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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 fr om a sourceto destination is low. Several routing
algorithms are proposedfor suchnetworks basedon �ooding and
erasure coding techniques.Since �ooding based schemessuffer
fr om huge overhead of bandwidth and energy consumption due
to redundant transmissions,controlled �ooding algorithms which
use�xed number of copiesfor eachmessagehave 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
messages.In 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
message.The 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 present the simulations of the method
and compare their results with the analytical onesand observe
the good match between them. Furthermor e, we demonstrate
that time dependent spraying algorithm provides a signi�cant
decreasein averagecopy count per messagewhile preserving the
percentageof the messagesdelivered before the upper bound of
the acceptabledelay expires.

I . INTRODUCTION

Intermittently connectedmobile networks also referredto
asDelay TolerantNetworks (DTNs) arewirelessnetworks in
which at any given time instance,the probability that thereis
an end-to-endpathfrom a sourceto destinationis low. There
are many examplesof such networks in real life including
wildlife tracking sensornetworks [1], military networks [2]
andvehicularad hoc networks [4]. Sincethe standardrouting
algorithmsassumethat the network is connectedmost of the
time, they fail in routing of packets in DTNs.

Routingalgorithmsfor DTNs needto carefullyconsiderthe
disconnectivity of the network. Hence,in recentyears,new
algorithmsusing buffering and contact time scheduleshave
beenproposed.Sincemostof thenodesin a DTN aremobile,
theconnectivity of thenetwork is maintainedonly whennodes
comeinto thetransmissionrangesof eachother. If anodehasa
messagecopy but it is not connectedto anothernode,it stores
the messageuntil an appropriatecommunicationopportunity
arises.The importantconsiderationsin sucha designare (i)
the numberof copiesthat are distributed to the network for

eachmessage,and (ii) the selectionof nodesto which the
messageis replicated.

In this paper, we study how to distribute the copiesof a
messageamongthe potentialrelay nodesin sucha way that
theprede�nedpercentageof all messagesmeetsthegivenlimit
for delay of delivery with the minimum number of copies
used.Unlike thanthe previous algorithms,we proposea time
dependentcopying schemewhich basicallyconsidersthe time
remainingto the given limit for the delayof delivery.

The ideaof our schemeis as follows. We �rst spraysome
numberof copiessmallerthanthe necessaryto guaranteethat
theprede�nedpercentageof all messagesmeetsthegivenlimit
for delayof delivery of the messageto the destination.If the
delivery doesnot happenfor sometime, thenwe spraysome
additionalcopiesof themessageto increasetheprobabilityof
its delivery. Consequently, we will bene�t from early delivery
with less number of copies, if it happens,so the average
numberof copiesusedby eachmessageis minimized.

The remaining of the paper is organized as follows. In
SectionII we presentthe previous work done on this topic
anddiscusssomebasicmobility assistedroutingconcepts.We
alsodifferentiateour algorithmfrom others.In SectionIII we
describeour algorithmin detailandprovide its analysisfor its
differentvariants.In SectionIV, we presentevaluationof the
performanceof the proposedschemeusing simulationsand
demonstratetheachieved improvements.We alsocomparethe
resultsof our analysiswith the simulationresults.Finally, we
offer conclusionandoutline the future work in SectionV.

I I . RELATED WORK

Routingalgorithmsfor delaytolerantnetworksaregenerally
classi�ed as either replication basedor coding based[13].
In replication basedalgorithms, multiple or a single copy
of the messageis generatedand distributed to other nodes
(often referred to as relays) in the network. Then, any of
thesenodes,independentlyof others,try to deliver themessage
copy to thedestination.In codingbasedalgorithms,a message
is converted into a large set of code blocks such that any
suf�ciently large subsetof theseblockscanbe usedto recon-
struct the original message.As a result, a constantoverhead
is maintainedand the network is mademore robust against
the packet dropswhen the congestionarises.However, these
algorithmsintroduceanoverheadof anextra work neededfor
coding,forwardingandreconstructingcodeblocks.



