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Abstract—Intermittently connected mobile networks, also by nodes only when they come into the transmission ranges
called Delay Tolerant Networks (DTNs), are wireless netwdts of each other. If a node has a message copy but it is not
in which at any given time instance, the probability of havig ¢qnnected to another node, it stores the message until an

a complete path from a source to destination is low. Several iat icati tunit . The i i
routing algorithms have been proposed for such networks basd appropriate communication opportunity arises. The imgar

on control flooding in which there is a fixed number of copies considerations in such a design are (i) the number of copies

for each message. that are distributed to the network for each message, and (ii
Although a DTN is delay tolerant by definition, often there is  the selection of nodes to which the message is replicated.
an upper bound imposed on message delivery delay. In this pap In this paper, we study how to distribute the copies of a

we propose a novel spraying algorithm in which the number . .
of mpesgage copies in F;hey ngtwogrk depends on the urgency of 1€SSage among the potential relay nodes in such a way that the

meeting the expected delivery delay for that message. The ima Predefined percentage of all messages meets the givenmeadli
objective of this algorithm is to give a chance to early deliery for delivery with the minimum number of copies used. Unlike
with small number of copies in existence, consequently deeasing  the previous algorithms, we propose a time dependent cgpyin

the average number of copies sprayed in the network. We der&/  scheme which basically considers the time remaining to the
the formula for the optimum borders of periods for spraying for . . -
given delivery deadline.

two-period and three-period variants of our algorithm. We also ) . .
present simulations of the method and compare their resultsvith The idea of our scheme is as follows. We first spray a
the analytical ones and observe the good match between them.number of copies smaller than the necessary to guarantee tha

Furthermore, we demonstrate that time dependent spraying the predefined percentage of all messages is delivered to the

algorithm provides a significant decrease in average copy @0t  yastination before the given delivery deadline. If the ey
per message while preserving the percentage of the messages

delivered before the upper bound of the acceptable delay exes. doe_s not happen for some time, then we Spray some addi_tional
copies of the message to increase the probability of ityeisli

Consequently, if an early delivery with small number of @spi
|. INTRODUCTION happens frequently enough, the average number of copids use

Intermittently connected mobile networks, also referred Py €ach message will be reduced compared to the algorithm
as Delay Tolerant Networks (DTNs), are wireless networks With the constant number of messages.
which at any given time instance, the probability that there ~ The remaining of the paper is organized as follows. In
an end-to-end path from a source to destination is low. Thepgction Il we review the previous work done on this topic
are many examples of such networks in real life includingnd discuss some basic concepts of mobility assisted gutin
wildlife tracking sensor networks [1], military networkg][ We also differentiate our algorithm from others. In Sectilbn
and vehicular ad hoc networks [4]. Since the standard rqutit€ describe our algorithm in detail and provide analysig¢of i
algorithms assume that the network is connected most of gifferent variants. In Section IV, we present evaluatiorth
time, they fail in routing of packets in DTNs. performance of the proposed scheme using simulations and
Routing algorithms for DTNs need to carefully consider thdemonstrate the achieved improvements. We also compare the
transient connectivity of the network. Hence, in recentrgea esults of our analysis with the simulation results. FiaNe
new algorithms using buffering and contact time scheduléer conclusion and outline the future work in Section V.
have been proposed. Since most of the nodes in a DTN I
are mobile, the connectivity of the network is maintained
Routing for delay tolerant networks are generally classifie
This research was sponsored by US Army Research laboratatyttee as either replication based or coding based [13]. In refitica
UK Ministry of Defence and was accomplished under Agreenféantmber pased algorithms, a number of message copies are generated
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official policies, either expressed or implied, of the US ArResearch in the network. Then, any of these nodes, independently of
Laboratory, the U.S. Government, the UK Ministry of Defenee the UK others, tries to deliver the message copy to the destination
Government. The US and UK Governments are authorized t@depe and . . . .

distribute reprints for Government purposes notwithstamdany copyright In COdmg based algomhms’ a message Is converted into
notation hereon. a large set of code blocks such that any sufficiently large
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subset of these blocks can be used to reconstruct the drigitmaanother, it also gives the right of copying the half of its
message. As a result, a constant overhead is maintainel@ndémaining copy count to that node. This results in distedut
network is made more robust against the packet drops whesmd faster spraying compared to the source spraying, bat onc
the congestion arises. However, these algorithms intedmnc the spraying is done, the expected delivery delay is the same
overhead of an extra work needed for coding, forwarding afithe authors provide the expected delay of message delivery
reconstructing code blocks. in these two algorithms in [14].

