-
quired transmissiorpower and the nodesbatterystatus.
Packets sentby or destinedto nodesthat do not have a
sufficient amountof nugletsare discarded. Notice that
whenthe sourcenodesare chagedfor the paclet price,
it is likely that the amountof paid nugletsis under or
over-estimatedsincetraffic sourcesannotknow theex-
act paclet cost. However, if the destinationnodesare
chagedfor the paclet forwarding, sourcesmight over-
load the network with uselessdata. A hybrid approach
would solwve this problem, althoughits implementation
seemdo be morecomplicated.In [8], a simplermecha-
nismis proposedwhichmakessourcenodegpayasmary
batteryunitsastheestimatechumberof nodesonthepath
to the destinationand makesrelay nodesearnas mary
batteryunitsasthe numberof forwardedpaclets.

Looking attheapproacheabove,weidentifiedthefol-
lowing critical aspectsthatstill needto be solved.

i) Thecostandthe paymenfor traffic forwardingona
paclet-by-paclet basisimply a significantcommu-
nicationoverheadcandimplementatiorcompleity.

i) The possibility of having differentclassef users
or userbehaviors shouldbe considered.

iii) A nodemay be unableto getary reward dueto its
peripheralocationwith respecto a preferreddesti-
nation (e.g.,a gatavay nodeconnectedo the fixed
network). This mayleadto unfairnessn routingthe
nodestraffic.

The stratgjies that we proposeaim at addressinghese
issues.

3 STRATEGIES FOR AN EFFICIENT USER INTER-
ACTION

We consideranad-hocnetwork of V nodeswhichare

uniformly spreadover a circularareaof unit radius.Any

nodecaninitiate a traffic session. Sessiorrequestsare

randomlygeneratect the network nodesandtraffic des-

tinationsareselectedamonghenetwork nodesaccording

to a uniform distribution. Eachsessions characterized
by two parameterspjamelythefile sizeandthe transmis-

sionrate. Thefile sizeis choseraccordingo ageometric
distribution, while the transmissiorrateis equiprobably
selectedrom a pre-definedsetof transmissiomates.

We assumehatfor eachsource-destinatiopair, (s, d),
the setof availableroutes,R (s, d), is known. Let usde-
fine as R4, the maximum numberof routesexisting
betweeneachsource-destinatiopair, and indicatewith
N(r) thenumberof nodeson router, r € R(s,d). Let
usdenoteby p;, (k, ) thepowerspentoy nodek in trans-
mitting to the next nodeon router; for the sale of sim-
plicity, we assumehat this parameteidependsnly on
the distancebetweenthe transmittingand the receving
node. Then,we associatavith eachroute r an enegy
costgivenby

enegycost= > p(k,r). 1)
ker
k+d

Whena traffic sessions generatedt the sourcenode
s toward destinationd, s selectgheroutein R (s, d) that
hasthe minimum enegy costandrequestghe nodesin
therouteto relayits traffic to d for thewhole durationof
the session A relay nodehasthe optionto eitheraccept
or refusethe request. If the connectionrequestreaches
noded, it meansthatall nodesalongthe selectedroute
arewilling to supportthetraffic sessionandanacknavl-
edgmentis sentto the sourceby d. On the contrary if
ary nodeon a particularrouterefusesto relay traffic, it
transmitsa negative acknavledgmentbackto the source.
As s recevesanegative acknavledgmentijt sendghere-
guestto thenodesn theroutethathasthefollowing best
enegy cost.If all routesareunavailable,thenwe saythat
the sessiorrequestis blocked. We highlight that nodes
alongavalid routearealwaysforcedto forwardmessages
carryingeitherasessiorrequesbr anacknavledgment.

The decisiontakenat a relay nodedepend®n thefol-
lowing factors.

i) Thetotal amountof datathatthe sourceintendsto
sendto its destination,since cooperationfrom the
nodeshelongingto the selectedouteis requiredfor
the entire duration of the sessionratherthanon a
paclet-by-pacletbasisasin [5, 7, 8].

i) Thestrategy thatis adopted.
iii) Thebehaior of thenodes.

