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ABSTRACT

A large body of work has theoretically analyzed the perfor-
mance of routing schemes for mobile opportunistic networks.
But a vast majority of these prior studies have ignored wire-
less contention. Recent papers have shown through simula-
tions that ignoring contention leads to inaccurate and mis-
leading results, even when studying sparse networks.

In this paper, we analyze the performance of routing schemes

under contention. To model contention we use our recently-
proposed analytical framework which is applicable to any
multi-hop wireless network. Then, we take into considera-
tion the special characteristics of mobile opportunistic net-
works and compute the delays for four representative rout-
ing schemes for these networks. Finally, we use these delay
expressions to answer practical questions in the context of
designing more efficient routing schemes for mobile oppor-
tunistic networks.

Categories and Subject Descriptors: C.2.2 [Computer-
Communication Networks]: Network Protocols-Routing Pro-
tocols.

General Terms: Performance.

Keywords: Delay Tolerant Networks, Performance Analy-
sis, Wireless Contention.

1. INTRODUCTION

Mobile opportunistic networks (also referred to as inter-
mittently connected mobile networks) are networks where
most of the time, there does not exist a complete end-to-
end path from the source to the destination. Even if such a
path exists, it may be highly unstable because of topology
changes due to mobility. Examples of such networks include
sensor networks for wildlife tracking and habitat monitor-
ing [12], military networks [1], deep-space inter-planetary
networks [3], nomadic communities networks [4], networks
of mobile robots [25], vehicular ad hoc networks [26] etc.

Recently, a number of routing protocols have been pro-
posed for these networks [6,11,13,17,19-21,23,24,28]. There
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has been some effort to theoretically characterize the perfor-
mance of these routing schemes [5,8,14,16,18,19,27]. But,
most of these analytical works do not take contention into
account. They justify the assumption of no contention by
arguing that since the network is pretty sparse, there won’t
be any contention in the first place and hence, nothing much
is lost by ignoring contention in the analysis. [19,22] have
shown through simulations that this argument is not valid
and contention has a significant impact on performance,
even in sparse networks. To demonstrate the inaccuracies
which arise when contention is ignored, we use simulations
to compare the delay of three different routing schemes in
a sparse network with and without contention in Figure 1.
The plot shows that ignoring contention not only grossly
underestimates the delay, but also predicts incorrect trends
and leads to incorrect conclusions. For example, without
contention, the spraying based scheme has the worst delay,
while with contention, spraying based scheme has the best
delay.

- E;;idemic Roulfng (No Comémion)
6001 -©- Randomized Flooding (No Contention) ||
-8B~ Spraying Scheme (No Contention)
5000 -% - Epidemic Routing (Contention)
-@- Randomized Flooding (Contention)
%- -3 - Spraying Scheme (Contention)
5 | e
8 400 j T
B ol - e -
3 Uo.. ekt - O
il o o707
& 200f

2
Aol

Transmission Range

Figure 1: Comparison of delay with and with-
out contention for three different routing schemes
in sparse networks. The simulations without con-
tention ensure that there is only one packet in the
network at a given time. The simulations with con-
tention use the scheduling mechanism and interfer-
ence model described in Section 2.2. The rout-
ing schemes compared are: epidemic routing [23],
randomized flooding [22] and spraying based rout-
ing [17].

In general, incorporating wireless contention makes the
analysis intractable because it is a very complicated phe-
nomenon manifesting itself in three ways: (i) finite band-
width which limits the number of packets two nodes can ex-
change while they are within range, (ii) scheduling of trans-
missions between nearby nodes which is needed to avoid



excessive interference, and (iii) interference from transmis-
sions outside the scheduling area, which may be significant
due to multipath fading [2]. Recently, [10] has proposed a
general analytical framework to incorporate contention in a
mobile wireless multi-hop network. This framework incor-
porates all the three manifestations of contention, and can
be used with any mobility and channel model. Loss due to
contention is modeled by a loss probability. Note that pre-
vious papers (see for example [15,16]) have also proposed
modeling loss due to contention with a loss probability. The
difference between the framework in [10] and other papers is
that [10] gives an analytical methodology to find the exact
expression for this loss probability in terms of the network
parameters for any given routing and scheduling scheme.
We will use this framework to model contention. [8] is a pre-
liminary effort of ours to use a detailed contention model,
and then analyze routing performance, where we cover the
special case of epidemic routing under the random walk mo-
bility model.