Epidemic Routing [3] is an approach used by the replication Although there are many algorithms utilizing the contrdlle
based routing algorithms. Basically, in each contact betweflooding approach, the idea of copying depending on the
any two nodes, the nodes exchange their data so that theyency of meeting the delivery deadline has not been used by
both have the same copies. As a result, the fastest spreag of them. To the best of our knowledge this idea is new and
of copies is achieved yielding the optimum delivery timeit helps to decrease the average number of copies generated
However, the main problem with this approach is the overheadthe network. We will describe the details of this idea ie th
incurred by excessive use of bandwidth, buffer space andxt section.
energy caused by the greedy copying and storing of messagesvhile designing a routing algorithm for a mobile network,
Hence, this approach is inappropriate for resource cdnstia an important issue to be considered is the model of mobility
networks. To address this weakness of epidemic routing, # nodes in the network. Random direction, random walk
algorithms with controlled replication or spraying haveebe and random waypoint mobility models are the most popular
proposed [5], [6], [7], [14]. In these algorithms, only a smaones among those used by the previous routing algorithms in
number of copies are distributed to other nodes and each cey field. Among these models, random direction model is
is delivered to the destination independently of others. @bnsidered more realistic than the others.
course, such approach limits the aforementioned overhedd a Node encounters in a mobility model are characterized by
resources are efficiently used. the expected meeting timés(\/). It is assumed that the time

The replication based schemes with controlled replicati@lapsing between two consecutive encounters of any pair of
differ from each other in assumptions that they make abombbile nodes is exponentially distributed with me&n/.
the network. Some of them assume that the trajectories Tis, and some other parameters are specific to each mobility

the mobile devices are known, while some others assume th@ddel and can be derived when the network parameters are
the contact times and durations of nodes are known. There pigwn [10].

also some algorithms which assume zero knowledge about the

network. The algorithms which fall in this last category rsee I1l. TIME DEPENDENTSPRAYING

to be the most relevant to applications because in most of

the delay tolerant networks encountered in real life, meith In this section, we start with listing the assumptions of our

the contact times nor the trajectories are known for certaifodel and then we provide the details of our routing scheme
Consider the difficulty of acquiring such information in @nd its analysis.

wild life tracking application where the nodes are attached We assume that there aké nodes walking on &/ N x N

to animals that move unpredictably. 2D torus according to the random direction mobility model.

The algorithms which assume zero knowledge about thgich node has a transmission ranBeand all nodes are
network include the one presented in [9], as well as Majdentical. Following the assumptions of the standard Spray
Prob [12], SCAR [11] and Spray and Wait [8]. In each ofVait algorithm, we assume that the meeting times of nodes
these algorithms limited number of copies are used to delivare independent and identically distributed (1ID) expdisn
a message. Yet, the process of choosing the nodes for pladgiagdom variables. Furthermore, we also assume the buffer
new replications is different in each of them. In [9] andpace in a node is infinite (not crucial since we use number of
MaxProb each node carries its delivery probability which igiessage copies that is comparable to the standard algdrithm
updated in each contact with other nodes. If a node withaad the communication between nodes is perfectly separable
message copy meets another node that does not have the dbyy, is, any communicating pair of nodes do not interfere
it replicates the message to the contact node only if thag¢'sodwith any other simultaneous communication. To be consisten
delivery probability is higher than its own. A similar ides i with previous research, bl we denote the number of copies
used in SCAR. Each node maintains a utility function whicHistributed to the network.
defines the carrier quality in terms of reaching the destinat  In some studies, authors find out the minimum number of
Then, each node tries to deliver its data in bundles to a numigepies needed to deliver the messages to a destination with a
of neighboring nodes which have the highest carrier qualitypredefined probability before the given delivery deadliis.

In [8] Spyropoulos et al. propose two different algorithmsdiscussed previously, the optimal delay in a mobile network
called (i) Source Spray and Wait, and (ii) Binary Spray anid obtained by epidemic routing in which there is a complete
Wait, respectively. While in the former, only the source ismessage exchange at every contact of any two nodes. Figure 1
capable of spraying copies to other nodes, in the latter ahows the minimum number of copied.{;,) needed to
nodes having the copy of the message are allowed to do achieve the expected delay by facta@rlarger then the optimal
In Binary Spray and Wait, when one node copies a messatgday [14].



cdf for catching the delay
22 1

201 R 0.
18 o8l
. 0.7} -7
14t \ 1

q o6
12} R

cdf

0.5F

Minimum Copy Count

0.4F

0.3k

T m
- ——

R 4 0.2 A0

B - -m - -8

e 4 0.1 AL+AZ |

oN » O ®

1 2 3 a 5 6 7 8 9 10 11 o 100 200 300 400 500 600 700 800
a times Optimum Delay x(time)