In orderto modeluserswith differentbehaior, we asso-
ciatewith eachnodea parametecalledsympathytaking
valuesin therange|[0, 1]. This parameteintuitively re-
flectshow willing anodeisto relaytraffic for othernodes:
avalueof 0 reflectsextremeselfishnesswhile a valueof
1 reflectsextremealtruism. The value of sympathymay
depencdbntheenepgy constraintof thewirelessnode,on



its locationin thenetwork area,or ontheparticularusers
needs.In thefollowing, for eachsource-destinationon-
nection,we denoteby sympathyk, r) the sympathyevel
associateavith the k-th nodein router, r € R(s, d).

In orderto explore the trade-of betweenenepy effi-
cieng/ and blocking probability for userswith different
behaior, i.e., valueof sympathywe considertwo strate-
gies:theRANDOM andPAY-IT-FORWNARD strateyy.

The RANDOM Strategy. Letusassumehatasession
is generatedor the source-destinatiopair (s,d), and
thattheavailableroutesR (s, d) arestoredat s in increas-
ing orderbasedon their enegy cost. Accordingto the
RANDOM policy, whenthe generick-th nodein router

recevesthesessiorrequesfrom s, it acceptgherequest
with probability sympathyk, r). Thealgorithmexecuted
atthesourceandattherelaynodesarereportecbelow.

SourceAlgorithm

1. Setr =1

2. [* Loopoverall routesavailableto the source*/
Whiler < Rpax
Sendsessiorrequeson router
If » acceptsequest
Breakfrom while loop
Else r=r+1
EndWhile

3. If r < Rjae Transmitonrouter
Else Sessions blocked.

Upon a sessiorrequestarrival, the generick-th nodein
router actsasfollows.

Relay Node Algorithm
1. X ~U(0,1)

2. If X < sympathyk,r)
Acceptsession
If nodeis thelastbut onein r
Sendacknavledgmento s
Else Forwardrequesto thenext nodein r
Else
Rejectsession
Sendnegative acknavledgmento s.

The PAY-IT-FORWARD Strategy. This stratey is
motivatedby the TIT-FOR-TAT policy in [9]. TheTIT-
FOR-TAT strateyy wasdevelopedfor thetwo playerlter-
atedPrisoners Dilemmagame. By this stratay, at any
givengame aplayermimicsthe stratgy followedby the
opponentin the previous game. This wasfoundto be a
very good stratgy. In our situationhowever, thereare
thefollowing limitations: (i) it is a multiplayergameand
(i) anodedoesnot have memoryof whetherit hasbeen
helpedearlierby anothemplayer Hencetheintuition here
is thata nodeshoulddo unto the othernetwork compo-
nentswhatit hasdoneuntoit.

According to the PAY-IT-FORNARD stratgyy, each
nodeis associateavith two parametergredit anddebit
The parametercredit intuitively reflectsthe amountof
‘help’ thatanodehasrecevedby othernodegelayingits
messageOntheotherhand theparametedebitreflects
theamountof ‘help’ thatthe nodehasrenderedn relay-
ing message$or othernodes. The PAY-IT-FORNARD
algorithm attemptsto balancethe amountof credit and
debitat eachnode.For afixedvalueof sympathya node
is morewilling to acceptarequesif it hasrecevedmore
help thanit hasgiven. Corversely if a nodehasbeen
generousn the pastwithout receving a commensurate
amountof assistancérom othernodesthenit is inclined
to rejectrelay requests. As the value of sympathyde-
creasesnodegendto behae moreselfishly

In the following, u denotesthe traffic sessionwhile
credit(k, r) anddebitk, r) representhe creditanddebit
of the k-th nodeonrouter, r € R(s, d), respectiely.