This paper derives the expected delay for four representa-
tive routing schemes for mobile opportunistic networks with
contention in the network. Specifically, we analyze direct
transmission [20], epidemic routing [23], randomized flood-
ing (or gossiping) [14,22,27] and spraying based routing
schemes [14, 16, 17,24]. For each of these schemes, we will
find the loss probability due to contention using the frame-
work proposed in [10] and then find the expected end-to-end
delay expressions. Then we use these expressions to answer
practical questions in the context of designing more efficient
routing schemes for mobile opportunistic networks. First,
we compare the performance of randomized flooding and a
spraying scheme to conclude that spraying schemes outper-
form gossip schemes. So, we study spraying based schemes
in more detail and discuss how to spray copies in the spray-
ing phase so as to reduce the overall end-to-end delay.

The outline of this paper is as follows: Section 2 presents
our notation and assumption, summarizes the contention
framework and defines some properties of the mobility model
which we will use during the course of the analysis. Then,
Section 3 finds the expected delay expressions for the four
routing schemes. We compare randomized flooding and a
spraying based scheme in Section 4.1, and then study strate-
gies to spread copies in spraying based routing schemes in
Section 4.2. Finally, Section 5 concludes the paper.

2. PRELIMINARIES

2.1 Notation and Assumptions

We first introduce our notation and state the assumptions
we will be making throughout the remainder of the paper.

1. M nodes move in a two dimensional torus of area N.

2. Each node acts as a source sending packets to a ran-
domly selected destination.

3. We assume a Rayleigh-Rayleigh fading model for the
channel (both the desired and the interfering signals
are Rayleigh distributed).

4. The signal to interference ratio should be greater than
a desired threshold, which we call ©, for the transmis-
sion to be successful. For ease of analysis, we assume
that two nodes will try to transmit to each other only if

Area of the 2D torus

Number of nodes in the network

The transmission range

o =g =

The desirable SIR ratio

spw | Bandwidth of links in units of packets per time slot

Table 1: Notation used throughout the paper.

the link between them is in the connected region. [2,29]
show that this is equivalent to assuming that the nodes
will transmit to each other when the distance between
them is less than K. (The value of K depends on the
transmit power.) Note that this does not imply that
transmissions from nodes at a distance greater than K
are not going to interfere with the ongoing transmis-
sion or that the ongoing transmission will always be
successful.

2.2 Contention Model

This section briefly summarizes the contention model in-
troduced in [10].

2.2.1 Three Manifestations of Contention

Finite Bandwidth: When two nodes meet, they might
have more than one packet to exchange. Say two nodes
can exchange spw packets during a unit of time. If they
move out of each other’s range, they will have to wait un-
til they meet again to transfer more packets. The number
of packets which can be exchanged in a unit of time is a
function of the packet size and the bandwidth of the links.
Scheduling: We assume that a CSMA-CA like scheduling
mechanism which ensures no simultaneous transmission oc-
curs within the scheduling area of the transmitter and the
receiver, is in place to avoid excessive interference. For ease
of analysis, we also assume that time is slotted. At the start
of the time slot, all node pairs contend for the channel and
once a node pair captures the medium, it retains the medium
for the entire time slot.

Interference: Even though the scheduling mechanism is
ensuring that no simultaneous transmissions are taking place
within each other’s scheduling area, there is no restriction on
simultaneous transmissions taking place outside the schedul-
ing area. These transmissions act as noise for each other and
hence can lead to packet corruption.

In the absence of contention, two nodes would exchange
all the packets they want to exchange whenever they come
within range of each other. Contention will result in a loss of
such transmission opportunities. This loss can be caused by
either of the three manifestations of contention. The next
section summarizes the framework proposed in [10] to find
this loss probability.

2.2.2 The Framework

Lets look at a particular packet, label it packet A. Sup-
pose two nodes i and j are within range of each other at
the start of a time slot and they want to exchange this
packet. Let p ¢ denote the probability that they will suc-
cessfully exchange the packet during that time slot. (The
value of pf g depends on the routing mechanism R.) Note
that 1 —pZ ¢ denotes the loss probability due to contention.