Fig. 1. Minimum L needed to meet the delay equal & times the optimum Fig. 3. The cumulative distribution function of deliverynt¢ of a message
delay. when spraying different numbers of copies in two differeatigds.

passes. Hence, as the time remaining to the delivery deadlin
decreases and delivery has not yet happ&rtké number of
nodes carrying the message copy increases. To the best of
our knowledge, this idea has not been used by any of the
previously published algorithms for DTN routing.
Consider the Figure 3. It summarizes what our algorithm
achieves. In this specific version of the algorithm, we allow
T me two different spraying phases. The first one starts at the
beginning, while the second one begins at timye The main
Fig. 2. The cumulative distribution function of probahjiliof meeting the Objective of the algorithm is to attempt delivery with small
expected delay in Spray and Wait algorithm for differentvalues, where number of copies and use the large number of copies only
Ar>A2>Ag when this attempt is unsuccessful. With proper setting, the
average number of copies sprayed in the network till the
message delivery or the delivery deadline will be lower than
in case of spraying all messages at the beginning.
To analyze the performance of our algorithm analytically,

cdf of expected delay

€

Given the mobility model, the expected delivery time of
message in the Spray and Wait algorithm is equal to [14]:

Ll e M-I we need to derive two formulas, one for the average copy count
Z M —3 + M — 1EW used by the algorithm, and the second one for the cumulative
=1 distribution of the probability of meeting the delivery difiae

This formula assumes that in the firét — 1 contacts, the with mixed number of copies (and therefore mixedalues).
source node does not meet with the sink node and thusTlae goal is to achieve the same delivery rate of messages by
wait phase is needed (probability of this happenin%ﬁ%). the given message delivery deadline while using fewer copie
Here, EW is the expected duration of wait phase which ien average than the standard Spray and Wait algorithm does.
actually exponentially distributed with mea*~. Note that, In our scheme, terrperiodrefers to the time duration from
when M >> L (which we enforce by limiting permissible the beginning of one spraying phase to the beginning of the
values ofL), duration of spraying phase is much shorter thamext spraying phase. There may be multiple spray phases and
the duration of waiting phase, so that we can assume tlia¢ corresponding periods between them, each of different
the expected time of delivery in Spray and Wait algorithm iength. We start with the analysis of the two-period case to
exponentially distributed with meaﬁLM. find out the optimal period length and the corresponding copy

Figure 2 shows the cumulative distribution function of theounts of each.
expected delay of Spray and Wait algorithm for differént 1) Two-Period Case:Since there are to be two periods
values. Clearly, whell increases, mean value/() decreases before the message delivery deadline is reached, the ativisi
and the expected delay shrinks. of time into two periods has to be decided together with the

Our contribution to the spray and wait approach is toumber of message copies that will be made in each. In other
control spray of packets to other nodes based on the urgency
of meeting the given delivery deadline. More precisely, thelwe assume that the destination acknowledges received gesssaing a
algorithm starts with spraying the message copies to fewkgpadcast to all nodes, thereby suppressing any sprayteg the message

.. . . delivery. Such acknowledgments are short and can be brsiadsang more

nodes than the minimuth needed and then waits for a Certa”?)owerful radio that is often present at the destination nédéough this as-
period of time to see if the message is delivered. When dglivesumption might be quite strong, the initial results of ouufe work indicates

does not happen, the algorithm increases the number ofopfigt using epidemic like acknowledgment spreading may Higcigmt. The
d d . its for deliverv. This process re eafldmonal cost of spraying caused by the epidemic delaykf@avledgments
Sprayed and again waits tor very. IS p ped auite small and our method still decreases the averageammt compared

until either the message is delivered or the delivery deadlito the standard algorithm.



cdf for catching the delay

words, we need to choose such valuexgfin Figure 3 that 2

the average copy count of used by the algorithm is minimized. ]
Let's assume that the standard Spray and Wait algorithm T

usesL copies (including the copy in the source node) of a Bl -

message to achieve the probability ~ 1 of delivery of the ol

message by the deadling Let's further assume that the Two-

Period Delayed Spraying algorithm sprays copies to the * ]

network at the beginning of execution and additiohal — b A—— 1

L, copies at timez,, the beginning of the second period. xme)