SourceAlgorithm
1. Setr =1

2. [* Loopoverall routesavailableto the source*/
Whiler < Rz
Sendsessiorrequeson router
If requesis acceptedn router
Breakfrom while loop
Else r=r+1
EndWhile

3. If r < Ryas
[* Sessioracceptedy router */
Transmiton router
k=2
While k < N(r)
/* Updatedebitfor relaynodesonrouter */
debitk, r) = debitk, r) + file_sizéu)-
[pea (k) /rate(u)]
kE=k+1
EndWhile
credit(1, r) = credit(1, r) + file_sizéu)-
[ptz(]-a r)/rate(u)]
[* Updatecredit for the source*/
Else Sessioris blocked.

Relay Node Algorithm

1. If credit(k, ) > (1—sympathyk,r))-{debitk, r)+

file_siz€u) - [psz (k,7)/rate(u)]}

Acceptsession

If nodeis thelastbut onein r

Sendacknavledgmento s

Else Forwardrequesto thenext nodein r
Else

Rejectsession

Sendnegative acknavledgmento s.

Note that, in the RANDOM stratayy, eachnodearbi-
trarily decideson whetherto relay traffic or not. Onthe
otherhand,in the PAY-IT-FORWARD strat@gy eachnode
triesto repayits debtto the network.
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Figurel: Averageenegy consumptiorpersessiorvs. blocking probabilityfor thetwo stratgiesRANDOM andPAY-IT-
FORWARD, whensympathys thesamefor all usersandL; = 0.1,0.4.

Boththe RANDOM andthe PAY-IT-FORNARD strat-
egy canbe implementedn a distributed manner Each
nodedecidesvhetherto acceptor to refusea connection
basedon its ‘local’ parametersindependentlyof other
nodes. For the RANDOM stratgy eachnode flips a
coin independentiyto malke its decision. In the PAY-IT-
FORWARD stratgyy, a nodes decisionis basedonly on
the value of credit and debit, on the sourcerate, on the
file sizeandontheenegy requiredto transmitto the next
hop. Hence,the only nonlocal informationthata node
needss therateandfile sizefor therelayrequest.

4 NUMERICAL RESULTS

We derived resultsby using the software tool MAT-
LAB. We simulatedan ad hoc network composedof
N = 20 stationarynodes. As alreadymentioned,the
network nodesare uniformly distributedin circular re-
gion of unit radius. We considera discretetime slotted
system;in eachtime slot the numberof sessiongener
atedis assumedo be Poissondistributed with rate L.
The averagefile sizeis equalto 1 Mbyte, while possi-
ble valuesof datarateare1.0, 2.0, 5.5,and11.0 Mbps,
asin the802.11WLAN system.The maximumnumber
of routesbetweereachsource-destinatiopairis equalto
2. We take asperformanceametricsthe sessiorblocking
probabilityandtheaverageenegy consumegbersession,
which is definedasthe total enegy spentby a nodeto
supportbothits own traffic andothernodes’sessionsgi-
vided by the numberof sessiongeneratedy the node,
thathave beenaccepted.

We first considera scenariovhereall the nodesin the
network usethe samestratgy andhave the samebehar-
ior, i.e., the samevalue of sympathy and comparethe

RANDOM andthe PAY-IT-FORNARD policy. Figurel
shaws the averageenegy consumptionand the session
blocking probability as functionsof the parametessym-
pathy Curvesareobtainedfor Ly = 0.1 and0.4. For
both the RANDOM andthe PAY-IT-FORNARD policy,
a lower enegy consumptionis achieved at the expense
of a higher blocking probability. The desiredtrade-of
betweenthe two performancemetrics can be obtained
by selectingthe propervalue of sympathy Also, for
a givenblocking probability, PAY-IT-FORNARD allows
for smallervaluesof enegy consumptiorthanthe RAN-
DOM stratayy.