Let Ey,, denote the event that finite link bandwidth allows



nodes i and j to exchange packet A, let Es., denote the
event that the scheduling mechanism allows nodes ¢ and j to
exchange packets. and, let Eji,ter denote the event that the
transmission of packet A is not corrupted due to interference
given that nodes ¢ and j exchanged this packet. Packet A
will be successfully exchanged by nodes ¢ and j only if the
following three events occur: (i) the scheduling mechanism
allows these nodes to exchange packets, (ii) nodes ¢ and j
decide to exchange packet A from amongst the other packets
they want to exchange, and (iii) this transmission does not
get corrupted due to interference from transmissions outside
the scheduling area. Thus,

pios = P(Eyw) X P(Escn) X P(Einter). (1)

[10] shows how to compute the three unknown probabilities
in Equation (1).

The derivation of these unknown probabilities in [10] shows
that pf ¢ depends on the routing mechanism R only through
the probability p%,, which is the probability that two nodes 4
and j want to exchange a particular packet. In other words,
to apply this framework to a given routing mechanism, the
only variable whose value needs to be determined is pZ.
The value of all the three probabilities depend on pZ,.. For
example, to find P(Esc), one has to figure out the number
of transmitter-receiver pairs within the scheduling area of
the i-j pair which have a packet to exchange (transmitter-
receiver pairs which do not have any packet to exchange
will not contend for the channel). The probability that two
ngdes have at least one packet to exchange is a function of
Pea-

We will find the value of pZ, for each routing mechanism
we analyze. Given the value of pf,, the value of pZ g can
be derived using the analytical methodology of [10]. We
skip the derivation of pZ g given pZ in this paper. (The
interested reader is referred to [10] for details.)

2.3 Mobility Properties

In this section, we define three properties of a mobility
model. We will use the statistics of these three properties
in the analysis.

(i) Meeting Time: Let nodes ¢ and j move according to a
mobility model ‘mm’ and start from their stationary distri-
bution at time 0. Let X;(t) and X;(¢) denote the positions of
nodes i and j at time t. The meeting time (Mpm) between
the two nodes is defined as min¢{t : || X;(t) — X,;(t)|| < K}.

(ii) Inter-Meeting Time: Let nodes ¢ and j start from
within range of each other at time 0 and then move out
of range of each other at time ¢;, that is t1 = min.{¢t :
| X:(t)—X;(#)|| > K}. The inter-meeting time (M,},,,) of the
two nodes is defined as min{t —t1 : || X;(t) — X; ()| < K}.

(iii) Contact Time: Assume that nodes ¢ and j come
within range of each other at time 0. The contact time
Tmm is defined as min{t — 1 : || X;(t) — X; ()| > K}.

The statistics of these properties for the random waypoint
and the random direction mobility models were studied by
[9] and [18]. The two important properties satisfied by both
the mobility models, which we use during the course of the
analysis are as follows: (i) The expected inter-meeting time
is approximately equal to the expected meeting time and
(ii) The tail of the distribution of the meeting and the inter-
meeting times are exponential. Section 3 finds the delay of
routing schemes while assuming the mobility model to be
random waypoint, but the results can be easily modified if

the nodes move around according to the random direction
mobility model instead of random waypoint®.

3.0 DELAYMANALYSISIOFIROUTINGISCHEMES

In this section, we find the expected end-to-end delay of
four different routing schemes for mobile opportunistic net-
works with nodes moving around according to the random
waypoint mobility model. For each routing scheme, we first
define the routing algorithm and then derive the end-to-end
delay.

3.1 Direct Transmission

Direct transmission is one of the simplest possible routing
schemes. Node A forwards a message to another node B
it encounters, only if B is the message’s destination. [18]
studied the performance of direct transmission for mobile
opportunistic networks without contention in the network.
We now analyze its performance with contention.

First, we find the value of p& (the probability that two
nodes ¢ and j want to exchange a particular packet) for
direct transmission® and then find the expected end-to-end
delay.

