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Abstract—Intermittently connected mobile networks, also
called Delay Tolerant Networks (DTN) are wir elessnetworks in
which at any given time instance, the probability of having a
completepath from a sourceto destinationis low. Several routing
algorithms are proposedfor suchnetworks basedon ooding and
erasure coding techniques. Since ooding based schemessuffer
from huge overhead of bandwidth and energy consumption due
to redundant transmissions,controlled ooding algorithms which
use xed number of copiesfor eachmessagéave beendeveloped.

Although a DTN is delay tolerant by de nition, there still
may be a required upper bound on the delay for the delivery of
messagesln this paper, we proposea novel spraying algorithm
in which the number of messagecopiesin the network depends
on the urgency of meeting the expecteddelivery delay for that
messageThe main objective of this algorithm is to give a chance
to early delivery with small number of copies in existence,
consequentlydecreasing the average number of copies sprayed
in the network. We derive the formula for the optimum borders
of periods for spraying for 2-period and 3-period variants of
our algorithm. We also presentthe simulations of the method
and compare their resultswith the analytical onesand obsewe
the good match between them. Furthermore, we demonstrate
that time dependent spraying algorithm provides a signi cant
decreasein averagecopy count per messagewhile presewving the
percentageof the messageslelivered before the upper bound of
the acceptabledelay expires.

I. INTRODUCTION

Intermittently connectedmobile networks also referredto
as Delay TolerantNetworks (DTNSs) are wirelessnetworks in
which at ary giventime instance the probability that thereis
an end-to-endpathfrom a sourceto destinationis low. There
are mary examplesof such networks in real life including
wildlife tracking sensornetworks [1], military networks [2]
andvehicularad hoc networks [4]. Sincethe standardouting
algorithmsassumehat the network is connectedmost of the
time, they fail in routing of pacletsin DTNs.

Routingalgorithmsfor DTNs needto carefully considerthe
disconnectiity of the network. Hence,in recentyears, new
algorithms using buffering and contacttime scheduleshave
beenproposedSincemostof the nodesin a DTN aremobile,
the connectvity of the network is maintainedonly whennodes
comeinto thetransmissiomangesof eachother If anodehasa
message&opy but it is not connectedo anothemode,it stores
the messagauntil an appropriatecommunicationopportunity
arises.The importantconsiderationsn sucha designare (i)
the numberof copiesthat are distributed to the network for

eachmessageand (i) the selectionof nodesto which the
messages replicated.

In this paper we study how to distribute the copiesof a
messagemongthe potentialrelay nodesin sucha way that
theprede nedpercentagef all messagemeetshegivenlimit
for delay of delivery with the minimum number of copies
used.Unlike thanthe previous algorithms,we proposea time
dependentopying schemewhich basicallyconsiderghe time
remainingto the given limit for the delay of delivery.

The ideaof our schemeis asfollows. We rst spraysome
numberof copiessmallerthanthe necessaryo guaranteghat
theprede nedpercentagef all messagemeetshe givenlimit
for delay of delivery of the messagdo the destinationlf the
delivery doesnot happenfor sometime, thenwe spraysome
additionalcopiesof the messagéeo increasehe probability of
its delivery. Consequentlywe will bene t from early delivery
with less number of copies,if it happens,so the average
numberof copiesusedby eachmessageas minimized.

The remaining of the paperis organized as follows. In
Sectionll we presentthe previous work done on this topic
anddiscusssomebasicmobility assistedouting conceptsWe
alsodifferentiateour algorithmfrom others.In Sectionlll we
describeour algorithmin detailandprovide its analysisfor its
differentvariants.In SectionlV, we presentevaluationof the
performanceof the proposedschemeusing simulationsand
demonstratehe achievedimprovementsWe alsocomparethe
resultsof our analysiswith the simulationresults.Finally, we
offer conclusionand outline the future work in SectionV.

Il. RELATED WORK

Routingalgorithmsfor delaytolerantnetworksaregenerally
classi ed as either replication basedor coding based[13].
In replication basedalgorithms, multiple or a single copy
of the messageds generatedand distributed to other nodes
(often referred to as relays) in the network. Then, ary of
thesenodesjndependentlyf otherstry to deliverthemessage
copy to thedestinationln codingbasedalgorithms,a message
is corvertedinto a large set of code blocks such that ary
sufciently large subsetof theseblockscanbe usedto recon-
struct the original messageAs a result, a constantoverhead
is maintainedand the network is mademore robust against
the paclet dropswhen the congestionarises.However, these
algorithmsintroducean overheadof an extra work neededor
coding, forwarding and reconstructingcodeblocks.