Figures3 and3 presenthe averageenegy consump-
tion persessiorandthesessiorblockingprobability, that
areobtainedwhentwo classe®f userswhich apply the
samestrateyy but with differentvalue of sympathy op-
eratein the network. In particular we considera group
of altruisticuserswith sympathyequalto 0.9 andagroup
of selfishuserswith sympathyequalto 0.5. This scenario
may eithermodelthe casewhereuserterminalshave dif-
ferentenegy constraintsor the casewhere someusers
attemptto tweaktheir algorithmto maximizetheir own
benefit. In the plots, the curveslabeledby A andS rep-
resentthe performanceof altruistic andselfishusers re-
spectvely.

Resultsin Figure 3 shown that asthe numberof self-
ish usersgrows, the blocking probability increasedor
both the classesf usersbecausét is morelikely that
a routeincludesselfishnodesand, hence that a session
requesis refused.Also, notethatthe performanceof the
RANDOM andthePAY-IT-FORNARD strat@y arequite
closeandthatfor eachpolicy the curvescorrespondingo



thetwo classe®f usersoverlap.

Figure 3 shows that, in this secondscenariothe PAY-
IT-FORWNARD stratey still outperformsthe RANDOM
policy. Moreover, whentheRANDOM policy is adopted,
selfishuserscanobtainalower enegy consumptiorthan
altruisticusersif their densityin the network is lessthan
0.5, althoughthe enepgy gain is negligible. Underthe
sameconditions,whenthe PAY-IT-FORNARD stratey
is applied,selfishuserscan achiese a significantreduc-
tion in enegy consumption. This suggestghat, by us-
ing the PAY-IT-FORNARD policy, the network is ableto
guarantedo selfishusersa lower enegy consumption,
providedthattheir densityis low andthe obtainedblock-
ing probability is acceptable. If the numberof selfish
usersexceedsa giventhreshold thesenodeswill incura
higherenegy consumptiorthanaltruisticnodes.Hence,
the PAY-IT-FORWARD stratgy is robustagainstusers’
attemptat tweakingtheir behaior, sinceusers,that are
supposedo be altruistic, will get poorerperformancef
they startbehaving selfishly

5 CONCLUSIONS AND FUTURE WORK

We addressetheproblemof resourcesharingn anad-
hocwirelessnetwork. In sucha setting,it is not obvious
thatall the nodeswill cooperatdo achieve a global ob-
jective. Rather someusersmaybehae ‘selfishly’ dueto
theirparticulameedsrto thephysicalimitationsof their
radioterminal. We consideredsindicesof theusersper
formancethe averageenegy consumptiorpertraffic ses-
sion andthe sessiorblocking probability. We explored
the trade-of that exists betweenthesemetricswhentwo
simple stratagyies are applied: RANDOM and PAY-IT-
FORWARD. We studiedthe casewhereall the usersin
the network usethe samestrateyy andhave the samebe-
havior, andwe found thatthe PAY-IT-FORNARD strat-
egy outperformg¢he RANDOM policy. Then,we consid-
eredthe scenariovheresomeusersaremoreselfishthan
others;this scenariomodelsthe casewhere either user
terminalshave differentenegy constraintor someusers
attemptto tweaktheir algorithmto maximizetheir own
benefit. Resultsshavedthat selfishuserstendto do well
whentheir numberis low; while, they get poor perfor
mancewhentheir densityincreases.

We would like to emphasizehat this work is a first
attemptat studyingtheimpactof userinteractionandbe-
havior on the performanceof ad hoc networks. A great
deal of work remainsto be done. For example,the be-
havior of theuserenegy consumptiorandof the session
blocking probabilityasthe nodedensityvariesneedto be
furtherinvestigatedAlso, theissuesaddressedh this pa-
pershouldbestudiedin a systematidashionby usingthe
tools of non-cooperatie gametheory In particular the
possibleequilibrium states that canbe achieved by dif-
ferentusersthroughselfishstratgies,shouldbe defined.
This will provide usefulinsight into designingoptimal
policiesfor resourcesharingin ad-hocnetworks.
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Figure 2: Blocking probability as a function of the numberof selfishusersin the network. The RANDOM andthe
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