LEMMA 3.1. pdl = m
Proof: In direct transmission, each packet undergoes only
one transmission, from the source to the destination. A
packet has node i as its source with probability ﬁ The
probability that j is the destination given ¢ is the source is
Ml—l (the destination is chosen uniformly at random from
amongst the other M — 1 nodes). Thus, the probability
that 7 and j want to exchange a particular packet is equal
to m (¢ is the source and j is the destination or vice

versa). O

THEOREM 3.1. Let E[Dg:] denote the expected delay of
direct transmission. Then, EDgs = %, where E[Mywp)
is the expected meeting time of the random waypoint mobil-
ity model, p2 cess is the probability that when two nodes
come within range of each other, they successfully exchange

the packet before going out of each other’s range (within the
contact time Tryp) and is equal to 1 — (1 — pfiS)E[TT“”’].

Proof: The expected time it takes for the source to meet
the destination for the first time is E[Myup] (the expected
meeting time). 1 — p& ¢ is the probability of loss of a trans-
mission opportunity due to contention. Thus, with proba-
bility 1 — pfis, the source and the destination are unable
to exchange the packet in one time slot. They are within
range of each other for E[rrwp| number of time slots. (We
are making an approximation here by replacing 7., by its

expected value.) Then (1 — p S)E[T””p lis the probability

that the source fails to deliver the packet to the destina-
tion when they came within range of each other. Thus,

E[Trwp]
pgfl,ccess =1- (1 _pgl;S) P

'Note that the analysis presented in Section 3 can be easily
modified for any mobility model which satisfies these two
properties.

2Note that the value of pZ g depends on the routing mech-
anism through pf only. Given the value of pZ,, one can
derive the value of pfl s in terms of the network parameters
using the framework proposed in [10].



If the two nodes fail to exchange the packet when they
were within range, then they will have to wait for one inter-
meeting time to come within range of each other again. If
they fail yet again, they will have to wait another inter-

meeting time to come within range. Thus, FDg; = E[Myywp]+
pgfwcess ((1 - piLccess)E[Mjwp] + 2(]‘ pgzccees)Q

1—pdt E[MT, .
E[Mﬁt‘,p] + ) = E[Mrwp] + ( ps”;,‘jfskg) : M) . Since

E[M,,] = E[M,yy] for the random waypoint mobility model,

EDg; evaluates to % O

success

3.2 Epidemic Routing

Epidemic routing [23] extends the concept of flooding to
mobile opportunistic networks. It is one of the first schemes
proposed to enable message delivery in such networks. Each
node maintains a list of all messages it carries, whose deliv-
ery is pending. Whenever it encounters another node, the
two nodes exchange all messages that they don’t have in
common. This way, all messages are eventually spread to
all nodes. The packet is delivered when the first node carry-
ing a copy of the packet meets the destination. The packet
will keep on getting copied from one node to the other node
till its Time-To-Live (TTL) expires. For ease of analysis,
we assume that as soon as the packet is delivered to the
destination, no further copies of the packet are spread.

[5, 18, 27] studied the performance of epidemic routing
without contention. [8] analyzed the performance of epi-
demic routing with contention under a random walk mobil-
ity model. We now analyze its performance with contention
using the contention framework for the random waypoint
mobility model.

To find the expected end-to-end delay for epidemic rout-
ing, we first find F[Depidemic(m)] which is the expected time
it takes for the number of nodes having a copy of the packet
to increase from m to m + 1.

E[Miap]

epidemic s
m(M—m)psyccess

)E[Trwp]

LEMMA 3.2. E[Decpidemic(m)] = where

epidemic __ 1 1 epidemic
success < L T - PtxS

Proof: E[Depidgemic(m)] is the expected time it takes for the
copies of a packet to increase from m to m + 1. When there
are m copies of a packet in the network, if one of the m
nodes having a copy meets one of the other M — m nodes
not having a copy, there is a transmission opportunity to
increase the number of copies by one. Since mobile oppor-
tunistic networks are sparse networks, we look at the tail
of the distribution of the meeting time which is exponen-
tial for the random waypoint mobility model. The time
it takes for one of the m nodes to meet one of the other
M — m nodes is equal to the minimum of m(M — m) ex-
ponentials, which is again an exponential random variable
%. Now when they meet, the probabil-
ity that the two nodes are able to successfully exchange
the packet is pPidemic If they fail to exchange the packet,
they will have to wait one inter-meeting time to meet again.
But, since E[Mywp] = E[M}},,] for the random waypoint
mobility model, and both meeting and inter-meeting times
have memoryless tails, the expected time it takes for one
of the m nodes to meet one of the other M — m nodes

with mean

A . E[M,
again is still equal to ﬁ Hence, E[Depidemic(m)] =
epidemic E[Mywp) epidemic epidemicy E[M
S;Z.CCESS m(]\/_wyi) +2pschess (1 - schess ) (]L{Tw»,fl) +.