EpidemicRouting[3] is anapproachusedby thereplication
basedrouting algorithms.Basically in eachcontactbetween
ary two nodes,the nodesexchangetheir data so that they
both have the samecopies. As a result, the fastestspread
of copiesis achieved yielding the optimum delivery time.
However, the main problemof this approachis the overhead
incurredin bandwidthusage puffer spacerequiredandenegy

consumedby the greedy copying and storing of messages.

Hence this approachs inappropriatefor resourceconstrained
networks. To addresshis weaknesof epidemicrouting, the

algorithmswith controlled replicationor sprayinghave been
proposedb], [6], [7], [14]. In thesealgorithms,only a small

numberof copiesaredistributedto othernodesandeachcopy

is delivered to the destinationindependentlyof others. Of

course suchapproacHimits the aforementionedverheadand

resourcesre ef ciently used.

The replication basedschemeswith controlled replication
differ from each other in terms of assumptionsabout the
network. Some of them assumethat the trajectoriesof the
mobile devices are knovn while someothersassumehat the
contacttimes and durationsof nodesare known. There are
also some algorithms which assumezero knowledge about
the network. The algorithmswhich fall in this last cateyory
seemto be the mostrelevant to applicationsbecausen most
of the examplesof delay tolerant networks from real life,
neither the contacttimes nor the trajectoriesare known for
certain.Considerthe dif culty of acquiringsuchinformation
in awild life trackingapplicationwherethe nodesareattached
to animalsthat move unpredictably

The algorithmswhich assumezero knowledge about the
network include[9], MaxProb[12], SCAR[11] andSprayand
Wait [8]. In eachof thesealgorithmslimited numberof copies
areusedto deliver a messageYet, the procesf choosingthe
nodesfor placingnew replicationss differentin eachof them.
In [9] and MaxProbeachnodecarriesits delivery probability
which is updatedin eachcontactwith othernodes.If a node
with a messageopy meetsanothernodethat doesnot have
the copy, it replicatesthe messageo the contactnode only
if that nodes delivery probability is higher thanits own. A
similar ideais usedin SCAR. Eachnode maintainsa utility
functionwhich de nesthe carrierquality in termsof reaching
the destination.Then, each node tries to deliver its datain
bundlesto a numberof neighboringnodeswhich have the
highestcarrier quality.

In [8] Spyropouloset al. proposetwo different algorithms
called Source Spray and Wait and Binary Spray and Wait,
respectrely. While in the former, only the sourceis capable
of spraying copies to other nodes,in the latter all nodes
having the copy of the messageare also allowed to do so.
In Binary Sprayand Wait, when a node copiesa messagdo
anothernode,it alsogivesthe right of copying the half of its
remainingcopy countto that node.This resultsin distributed
andfastersprayingcomparedo the sourcespraying,but once
the sprayingis done,the expecteddelivery delayis the same.
The authorsprovide the expecteddelay of messagedelivery
in thesetwo algorithmsin [14].

Althoughtherearemary algorithmsutilizing the controlled
ooding approach,the idea of copying dependenton the
urgeny of meeting the limit on delay for delivery of a
messagehas not beenusedby ary of them. To the best of
our knowledgethis ideais new andit helpsto decreasehe
averagenumberof copiesgeneratedn the network. We will
describethe detailsof this ideain the next section.

While designinga routing algorithmfor mobile network, an
importantissuethatmustbe considereds the modelof mobil-
ity of nodesin the network. Randomdirection, randomwalk
and randomwaypoint mobility modelsare the most popular
onesamongthoseusedby the previous routing algorithmsin
this eld. Among thesemodels,randomdirection model is
considerednore realisticthanthe others.

In a network with mobile nodesmaoving accordingto a
mobility model,two conceptsareintroduced;expectedhitting
time (ET) and expectedmeetingtime (EM ). While ET of
a nodeis de ned as the expectedtime interval of beingin
contact(in the transmissiorrange)with a stablenode (most
oftenthe sink), EM of a nodeis de ned asthe expectedtime
interval of beingin contactwith a nearbymobile node.These
two parametersirespeci ¢ to eachmobility modelandcanbe
derived when the network parametersare known [10]. Then,
the hitting time and the meetingtime of a samplenodein
sucha network are assumedo be exponentially distributed
with meanET andEM, respectiely.