EpidemicRouting[3] is anapproachusedby thereplication
basedrouting algorithms.Basically, in eachcontactbetween
any two nodes,the nodesexchangetheir data so that they
both have the samecopies. As a result, the fastestspread
of copies is achieved yielding the optimum delivery time.
However, the main problemof this approachis the overhead
incurredin bandwidthusage,buffer spacerequiredandenergy
consumedby the greedy copying and storing of messages.
Hence,this approachis inappropriatefor resourceconstrained
networks. To addressthis weaknessof epidemicrouting, the
algorithmswith controlledreplicationor sprayinghave been
proposed[5], [6], [7], [14]. In thesealgorithms,only a small
numberof copiesaredistributedto othernodesandeachcopy
is delivered to the destinationindependentlyof others. Of
course,suchapproachlimits theaforementionedoverheadand
resourcesareef�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 devicesareknown while someothersassumethat the
contact times and durationsof nodesare known. There are
also some algorithms which assumezero knowledge about
the network. The algorithmswhich fall in this last category
seemto be the most relevant to applicationsbecausein most
of the examplesof delay tolerant networks from real life,
neither the contact times nor the trajectoriesare known for
certain.Considerthe dif�culty of acquiringsuchinformation
in a wild life trackingapplicationwherethenodesareattached
to animalsthat move unpredictably.

The algorithms which assumezero knowledge about the
network include[9], MaxProb[12], SCAR[11] andSprayand
Wait [8]. In eachof thesealgorithmslimited numberof copies
areusedto deliver a message.Yet, theprocessof choosingthe
nodesfor placingnew replicationsis differentin eachof them.
In [9] andMaxProbeachnodecarriesits delivery probability
which is updatedin eachcontactwith othernodes.If a node
with a messagecopy meetsanothernodethat doesnot have
the copy, it replicatesthe messageto the contactnode only
if that node's delivery probability is higher than its own. A
similar idea is usedin SCAR. Eachnodemaintainsa utility
functionwhich de�nes thecarrierquality in termsof reaching
the destination.Then, eachnode tries to deliver its data in
bundles to a number of neighboringnodeswhich have the
highestcarrierquality.

In [8] Spyropouloset al. proposetwo different algorithms
called SourceSpray and Wait and Binary Spray and Wait,
respectively. 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 nodecopiesa messageto
anothernode,it alsogivesthe right of copying the half of its
remainingcopy count to that node.This resultsin distributed
andfastersprayingcomparedto thesourcespraying,but once
the sprayingis done,the expecteddelivery delayis the same.
The authorsprovide the expecteddelay of messagedelivery
in thesetwo algorithmsin [14].

Although therearemany algorithmsutilizing thecontrolled
�ooding approach,the idea of copying dependenton the
urgency of meeting the limit on delay for delivery of a
messagehas not beenusedby any of them. To the best of
our knowledge this idea is new and it helps to decreasethe
averagenumberof copiesgeneratedin the network. We will
describethe detailsof this idea in the next section.

While designinga routingalgorithmfor mobilenetwork, an
importantissuethatmustbeconsideredis themodelof 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
consideredmorerealistic than the others.

In a network with mobile nodesmoving accordingto a
mobility model,two conceptsareintroduced;expectedhitting
time (ET) and expectedmeetingtime (EM ). While ET of
a node is de�ned as the expectedtime interval of being in
contact(in the transmissionrange)with a stablenode(most
often thesink), EM of a nodeis de�ned astheexpectedtime
interval of beingin contactwith a nearbymobile node.These
two parametersarespeci�c to eachmobility modelandcanbe
derived when the network parametersare known [10]. Then,
the hitting time and the meeting time of a samplenode in
such a network are assumedto be exponentially distributed
with meanET andEM , respectively.

I I I . TIME DEPENDENT SPRAYING

In this section,we startwith listing the assumptionsof our
modelandthenwe provide the detailsof our routing scheme
and its analysis.

We assumethat thereare M nodesrandomlywalking on
a

p
N x

p
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 sincewe use lesscopies),and the
communicationbetweennodes is assumedto be perfectly
separable,that is, any communicatingpair of nodesdo not
interferewith any other simultaneouscommunication.To be
consistentwith previousresearch,by L we denotethenumber
of copiesdistributed to the network.

In some studies,authors �nd out the minimum number
of copies neededto achieve a given delay with prede�ned
probability. As discussedpreviously, the optimal delay in a
mobilenetwork is obtainedby epidemicroutingin which there
is a completemessageexchangein every contactof any two
nodes.Figure1 shows theminimumnumberof copies(L min )
neededto achieve the expecteddelay which is 0a0 times the
optimal delay [14].