Then, the cumulative distribution function of the probéil

of delivering the message at or below timds: Fig. 4. The cumulative distribution function when sprayiitierent numbers

of copies in three different periods.
1 — e bz if x<uxzy4
cdf (x) = { 1 — e—ala(z—zs) if > xy

Taking derivative ofc, in regard of L, and comparing it to
where,o = 1/EM is the inverse of the expected meetingero, we obtain:

time of any pair of nodes and; is the delay with which

the spraying withZL, copies would need to start to match the Ly = L1+ aLita(L — L)
performance of our algorithm in the second period. To malé% Lo— Ly = aLita(L — L) and therefore
it more clear, consider the two cdf's marked and A\;+)\s
in Figure 3. The second exponential function starts growing c3(L1) = L1[1 + atg(L — Ly)e”“rtatl]

with meanl/\; and at timez, it changes its mean value to_ o ) )
1/ and mimics the first function’s behavior after time. Taking the derivative of the above function, we can obtain a

The value of ther, can be found using the equality of bothcomplicated formula for Fhe optimal value ﬂq_as a function

cdf functions at timer,: of L andt,, and then taking the floor and ceiling of this value
we can compute the corresponding optimal valuespfThen
again floors and ceilings of the latter values can be used to

1 —eoliza _— 1 _ pmalx(za—zs) arrive at the result. We can also prove thatddr,t; > 1 there
Ly— L is exactly one minimum of the cost function with positive
Ts = AT value of L;. A simple method to find this minimum is to

) ] ) ) enumerate all integer values fdr; from 1 to L — 1 and

The expected delivery ratio whe copies are used in the compute floors and ceilings of each corresponding optimal
standard Spray and Wait algorithm is by definitipn= 1 — Lo.
efaLt_d ~ 1. We have tested the success rates of meeting the)) Three-Period Caseif there are three spray and wait
deadline with different number of copies, where the dejivelerinds, we need to find two different boundary points which
rate andL are chosgn from the va[ues in F|gu_re 1. We Warfeparate these periods. el andzg. denote these boundary
to match these_ delivery rates while decreasmg the averagints, respectively. While the former stands at the bognda
number of copies below., the number of copies used iNpepyeen the first and the second periods, the latter marks the
the standard Spray and Wait algorithm. Hence, the following, ngary between the second and the third periods. The cu-
inequality must be satisfied: mulative distribution function of the probability of dediving

| _ p—oLa(ta=2.) = | _ g—oLty the message by the time x becomes:

Loty — xq + waly/Lo) > Lty 1—eoh® [0, 241
cdf(z) = ¢ 1 —em@b2(rmea) (g4 ]
We can use this inequality to boung aszq < t4 LL;:LLl‘ 1 — e—ola(z—a2) (T a2, 2]

Moreover, the larger:, is the lower the average copy count . . . . - .
is with the samel; and L, values. Since our aIgoritthhereISi 'S the delay with which spraying witil, copies

. . . .. waould have to start to equal the cdf of our algorithm over the
aims at decreasing the average copy count while maintaining

the delivery rate of the standard spraying algorithm, then ¢ spraying period. These values can be easily computed as:

optimal 2y must be largest possible and therefore 1 —eoliwar — 1 _ pmola(Ta—us1)
Ly — L
g =1 Lo—L Ts1 = $d172L !
d sz “ I, 2

o and analogously
We want to minimize the average number of packets,

¢o(L1, Lo) defined as: 1 —e ofelvwmra) = 1 _gmaloltar=we)
L3 — Lo Lo — Ly
——— g

Ls tar

Ts2 = Td2

Lo—L
CQ(Lla L2) = Ll + (L2 — Ll)eiathd L22*L1
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Consider Figure 4 that illustrates our approach with three
periods. As in the two-period case, we want to achieve
no lower delivery ratep; by the given deadling; while
decreasing the average number of copies used compared to
the standard spraying algorithm. That is, we need to satisfy
the following inequality:

)

)

w

Average Copy Count
S

N

—alt —als(tg—xs —o&— Theory-2 periods | |
L—eobte < 1 atallomen)
1 . . . T T T
2 3 4 5 6 7 8 9
- - = - L of Optimum combination
IdQ(Lg LQ)—‘,-Idl(LQ Ll) < td(Lg L)

Using this inequality, we can eliminate;, because the _ S
larger 4o is the smaller the average copy count is when d\j{!ﬁég-th: ggg‘nfjr?]ssglgéti*:]et\?v‘ﬁ;ae%ﬁ)gofgsgoi‘;“fsgom theodysamulation
other parameters,,, Lo, L3 and x4, are kept constant. So '
using the above inequality as an equality, we obtain:

_ td(L3 — L) — xdl(LQ — Ll)

)

Td2

L3 — Lo 5

Furthermore, the average copy count used in this case is: E,

cs(L1, Lo, L3, wa1) = L1+ (Ly— Ly)e *fr*a £
<

+(L3 _ L2)e—OtL2(ﬂCd2—Isl)

N

—&— Theory-3 periods 1
—— Simulation-3 periods|

4 5 6 7 8 9
L of Optimum combination

-

N
w

Continuing in the same way as in the two-period case (i.e.,
substitutingzx s, 242, taking partial derivative and comparing

it to zero), we can obtain the formula for optimury; . ) ) ) )
Fig. 6. A comparison of the average copy counts from theodysamulation

atgLo(Ls — L) +log(L1/Ls)(Ls — Lo) when the optimum value in three-period case is used.
OéLg (L3 — Ll)

Then, we can easily obtain formug(L, L2, L3) by substi- gimylations. Table | shows these optimal's for different

tuting z41 with its optimum value. Sincd,; < L, then we [, yayes.

can easily enumerate all feasible valuesiqf For givent,, We calculated the average number of copies used by both

L andL;, we can simply bound., from inequalityza1 <ts sjmulations and the theory when this optimdmcombination

as Ly < Ly + (L — Ly)e*™1", so for each value oL, We s ysed. Figures 5 and 6 present these values for different

will have a small number of feasible valuesof to consider. |, values, with two periods and three periods, respectively.

Finally, from inequalitieszs; > 0 and zg; < tq We have | the two-period case, theoretical and simulation resailés

Ly < Ly + (L — Ly)e®" — (Ly — Ly)e®2= 101, s0 for yery close to each other. However in the three-period chse, t

each feasible pail.,, L, we have small number of feasiblegjtference gets bigger because in our analysis we ignored th

Ls’s to enumerate and find the optimal triplg, Lo, Ls. effect of spraying phase. When number of periods increases,
IV. SIMULATION RESULTS period lengths get smaller, so the effect of spraying phase o

: : . the cumulative distribution function increases.
In our simulations, we implemented the standard Source . .
To compare the performance of our algorithm with the

Spray and Wait algorithm using a J.ava b‘?‘SEd visugl Simul";‘tgtrandard spraying algorithm, we have measured some metrics
We deployed 100 mobile nodes, including the sink, onto both of them via simulations. In these simulations, we

torus of the size 300 m by 300 m. All nodes (except the sinq%

. . used our algorithm with two periods. Figure 7 shows the
that has high range and uses it for acknowledgment brogdc E averagegvalue of delivery F()jelay for rgessages Figure 8
are assumed to be identical and their transmission range i

IS . . : .

; . 27shows the average time of completing spraying. This value

set atR = 10 m. Nodes move according to random dlrectloa a9 P g spraying .
es not contain the average of cases when the message is

mobility model [10]. The speed of a node is randomly selected,. ) ; : .
from the range [4, 13},/s and once the speed of the node i%fghvered before spraying of all potential copies. In Feyr,

determined, it goes in the same direction as long as an epWFﬁ ;how t_he success rate W.hiCh is_ actually the percentage of
' o ) {'simulations that have delivery time less than or equal to

lasts. Each epoch duration is again randomly selected fnem

range [8, 15§. Accordingly, we seF' M to 480, son = 1/480.

All messages are generated at randomly selected nodes |ahd _ 235 346 358 469 5710 681 ,

are addressed to the sink node whose initial location is a Qé Sg:;gdz (;’3’23) é,;&) é,g,é) (4(,6,1)0) (é,%,li) (é”&lz)l)

assigned randomly. Then, we collected some useful statisti

from the network. The results are averaged over 1000 runs. TABLE |

We computed the optimal combinations of copy counts THE OPTIMAL L; COMBINATIONS FOR THE GIVENL.
L; for each period: analytically and tested them via our

Td1 =
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Fig. 10. The improvement in the average number of copies dsédered
by the time based spraying .

V. CONCLUSION AND FUTURE WORK

In this paper, we focus on the problem of routing for Delay
Tolerant Networks in which the nodes are disconnected most
of the time. We introduce a Time Dependent Spray and Wait
algorithm and evaluate its performance with simulatione. W
observed that our algorithm uses fewer message copies on
average than the standard Spray and Wait algorithm does.

We applied our algorithm with just two and three-period
cases. In future work, we plan to apply it to binary spraying
and consider cases with more periods. Furthermore, we will
evaluate our algorithm with different mobility models anidhw
a real test bed data such as a disconnected bus network.
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