I1l. TIME DEPENDENT SPRAYING

In this section,we startwith listing the assumption®f our
model andthenwe provide the detailsof our routing scheme
andits analysis.

MVgaserrlethat thereare M nodesrandomly walking on
a N x N 2D torus accordingto the random direction
mobility model. Each node has a transmissionrangeR and
all nodesareidentical. The buffer spacein a nodeis assumed
to be in nite (not crucial since we useless copies),and the
communicationbetweennodesis assumedto be perfectly
separablethat is, ary communicatingpair of nodesdo not
interferewith ary other simultaneouscommunication.To be
consistenwith previousresearchby L we denotethe number
of copiesdistributedto the network.

In some studies, authors nd out the minimum number
of copiesneededto achiese a given delay with prede ned
probability As discussedpreviously, the optimal delay in a
mobile network is obtainedby epidemicroutingin whichthere
is a completemessagexchangein every contactof ary two
nodes Figurel shavs the minimum numberof copies(L min )
neededto achieve the expecteddelay which is %P times the
optimal delay [14].

Given the mobility model, the expectedtime delivery by
Sprayand Wait algorithmis equalto [14]:
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Fig. 2. The cumulatve distribution function of probability of meetingthe
expecteddelay in Spray and Wait algorithm for different values,where
1> 2> 3

This formula assumeghat in the rst L 1 contacts,the
source node does not meet with the sink node and thus a
wait phaseis needed(probability of this happenings ¥—%).
Here, EW is the expectedduration of wait phasewhich is
actually exponentially distributed with mean%. Note that,
whenM >> L (which we enforceto be satis ed by limiting
permissiblevaluesof L), durationof sprayingphaseis much
shorterthan the duration of waiting phase,so that we can
assumethat the expectedtime of delivery in Sprayand Wait

algorithmis exponentiallydistributed with meanEM-.

Figure 2 shavs the cumulatize distribution function of the
expecteddelay of Spray and Wait algorithm for different L
values.Clearly whenL increasesmeanvalue(1= ) decreases
andthe expecteddelay shrinks.

Our contritution to the spray and wait idea is to control
spray of paclets to other nodesby the urgeny of meeting
the prede ned delivery delay More precisely the algorithm
startswith sprayingthe messagecopiesto fewer nodesthan
theminimumL neededandthenwaitsto seeif the messagés
deliveredfor a certainperiodof time. Whendelivery doesnot
happenthe algorithmincreasethe numberof copiessprayed
and again waits for delivery. This processrepeatsuntil the
messagés deliveredor the time limit for delivery is reached.
Hence,as the time remainingto the limit for delivery time
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Fig. 3. The cumulatve distribution function of delivery time of a message
with sprayingdifferentnumberof copiesin two differentperiods.

decreasesand delivery has not happened, the number of
nodescarrying the messagecopy increases.To the best of
our knowledge, this idea has not beenusedby ary of the
previously publishedalgorithmsfor DTN routing.

Considerthe Figure 3. It summarizesvhat our algorithm
wantsto achieve. In this speci ¢ versionof the algorithm,we
allow two differentsprayingphasesThe rst oneis doneatthe
beginning and the secondone is doneat time xq4. The main
objectve of the algorithm is to attemptdelivery with small
numberof copiesand use the large numberof copiesonly
when this attemptis unsuccessfulWith proper setting, the
averagenumberof copiessprayedn the network till delivery
will be lower than in caseof sprayingall messagest the
beginning.

To analyzethe performanceof our algorithm analytically
we needto derive two formulas,onefor theaveragecopy count
usedby the algorithm,andthe secondone for the cumulatve
distribution of the probability of meetingthe limit for the
deliver delay with mixed number of copies (and therefore
mixed values).The goalis to achieve the samepercentage
of the messagesleliveredin the given limit on the time of
delivery usingfewer copieson averagethanthe standardspray
and Wait algorithmuses.

In our schemeterm period refersto the time durationfrom
the beginning of one sprayingphaseto the beginning of the
next sprayingphase.Theremay be multiple sprayphasesand
the correspondingperiods betweenthem, each of different
length. We start with the analysisof the two period caseto
nd out the optimal periodlengthandthe correspondingopy
countsof each.

1) Two Period Case: Sincethereare two periodsuntil the
limit for the time of delivery of a messagéo the destination
is reachedthe arising questionsare how the time shouldbe
divided into the two periodsandhow mary copiesshouldbe
allowed in each.In other words, what should be the value
of xgq in Figure 3 to minimize the averagecopy countof the
algorithm execution?