Given the mobility model, the expectedtime delivery by
SprayandWait algorithmis equalto [14]:

L � 1X

i =1

EM
M � i

+
M � L
M � 1

EW
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Fig. 1. Minimum L neededto meetthedelayequalto 0a0 timestheoptimum
delay.
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Fig. 2. The cumulative distribution function of probability of meetingthe
expecteddelay in Spray and Wait algorithm for different � values,where
� 1>� 2>� 3

This formula assumesthat in the �rst L � 1 contacts,the
sourcenode does not meet with the sink node and thus a
wait phaseis needed(probability of this happeningis M � L

M � 1 ).
Here, EW is the expectedduration of wait phasewhich is
actually exponentiallydistributed with mean E M

L . Note that,
whenM >> L (which we enforceto be satis�ed by limiting
permissiblevaluesof L ), durationof sprayingphaseis much
shorter than the duration of waiting phase,so that we can
assumethat the expectedtime of delivery in Sprayand Wait
algorithmis exponentiallydistributedwith mean E M

L .
Figure 2 shows the cumulative distribution function of the

expecteddelay of Spray and Wait algorithm for different L
values.Clearly, whenL increases,meanvalue(1=� ) decreases
and the expecteddelayshrinks.

Our contribution to the spray and wait idea is to control
spray of packets to other nodesby the urgency of meeting
the prede�ned delivery delay. More precisely, the algorithm
startswith sprayingthe messagecopiesto fewer nodesthan
theminimumL neededandthenwaits to seeif themessageis
deliveredfor a certainperiodof time. Whendelivery doesnot
happen,the algorithmincreasesthe numberof copiessprayed
and again waits for delivery. This processrepeatsuntil the
messageis 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 cumulative distribution function of delivery time of a message
with sprayingdifferentnumberof copiesin two differentperiods.

decreasesand delivery has not happened1, the number of
nodescarrying the messagecopy increases.To the best of
our knowledge, this idea has not been used by any of the
previously publishedalgorithmsfor DTN routing.

Considerthe Figure 3. It summarizeswhat our algorithm
wantsto achieve. In this speci�c versionof the algorithm,we
allow two differentsprayingphases.The�rst oneis doneat the
beginning and the secondone is doneat time xd. The main
objective of the algorithm is to attemptdelivery with small
numberof copiesand use the large numberof copiesonly
when this attempt is unsuccessful.With proper setting, the
averagenumberof copiessprayedin the network till delivery
will be lower than in caseof sprayingall messagesat the
beginning.

To analyzethe performanceof our algorithm analytically,
weneedto derive two formulas,onefor theaveragecopy count
usedby the algorithm,andthe secondonefor the cumulative
distribution of the probability of meeting the limit for the
deliver delay with mixed number of copies (and therefore
mixed � values).The goal is to achieve the samepercentage
of the messagesdelivered in the given limit on the time of
deliveryusingfewercopiesonaveragethanthestandardSpray
andWait algorithmuses.

In our scheme,termperiod 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 theoptimalperiodlengthandthecorrespondingcopy
countsof each.

1) Two Period Case: Sincethereare two periodsuntil the
limit for the time of delivery of a messageto the destination
is reached,the arising questionsare how the time shouldbe
divided into the two periodsandhow many copiesshouldbe
allowed in each. In other words, what should be the value
of xd in Figure3 to minimize the averagecopy countof the
algorithmexecution?

1We assumethat the destinationacknowledgesreceived messagesusing a
broadcastto all nodes,therebysuppressingany sprayingafter the message
delivery. Suchacknowledgmentsare short and can be broadcastusing 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
messageto achieve the probability pd � 1 of delivery of the
messageby thedeadlinetd. Let's furtherassumethat theTwo
Period DelayedSprayingalgorithm spraysL 1 copiesto the
network at the beginning of execution and additional L 2 �
L 1 copies at time xd, the beginning of the secondperiod.
Then, the cumulative distribution function of the probability
of delivering the messageat or below time x is:

cdf (x) =
�

1 � e� �L 1 x if x � xd

1 � e� �L 2 (x � x s ) if x > xd

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 formula is delayed
comparedto the �rst one and de�ne by equality of the both
functionsat point xd, hence:

1 � e� �L 1 x d = 1 � e� �L 2 (x d � x s )

xs = xd
L 2 � L 1

L 2

The expecteddelivery ratio when L copies are used in
the standardSpray and Wait algorithm are by de�nition
pd = 1 � e� �Lt d � 1. We have tested the successrates
of meetingthe deadlinewith the different numberof copies,
where the delivery rate and L is chosenfrom the valuesin
Figure1. We want to matchthesedelivery ratesby decreasing
the averagenumberof copiesbelow L, the numberof copies
usedin the Sprayand Wait algorithm. Hence,the following
inequalitymustbe satis�ed:

1 � e� �L 2 ( t d � x s ) � 1 � e� �Lt d

L 2(td � xd + xdL 1=L2) � Lt d

We can usethis inequality to boundxd as xd � td
L 2 � L

L 2 � L 1
.

It is clear that to minimize the averagecopy count in the two
periodcasewith the given L 1 andL 2 values,xd shouldbe as
large aspossible,hence

xd = td
L 2 � L
L 2 � L 1

We want to minimize the average number of packets,
c2(L 1; L 2) de�ned as:

c2(L 1; L 2) = L 1(1 � e� �L 1 x d )

+ L 2[e� �L 1 x d � e� �Lt d ]

= L 1 + (L 2 � L 1)e� �L 1 x d � L 2e� �Lt d

� L 1 + (L 2 � L 1)e� �L 1 x d :

Substitutingxd in the above, we get:

c2(L 1; L 2) = L 1 + (L 2 � L 1)e� �L 1 t d
L 2 � L

L 2 � L 1

Taking derivative of c2 in regard of L 2, and comparingit to
zero,we obtain:

L 2 = L1 + � L 1td(L � L 1)
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Fig. 4. The cumulative distribution function with sprayingdifferentnumber
of copiesin threedifferentperiods.

so L 2 � L 1 = � L 1td(L � L 1) and therefore

c�
2(L 1) = L 1[1 + � td(L � L 1)e� �L 1 t d +1 ]:

Taking the derivative of the above function we canobtainthe
complicatedformula on the optimal valueof L �

1 asa function
of L andtd, andthentaking the �oor andceiling computethe
correspondingoptimal valuesof L �

2 andagain their �oors and
ceilingscanbe usedto arrive at the result.A simplermethod
is to enumerateall integer valuesfor L 1 from 1 to L � 1 and
compute�oors andceilingsof eachcorrespondingoptimalL 2

to computethe result.
2) Three Period Case: If there are three spray and wait

periods,we needto �nd two differentboundarypointswhich
separatetheseperiods.Let xd1 andxd2 denotetheseboundary
points, respectively. While the former standsat the boundary
betweenthe �rst and the secondperiods,the latter marksthe
boundarybetweenthe secondand the third periods.The cu-
mulative distribution function of the probability of delivering
the messageby the time x becomes:

cdf (x) =

8
<

:

1 � e� �L 1 x [0; xd1]
1 � e� �L 2 (x � x s 1 ) (xd1; xd2]
1 � e� �L 3 (x � x s 2 ) (xd2; x]

wherexs1 andxs2 are the delaysof the secondandthe third
exponentialfunctionscomparedto the �rst andcanbe easily
computedas:

1 � e� �L 1 x d 1 = 1 � e� �L 2 (x d 1 � x s 1 )

xs1 = xd1
L 2 � L 1

L 2

andanalogously

1 � e� �L 2 (x d 2 � x s 1 ) = 1 � e� �L 3 (x d 2 � x s 2 )

xs2 = xd2
L 3 � L 2

L 3
+ xd1

L 2 � L 1

L 3
:

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



is, we needto satisfy the following inequality:

1 � e� �Lt d � 1 � e� �L 3 ( t d � x s 2 )

L 3(td � xs2) � Lt d

xd2(L 3 � L 2) + xd1(L 2 � L 1) � td(L 3 � L ):

Using this inequality, we can eliminatexd2 becauselarger
xd2 is smaller the average copy count is when all other
parametersL 1; L 2; L 3; xd1 are kept constant,so using the
above inequalityasequation,we obtain:

xd2 =
td(L 3 � L ) � xd1(L 2 � L 1)

