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ABSTRACT

Message ferrying is a networking paradigm where a special
node, called a message ferry, facilitates the connectivity in
a mobile ad hoc network where the nodes are sparsely de-
ployed. One of the key challenges under this paradigm is the
design of ferry routes to achieve certain properties of end-
to-end connectivity, such as, delay and message loss among
the nodes in the ad hoc network. This is a difficult problem
when the nodes in the network move arbitrarily. As we can-
not be certain of the location of the nodes, we cannot design
a route where the ferry can contact the nodes with certainty.
Due to this difficulty, prior work has either considered ferry
route design for ad hoc networks where the nodes are sta-
tionary, or where the nodes and the ferry move pro-actively
in order to meet at certain locations. Such systems either
require long-range radio or disrupt nodes’ mobility patterns
which can be dictated by non-communication tasks. We
present a message ferry route design algorithm that we call
the Optimized Way-points, or OPWP, that generates a ferry
route which assures good performance without requiring any
online collaboration between the nodes and the ferry. The
OPWP ferry route comprises a set of way-points and waiting
times at these way-points, that are chosen carefully based
on the node mobility model. Each time that the ferry tra-
verses this route, it contacts each mobile node with a certain
minimum probability. The node-ferry contact probability in
turn determines the frequency of node-ferry contacts and the
properties of end-to-end delay. We show that OPWP con-
sistently outperforms other naive ferry routing approaches.

Categories and Subject Descriptors: C.2.1 [Network
and Architecture Design]: Wireless Communication.

General Terms: Algorithms, Design, Performance.
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1. INTRODUCTION

Mobile Ad hoc Networks (MANETS) are networks in which
wireless mobile nodes cooperate to establish network con-
nectivity and perform routing functions in the absence of
infrastructure using self-organization [19, 12]. Since these
networks do not require existing infrastructure and a priori
planning, they can be rapidly deployed and have applica-
tions in a number of critical areas, such as, disaster relief,
battlefields, and wide-area sensor networks.

Sparse Mobile Ad hoc Networks are a class of Ad hoc
networks where the node deployment is sparse, and the con-
tacts between the nodes in the network do not occur very
frequently. As a result, the network can remain partitioned
for extended periods of time. Several schemes for routing
in Sparse MANETS exist, for example, [1, 3, 5, 10, 11, 14,
16, 26, 21, 23, 24, 29]. A common theme across all of these
schemes is that they use a Store-Carry-and-Forward model,
where the existing nodes in the network relay the data from
the source to the destination nodes, in one or more hops,
such that each node along the path receives the data from
previous node and stores it locally. This node then carries
the data for a while, and upon contact with other nodes,
forwards the data. Schemes that rely on the intrinsic move-
ment of nodes in the network for routing are referred to as
“passive” schemes, yet others, where the nodes move proac-
tively to bridge network partitions, are referred to as “ac-
tive” schemes.

Data MULEs [21] and Message Ferrying [29, 30, 31] schemes
are distinctively different from other active schemes for rout-
ing in the sparse networks, in the sense that in these mod-
els special mobile nodes called Message Ferries, or mobile
agents called Data MULFEs, are used for facilitating connec-
tivity between nodes. The role of the message ferries® (or
simply ferries), is to visit the nodes in the network and de-
liver the data among them. This is an attractive model be-
cause it allows serving a variety of networks and also allows
achieving explicit end-to-end message delivery characteris-
tics. Additionally, it takes the burden of message routing
away from the nodes, which may be desirable when nodes
have limited energy and storage resources.

A key problem under the Message Ferrying model is to
design routes for the message ferries such that certain prop-
erties of end-to-end message delivery, such as, delay and loss,
can be assured. This is a difficult problem when the nodes in
the network move arbitarily. The difficulty in this context

'Data MULEs and Message Ferries are somewhat synony-
mous; we use the term message ferry for the work that we
present here.



arises from the fact that as the nodes move arbitarily, we
cannot be certain about their precise location at any given
time, and consequently, we cannot easily design routes where
the ferry can contact the nodes with certainty. In [21], the
route of the MULESs is a random walk on a two dimensional
grid, and the sensor nodes are considered to be stationary.
In [29, 31], Zhao et.al., present a method for designing ferry
routes when the nodes in the network are stationary. In
[30], the same authors present a method for ferry route de-
sign when the nodes are mobile. However, they require that
the nodes or the ferry move proactively to meet each other
and in some cases require the use of long-distance radio to
agree on a meeting location. Such communication may not
always be feasible or desirable. Besides, such collaboration
may disrupt the node mobility, which is undesirable as it
may be dictated by non-communication needs.