1We assumethat the destinationacknavledgesreceized messagesising a
broadcasto all nodes,therebysuppressingary sprayingafter the message
delivery. Suchacknavledgmentsare shortand can be broadcasusing more
powerful radio that often is presentat the destinationnode.



Let's assumethat the standardSpray and Wait algorithm
usesL copies(including the copy in the sourcenode) of a
messagédo achieve the probability py 1 of delivery of the
messagdy the deadlinety. Let's furtherassumehat the Two
Period Delayed Spraying algorithm spraysL ; copiesto the
network at the beginning of execution and additional L ,
L, copiesat time xq4, the beginning of the secondperiod.
Then, the cumulative distribution function of the probability
of delivering the messaget or below time x is:

1 e bx if X Xg
cd (x) = 1 e Lax xs) if X> Xq
where, = 1=EM is an inverse of the expectedmeeting

time of the nodesand xs is the time interval by which the
secondexponentialfunction of the above formulais delayed
comparedto the rst one and de ne by equality of the both
functionsat point xq4, hence:

Lixa = 1 @ L 2(xa %)

Lo Li
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The expecteddelivery ratio when L copies are usedin
the standard Spray and Wait algorithm are by de nition
pg = 1 e Wu 1. We have testedthe successrates
of meetingthe deadlinewith the differentnumberof copies,
wherethe delivery rate and L is chosenfrom the valuesin
Figure 1. We wantto matchthesedelivery ratesby decreasing
the averagenumberof copiesbelow L, the numberof copies
usedin the Spray and Wait algorithm. Hence,the following
inequality mustbe satis ed:

1 e

Xs = Xd

1 e L 2(ta Xs) 1 e Lt ¢
Lo(ty  Xg+ XgLi=Lp) Ltg
We canusethis inequalityto boundxg asxq  tg LL22 L'-l.

It is clearthatto minimize the averagecopy countin the two
period casewith the givenL ; andL, values xyq shouldbe as
large as possible,hence

L, L
a9, L.

We want to minimize the average number of paclets,
c(L1;L>) de ned as:

Xg=1t

C(Ly;ly) = Li(@ e b9
+L2[e L 1Xd e Lt d]
= Li+(Ly Lpe b L,e Mo
L+ (L2 Ll)e L 1Xd -
Substitutingxq in the above, we get:

L L
CZ(Ll;LZ) = L1+ (L2 Ll)e L 1td|-22 L

Taking derivative of c, in regard of L,, and comparingit to
zero,we obtain:

Lo=L1+ thd(L Ll)
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Fig. 4. The cumulatve distribution function with sprayingdifferentnumber
of copiesin threedifferentperiods.
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Taking the derivative of the abore function we canobtainthe
complicatedformulaon the optimal valueof L ; asa function
of L andty, andthentakingthe oor andceiling computethe
correspondingptimal valuesof L, andagain their oors and
ceilingscanbe usedto arrive at the result. A simplermethod
is to enumeratell integer valuesfor L; from1toL 1 and
compute oors andceilingsof eachcorrespondingptimalL ,
to computethe result.

2) Three Period Case: If there are three spray and wait
periods,we needto nd two differentboundarypointswhich
separateheseperiods.Let x4; andxgy, denotetheseboundary
points, respectiely. While the former standsat the boundary
betweenthe rst andthe secondperiods,the latter marksthe
boundarybetweenthe secondand the third periods.The cu-
mulative distribution function of the probability of delivering
the messagdy the time x becomes:

solL, Litg(L L;) andtherefore

ta(L  Ly)e et

8

< 1 e Lx [0; Xq1]
cd(x)= 1 e b2k xs1) (Xd1; Xd2]

1 e L s(x Xs2) (XdZ;X]

wherexs; andxs, arethe delaysof the secondand the third
exponentialfunctionscomparedo the rst andcanbe easily
computedas:

1 e LXxaa = 1 @ L 2(xa1 Xs1)
L L;
Xs1 = Xdi—F——
L>
and analogously
1 e L2(xa2 xs1) = 1 @ L 3(Xa2 Xs2)
Ly L, L, Ly
X = Xpp————= + Xy ——:
s2 d2 L d1 L

ConsiderFigure 4 that illustratesour approachwith three
periods.Similar to the two period case,we want to achieve
the sameor higherdelivery rate py within the given deadline
tg while minimizing the averagenumberof copiesused.That



is, we needto satisfythe following inequality:

1 e Lt ¢ 1 e L s(ta Xs2)
La(ta  Xs2) Ltq
Xd2(Lz  L2)+ Xg1(L2 L) ta(Ls L):

Using this inequality we can eliminatexq, becausdarger
Xg2 IS smaller the average copy count is when all other
parametersL1;L,;L3;Xq1 are kept constant,so using the
above inequality as equation,we obtain:

ta(Ls L) Xa(l2
Lz L2
Furthermorethe averagecopy countusedin this caseis:

L1)

Xd2 =

Li+ (Lz Lye b
+(Ls Lye L 2(Xd2 Xs1)

Cs(L1;L2; L3 Xq1)

Continuingin the sameway asin the two period case(i.e.,
substitutingXsz ; Xq2, taking partial derivative and comparing
to zero),we canobtainthe formula for optimumxgs.

tglo(Ls L)+ log(Li=L3)(Lz L>2)
Lo(Ls Li)

Then,we caneasilyobtainformulacs(L1; L2; L3) by substi-
tuting Xq1 with its optimum.SincelL; < L < Lz andL,
L, Lz andall thesevaluesareintegers,by enumerationye
cansimply nd outthe (L1, L2, L3) combinationthat gives
the minimum copy countfor a givenL.

Xd1 =

IV. SIMULATION RESULTS

In our simulations,we implementedthe original Source
SprayandWait algorithmusinga Java basedvisual simulator
We deployed 100 mobile nodesincluding the sink onto a
torus of the size 300 m by 300 m. All nodes (except the
sink that has high rangefor acknavledgmentbroadcastjare
assumedo be identical and their transmissionrangeis set
at R = 10 m. Nodes maove accordingto random direction
mobility model [10] model. We have created messagesat
randomlyselectedsourcenodesfor delivery to the sink node
whose initial location is also decidedrandomly Then, we
collectedsomeuseful statisticsfrom the network. The results
are averagedover 1000runs.

We have computedthe appropriatecombinationof copy
countsL; for eachperiodi analytically and testedit with
our simulations.Tablel shaws the valuesof optimumL;'s for
differentL values.

We have calculatedthe average number of copies used
by both simulationsand the theory when this optimum L ;
combinations used Figure5 andFigure6 presenthesevalues
for different L values,with two periodsand three periods,
respectiely. In the two period case,resultsare very closeto
eachother however in the three period case,the difference
getsbigger becausean our analysiswe ignoredthe effect of
spraying phase.When number of periods increases period
lengths get smaller so the effect of spraying phaseon the
cumulatie distribution function increases.
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To comparethe performanceof our algorithm with the
original sprayingalgorithm, we have measuredsomemetrics
of both of them via simulations.In thesesimulations,we
used our algorithm with two periods. Figure 7 shows the
the averagevalue of delivery delay for messagesFigure 8
shavs the averagetime of completingspraying. This value
doesnot containthe averageof caseswhen the messagds
deliveredbefore sprayingof all potentialcopies.In Figure9,
we shawv the successate which is actually the percentagef
all simulationsthat have delivery time lessthan or equalto
the given deadlinety.

Whenwe look into thesethreegraphs,we obsenre that our
time basedspraying algorithm incurs higher average delay
but it achieves the samedeliver rate before the deadlineas
the standardsprayingalgorithm. Moreover, sinceour scheme
postponeghe sprayingof all copiesto later times, it nishes
sprayinglater than the standardSprayand Wait algorithm.

L 3 ] 5 6 7 8

2 periods | (2,5) | 3.6) | 3.8) | (4.9 | (5.10) | (6,12)

3 periods | (2,3.6) | (2,4,7) | (3,5,9) | (4.6,10)| (5,7,11) | (5,8,14)
TABLE |

THE OPTIMUM L COMBINATIONS THAT ACHIEVE THE MINIMUM
AVERAGE COPY COUNT WHILE PRESERVING THE DELIVERY RATE BEFORE
DEADLINE OF THE ORIGINAL ALGORITHM.
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spraying. of averagecopiesused.
400 ’ - — 1 .
o Standard ;p;z':ﬁng We obsered that the average number of copies used by
.l | our algorithm is lower than in the original spray and wait
0 algorithm.

201 We applied our algorithm with just two and three period

caseslIn future work, we planto apply it to binary spraying
and considercaseswith more periods.Furthermorewe also
plan to apply our algorithm to a real test bed such as a
e ] disconnectedus network.
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