_ E[Mrwp]
T om(M—m)pghiteTic”
in a manner similar to the derivation of pfﬁccess in Theorem
3.1. 0

Now, we find the values of p£*@*™i for epidemic routing
and then find the expected end-to-end delay.

The value of pePidemic can be derived

LEMMA 3.3. ph

epidemic __ M—1 2m(M—m) M-—1
_Zm 1 M(M-1) Z

i=1 F(M=7)

Proof: Given that only m nodes have a copy of the packet,
the probability that one of the nodes has it and the other one
doesn’t, follows from elementary combinatorics. To com-
plete the proof, we have to find the probability that only m
nodes have a copy of the packet. Then, applying the law of
total probability over the random variable m will yield the
result. Please see the Appendix for proof details. O

THEOREM 3.2. Let E[Decpidemic] denote the expected de-
lay of epidemic routing. Then,

M—-1

Z M —1 Z ;wszdemic (2)

Psuccess

E[ epzdemzr‘

Proof: The probability that the destination is the i*" node to
receive a copy of the packet is equal to ﬁ for 2 << M.

The amount of time it takes for the it" copy to be delivered is
equal to > ' | E[Depidemic(m)]. Applying the law of total
probability over the random variable ¢ and substituting the
value of E[Depidemic(m)] from Lemma 3.2 gives Equation
(2). O

3.3 Randomized Flooding

Randomized flooding [22,27] has been proposed to reduce
the overhead and improve the performance of epidemic rout-
ing. Under this scheme, a message is forwarded to another
node with some probability p smaller than one (that is data
is gossiped instead of flooded). When p = 0, the scheme
reduces to direct transmission, while when p = 1, it reduces
to standard epidemic routing. [14,16,27] have evaluated the
performance of randomized flooding without contention in
the network. We now analyze its performance with con-
tention.

First we find the value of E[D,(m)] which is the expected
time it takes for the number of nodes having a copy of the
packet to increase from m to m + 1. Then, we find p%f and
finally, we find the expected end-to-end delay for randomized
flooding.

E[Mypw
LEMMA 3.4. E[D,;(m)] = (m<M7m71)p1[ P)]+(mp2 7
E[Trwp]
where piuccess =1- (1 pptgjccs) ! and pguccess =1-

E[Trwp]
(1 - p:;{s) "
Proof: The proof runs along similar lines as the proof of
Lemma 3.2. The only difference is that whenever one of
the m nodes having a copy of the packet meet one of the
(M —m —1) non-destination nodes which don’t have a copy
of the packet, they will try to exchange the packet with
probability p only. O

LEMMA 3.5. pif ~p S M1 Qm% ’1’;) S

m(M m)

E7 1J(M J)



Proof: See Appendix. O

THEOREM 3.3. Let E[D,f] denote the expected delay of
randomized flooding. Then,

ED) = Y pn® Y ED(m), (3)

.2 .
“Psuccess H171
i(M—i=1)pLyccess )T (1P2uccess) M1

1
m(M=m=Dpeuccess ) is the probability that the

(m(M=m—1)pLycccss) +(mPPyccess
destination is the (i + 1)'" node to receive a copy of the
packet.

where Ddest(i) = (

Proof: The proof runs along similar lines as the proof of
Theorem 3.2. O

3.4 Spraying a small fixed number of copies

Another approach to route packets in sparse networks is
that of controlled replication or spraying [14,16,17,24]. A
small, fixed number of copies are distributed to a number
of distinct relays. Then, each relay carries its copy until it
encounters the destination or until the TTL of the packet ex-
pires. By having multiple relays looking independently and
in parallel for the destination, these protocols create enough
diversity to explore the sparse network more efficiently while
keeping the resource usage per message low.