L 3 � L 2

Furthermore,the averagecopy countusedin this caseis:

c3(L 1; L 2; L 3; xd1) � L 1 + (L 2 � L 1)e� �L 1 x d 1

+( L 3 � L 2)e� �L 2 (x d 2 � x s 1 )

Continuing in the sameway as in the two period case(i.e.,
substitutingxs1; xd2, taking partial derivative and comparing
to zero),we canobtain the formula for optimumxd1.

xd1 =
� tdL 2(L 3 � L ) + log(L 1=L3)(L 3 � L 2)

� L 2(L 3 � L 1)

Then,we caneasilyobtain formula c�
3(L 1; L 2; L 3) by substi-

tuting xd1 with its optimum.SinceL 1 < L < L 3 and L 1 �
L 2 � L 3 andall thesevaluesareintegers,by enumeration,we
can simply �nd out the (L 1, L 2, L 3) combinationthat gives
the minimum copy count for a given L.

IV. SIMULATION RESULTS

In our simulations,we implementedthe original Source
SprayandWait algorithmusinga Java basedvisualsimulator.
We deployed 100 mobile nodes including the sink onto a
torus of the size 300 m by 300 m. All nodes(except the
sink that hashigh rangefor acknowledgmentbroadcast)are
assumedto be identical and their transmissionrange is set
at R = 10 m. Nodes move accordingto random direction
mobility model [10] model. We have createdmessagesat
randomlyselectedsourcenodesfor delivery to the sink node
whose initial location is also decided randomly. Then, we
collectedsomeusefulstatisticsfrom the network. The results
areaveragedover 1000runs.

We have computedthe appropriatecombinationof copy
counts L i for each period i analytically and testedit with
our simulations.TableI shows thevaluesof optimumL i 's for
differentL values.

We have calculatedthe average number of copies used
by both simulationsand the theory when this optimum L i

combinationis used.Figure5 andFigure6 presentthesevalues
for different L values,with two periods and three periods,
respectively. In the two period case,resultsare very closeto
eachother, however in the three period case,the difference
getsbigger becausein our analysiswe ignoredthe effect of
spraying phase.When number of periods increases,period
lengths get smaller, so the effect of spraying phaseon the
cumulative 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 messages.Figure 8
shows the averagetime of completingspraying.This value
doesnot contain the averageof caseswhen the messageis
deliveredbeforesprayingof all potentialcopies.In Figure9,
we show the successratewhich is actually the percentageof
all simulationsthat have delivery time less than or equal to
the given deadlinetd.

Whenwe look into thesethreegraphs,we observe that our
time basedspraying algorithm incurs higher averagedelay
but it achieves the samedeliver rate before the deadlineas
the standardsprayingalgorithm.Moreover, sinceour scheme
postponesthe sprayingof all copiesto later times, it �nishes
sprayinglater than the standardSprayandWait algorithm.

L 3 4 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 I
THE OPTIMUM L i COMBINATIONS THAT ACHIEVE THE MINIMUM

AVERAGE COPY COUNT WHILE PRESERVING THE DELIVERY RATE BEFORE
DEADLINE OF THE ORIGINAL ALGORITHM .
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Finally, Figure10 shows the improvementachieved by our
algorithmin theaveragenumberof copiespermessagefor dif-
ferentL values.While thetwo periodcasedemonstratesabout
16% bene�t, the threeperiodcaseshows higherimprovement
of about20%.

V. CONCLUSION AND FUTURE WORK

In this paper, we focus on the problem of routing for
DelayTolerantNetworks in which thenodesaredisconnected
most of the time. We proposea time dependentspray and
wait algorithmandevaluateits performancewith simulations.

2 3 4 5 6 7 8 9
0.7

0.75

0.8

0.85

0.9

0.95

1

Copy count (L) in standard spraying

A
ve

ra
g
e
 s

u
cc

e
ss

 r
a
te

Standard Spraying
Time based Spraying

Fig. 9. The deliver rate comparisonfor standardsprayingand time based
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of averagecopiesused.

We observed that the average number of copies used by
our algorithm is lower than in the original spray and wait
algorithm.

We applied our algorithm with just two and three period
cases.In future work, we plan to apply it to binary spraying
and considercaseswith more periods.Furthermore,we also
plan to apply our algorithm to a real test bed such as a
disconnectedbus network.
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