Different spraying schemes may differ in how they dis-
tribute the copies and, or how they route each copy. Source
spray and wait is one of the simplest spraying schemes pro-
posed in the literature [17]. For this scheme, the source
node forwards all the copies (lets label the number of copies
being sprayed as L) to the first L distinct nodes it encoun-
ters. (In other words, no other node except the source node
can forward a copy of the packet.) And, once these copies
get distributed, each copy performs direct transmission. [19]
analyzed source spray and wait without incorporating con-
tention in the network. We now derive its expected end-to-
end delay with contention.

First, we find the value E[Dspray(m)] which is the ex-
pected time it takes for the number of nodes carrying a copy
of the packet to increase from m to m + 1. Then, we find
PP and finally, we find the expected end-to-end delay for
source spray and wait.

E[Mmm]
spra
(M=1)pguecess
Lpspray

[ ] success
spray  __ spray\E[T 5
where Psuccess = 1- (1 — Ptzs ) e

1<m<L
LEMMA 3.6. E[Dspray(m)] =

Proof: See Appendix. O

spray _ [ 2Lpdest(L) _ E[Dspray(L)]
LEMMA 3.7. pb"*Y = ( YIevESY EizlE[Dspmy%)]) +
2 L—1 ~L .\ E[Dspray(m)]
<M—1 D=1 2itm pdest(z)m )
i1 M—j—1 ; )
(szl AT ) o1 1Si<[L
i—1 M—j—1 .
(Hj:l Mil ) i=1L
probability that the destination is the (i+1)*" node to receive
a copy of the packet.

where paest (1) = is the

Proof: The proof runs along the same lines as the proof of
Lemma 3.3. O

THEOREM 3.4. Let E[Dgpray] denote the expected delay
of source spray and wait. Then,

E[Dspray] = Zpdest(i) Y ElDspray(m)].  (4)

Proof: The proof runs along similar lines as the proof of
Theorem 3.2. O

3.5 Simulation Results

We use simulations to verify that the approximations made
during the course of the analysis do not have a significant im-
pact on the accuracy of the analysis. We use a custom simu-
lator written in C++ for simulations. The simulator avoids
excessive interference by implementing a scheduling scheme
which prohibits simultaneous transmissions within two hops
of each other. It incorporates interference by adding the re-
ceived signal from other simultaneous transmissions (outside
the scheduling area) and comparing the signal to interference
ratio to the desired threshold. The simulator allows the user
to choose from different physical layer, mobility and traffic
models. We choose the Rayleigh-Rayleigh fading model for
the channel, random waypoint model for node mobility and
Poisson arrivals in our simulations.

We made the following three approximations during the
delay analysis: (i) we replace the contact time by its ex-
pected value in the expression of pF..ess in the delay anal-
ysis of all routing schemes, (ii) while analyzing epidemic
routing, randomized flooding and source spray and wait,
we assume the entire meeting and inter-meeting time dis-
tribution to be exponential, and (iii) while analyzing ran-
domized flooding, we use an approximate value of pZl to
substitute in the expression for p:gfs. The effect of all the
three approximations can be studied by varying K and M.
Figures 2(a)-2(f) compare the expected end-to-end delay of
direct transmission, epidemic routing, randomized flooding
and source spray and wait obtained through analysis and
simulations for different values of K and M. We have com-
pared the analytical and simulation results for a large num-
ber of scenarios, but due to limitations of space, we present
some representative results for each routing scheme. Since
both the simulation and the analytical curves are close to
each other in all the scenarios, we conclude that the analysis
is fairly accurate.

4. APPLICATIONS

This section uses the analysis in the previous section to
answer some pertinent questions in the context of designing
more efficient routing schemes for sparse networks.

4.1 Randomized Flooding vs Source Spray and
Wait

Both gossip based and spraying based routing techniques
were proposed to achieve good delay performance with a
lower resource usage than epidemic routing. So, first we
compare which of the two performs better. [19,21] have com-
pared these two approaches with simulations, but having
an analytical expression allows us to first find the optimal
parameters for both the schemes (p for randomized flood-
ing and L for spraying schemes) and then comparing them,
which ensures a fair comparison. [14] compared these two
schemes analytically, but their analysis ignored contention.
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Figure 2: Simulation and analytical results for the expected delay. Network parameters: N = 150 x 150 square
units, © = 5, spw = 1 packet/time slot. The transmission range, K, is expressed in the same distance units as
v/N. The delay is expressed in time slots. (a) Direct transmission. (b) Epidemic routing. (c) Randomized
flooding with p = 0.3. (d) Randomized flooding with p = 0.7. (e) Source spray and wait with L = 5. (f) Source
spray and wait with L = 15. (Note that the number of instances for which each Monte Carlo simulation is
run is chosen so as to ensure that the 90% confidence interval is within 5% of the simulation value.)

The performance of flooding based schemes degrades signif-
icantly due to contention, hence ignoring contention when
comparing a flooding based scheme to another scheme will
lead to an unfair comparison.

To compare the two schemes, we study how much resource
does each scheme use to achieve a given target expected
delay. We measure resource consumption in terms of the
average number of transmissions required to reach the des-
tination. Larger the number of transmissions, higher is the
buffer usage and energy consumption.

We will choose the least value of p and L which will achieve
a specific target expected delay because lower the value of
p and L, lower will be the resource consumption. We nu-
merically solve Equations (3) and (4) to find the minimum
value of p and L which achieve the target delay. The aver-
age number of transmissions required to deliver the packet
to the destination is equal to Zﬁ;l 1Ddest (1), where pgest (i)
is the probability that the destination is the (i+1)" node to
receive a copy of the packet. We derived the value of pgest (%)
in Theorem 3.3 and Lemma 3.7 for randomized flooding and
source spray and wait respectively. Figure 3 plots the aver-
age number of transmissions required to reach the destina-
tion versus the required target delay for both the schemes
for two different network densities. We make the following

two observations from this figure: (i) source spray and wait
is able to achieve lower values of target expected delay than
randomized flooding, and (ii) for a target expected delay
which can be achieved by both the schemes, source spray
and wait uses less resources to achieve it than randomized
flooding. The superiority of source spray and wait becomes
more prominent as the network density increases.

4.2 Source Spray and Wait vs Fast Spray and
Wait

Since spraying based techniques outperform gossip based
schemes, we now study the spraying schemes in more detail.
Specifically, we discuss how to spray copies in the spraying
phase so as to reduce the overall end-to-end delay. Intu-
itively, spraying copies as fast as possible should minimize
the delay as once the copies are spread, the expected amount
of time it takes to deliver the packet will be the same for all
schemes. So, is trying to spray the copies as fast as possible
the optimal way. To answer this question, we compare two
different spraying schemes. The first scheme is source spray
and wait which was introduced in Section 3.4 and the sec-
ond scheme is fast spray and wait. In fast spray and wait,
every relay node can forward a copy of the packet to a non-
destination node which it encounters. (Recall that in source
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Figure 3: Comparison of source spray and wait and
randomized flooding: Average number of transmis-
sions required to deliver the packet to the destina-
tion vs target expected delay. Network parameters:
N = 100 x 100 square units, K = 6,0 = 5, spw = 1
packet/time slot. Delay is expressed in time slots.
(a) M = 50. Note that target delays below 130 time
units are not achievable by either routing scheme.
(b) M =100. Note that target delays below 170 time
units for randomized flooding and 120 time units for
source spray and wait are not achievable.

spray and wait, only the source node can forward copies to
non-destination nodes.) There is a centralized mechanism
which ensures that after L copies of the packet have been
spread, no more copies get transmitted to non-destination
nodes. Since fast spray and wait spreads copies whenever
there is any opportunity to do so, it has the minimum spray-
ing time when there is no contention in the network. On the
other hand, since source spray and wait does not use relays
to forward copies, without contention, it is one of the slower
spraying mechanisms.

We have already analyzed the performance of source spray
and wait with contention in the network in Section 3.4. Fast
spray and wait can be analyzed in a similar manner. The
main difference in the analysis of fast spray and wait is that,
when the number of copies of a packet is less than L, the
number of copies can increase whenever one of the nodes
carrying a copy meets any one of the nodes not carrying a
copy.

Now we study how fast do the two schemes spread copies
of a packet when there is contention in the network. Fig-
ure 4 plots the number of copies spread as a function of
the time elapsed since the packet was generated. Some-
what surprisingly, depending on the density of the network,
source spray and wait can spray copies faster than fast spray
and wait. This occurs because fast spray and wait gener-
ates more contention as it tries to transmit at every possible
transmission opportunity. In general, unless the network is
very sparse, strategies which spray copies slower yield better
performance than more aggressive schemes thanks to reduc-
ing contention. In ongoing work, we are trying to find the
optimal spraying algorithm and design practical and imple-
mentable heuristics which achieve performance very close to
the optimal. [7] is a first step in this direction. It derives
the optimal spraying scheme and a simple heuristic which
performs very close to the optimal, but it assumes that there
is no contention in the network. Currently, we are merging

—e— Source spray and wait(M=100)
307 —— Fast spray and wait(M=100)
-0~ Source spray and wait(M=250)
25| - =-- Fast spray and wait(M=250)

Expected number of copies spread
o

Time 400 600

Figure 4: Comparison of fast spray and wait and
source spray and wait: Expected number of copies
spread vs time elapsed since the packet was gener-
ated. Network parameters: N = 100 x 100 square
units, K = 5,0 =5,spw = 1 packet/time slot, L = 20.
Time is expressed in time slots.

this work with the contention framework proposed in [10]
to find the optimal spraying scheme with contention in the
network.

S.  CONCLUSIONS

This paper finds the expected delay for four represen-
tative routing schemes for mobile opportunistic networks:
direct transmission, epidemic routing, randomized flooding
and spraying based schemes, with contention in the network.
This paper uses a recently proposed framework to model
wireless contention. We use these expressions to conclude
that spraying based schemes outperform randomized flood-
ing. So, we study spraying based schemes in more detail
and analyze how to spread the copies in a spraying scheme.
We conclude that strategies which spray copies as fast as
possible generate more contention and are not the best way
to spread copies.
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APPENDIX

Proof: (Lemma 3.3) Let there be m copies of a particular
packet in the network. Then the probability that node ¢ has

a copy is equal to 7; and the probability that node j does

. . . (M—m)
not have a copy given that node i has one is equal to ~7—=.

Thus, the probability that nodes i and j want to exchange
the packet given that there are m copies of the packet in the
network is equal to % Now, we find the probability
that there are m copies of the packet in the network. The
copies of a packet keep on increasing till the packet is deliv-
ered to the destination. The probability that the destination
is the k' node to receive a copy of the packet is equal to
ﬁ for 2 < k < M. A packet will have m copies in the net-
work only if the destination wasn’t amongst the first m — 1
nodes to receive a copy. The amount of time a packet has m
copies in the network is equal to E[Depidemic(m)]. Hence,

the probability that there are m copies of a packet in the
M—-1 1 E[Depidemic(m)] .

i=m 157 BDemtemie () PPIYINE
the law of total probability over the random variable m and

substituting the value of E[Depidemic(m)] from Lemma 3.2

gives pepidemic O

network equals >

Proof: (Lemma 3.5) The proof runs along similar lines
as the proof of Lemma 3.3. Given that there are m copies of
the packet in the network, the probability that nodes ¢ and j
want to exchange a particular packet is equal to p%.
The probability that there are m copies of a packet in the

M-1 1 E[Depidemic(m)]
network equals > - ; L -
quals 3o 71 -1 E[Depidemic(@)]

the exposition, we make an approximation here by replacing
(m(M —-m — l)péuccess) + (mpguccess) in the denominator
of the expression for E[Depidemic(m) by m(M — m)pimeess.
We use simulations to verify that this approximation does
not have a significant effect on the accuracy of the analy-
sis. Note that this approximation is made only during the
derivation of p&f. O

. To simplify

Proof: (Lemma 3.6) The proof runs along the same lines
as the proof of Lemma 3.2. When there are 1 < m < L
copies of a packet in the network, there are m nodes which
can deliver a copy to the destination only, and there is one
source node which can deliver a copy to any of the M —m—1
other nodes which do not have a copy of the packet. Hence,
there are a total of m+M —m—1 = M —1 node pairs, which
when meet, have an opportunity to increase the number of
copies from m to m + 1. The expected time it takes for one
of these M — 1 node pairs to meet is % Using the
same argument as in the proof of Lemma 3.2, E[Dspray(m)]
can be derived to be &%

When there are L copies of a packet in the network, there
are L nodes which can deliver a copy to the destination
but even if the source meets some other node which does
not have a copy, it cannot attempt to transmit a copy to
the other node. The expression for E[Dgpray(L)] is derived

in a manner similar to the derivation of Lemma 3.2 to be
E[Mpm
Lp[sp% O

success
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