Our key contribution through this work is an algorithm
for designing message ferry routes in sparse networks where
nodes have arbitrary movement. Our method does not re-
quire any online collaboration between the ferry and the nodes,
and does not disrupt the mobility of the nodes. We call this
method the Optimized Way-points (OPWP) ferry routing
method. We determine message ferry routes that comprise
an ordered set of way-points and waiting times at these way-
points that are chosen carefully based on the mobility model
of the mobile nodes in the network. Every time that the
ferry traverses this route, it contacts every node in the net-
work with a certain minimum probability. This node-ferry
contact probability in turn determines the distribution of
the node-ferry contact times, and ultimately the properties
of end-to-end message delivery. The ferry can repeatedly
follow the same OPWP route, without any changes, as long
as the nodes continue to use the same mobility model, and
the traffic demand does not change. Thus we do not require
any kind of adaptability from the ferry once we program it
to follow the route.

The rest of this paper is organized as following. In section
2 we review the related work. We describe the message ferry
service model for mobile nodes in section 3, and the route
design algorithm in section 4. In section 5 we present a
comparison of the OPWP routing scheme with other routing
schemes, and also present the system performance under
different system parameters using simulation results. We
conclude in section 6.

2. RELATED WORK

Sparse Mobile Ad hoc Networks are characterized by sparse
node deployment and network partitions that may last for
extended periods of time. Classical ad hoc routing protocols,
such as, [19, 12, 20] are primarily designed for dense node
deployments, where any partitions that occur are transient.
These protocols do not suffice for sparse ad hoc networks.

Networking for sparse mobile ad hoc networks is also re-
ferred to as Delay or Disruption Tolerant Networking (DTN)
[6]. A number of routing schemes exist for DTNs [1, 3, 5,
10, 11, 14, 16, 26, 21, 23, 24, 29]. These schemes exploit
the fact that while an end-to-end path may not exist in the
network at a given time, such paths do exist over time?.
These schemes invariably use the store-carry-and-forward
model for networking. Early work based on this model was

2Sparse networks have also been referred to as “Space-Time”
connected[18, 10], or Partially connected[26] networks.

Epidemic Routing [26] where the nodes exchange messages
whenever they meet essentially flooding the network. Jain
et.al. consider routing when the dynamics of end-to-end
connectivity are known with certainty [10] or probabilisti-
cally [11]. All of these schemes use the intrinsic mobility of
the nodes in the network.

Another set of work considers the possibility of controlled
mobility for DTN routing. Li and Rus[16] consider algo-
rithms for optimally and proactively moving the existing
nodes in the network for routing between disconnected parts
of the network, but they require online collaboration be-
tween the nodes. Shah et.al. in Data MULEs project [21]
propose using wireless mobile agents that move randomly
on a grid to facilitate connectivity with sparsely deployed
stationary sensors in the network. In a similar work, Zhao
et.al.[29, 30, 31] and Somasundara et.al.[22] proposed the
communication models where a special mobile node facil-
itates network connectivity between the nodes in the net-
work. Kansal et.al.[13] make a case for controlled mobil-
ity for acheiving desired properties in the network, such
as, controlling delay, and energy consumption. Luo and
Hubaux[17] propose that the sink node in a mesh network
setting to be mobile, so that the load of message forward-
ing toward the sink node is more uniform across the nodes
in the network; this increases the lifetime of the network.
Gu e.al.[7] consider the ferry route design problem when the
nodes have different service requirements.

Our work can be considered complimentary to the ear-
lier work, as we extend the message ferrying model so that
the ferry can contact the mobile nodes without online col-
laboration. Recently, Leguay et.al. [14] proposed building
“mobyspace”, or a map of probabilistic locations of the mo-
bile nodes, and then using this information to choose the
next hop which is closest to the destination. Our work is
distinct in that we use the probabilistic node location to
construct routes for the message ferry.

3. MESSAGE FERRYING MODEL

In the Message Ferrying model, the devices in the network
are classified into two categories [30]. (i) Regular nodes, or
simply the nodes, that move according to some mobility
model. These nodes generate data for other nodes in the
network in the form of application layer data units called
messages. At the same time, these nodes are interested in
receiving the messages that other nodes have generated for
them. For this work we assume that all the messages are
unicast, i.e., they have a single unique destination. We as-
sume that the movement of the nodes is driven by non-
communication needs (e.g., a field-task assignment), and
therefore this movement cannot be disrupted. (i) A single
special node called message ferry (MF) that is responsible
for delivering the messages between the nodes. The ferry
achieves this by traversing a predetermined path repeatedly.
We refer to each traversal through this route as a tour.

We assume that both the ferry and the nodes are equipped
with a similar radio of given small communication range.
The nodes and ferry can communicate with each other only
when they are within a distance of each other that is less
than the communication range. The node and ferry are
said to be in contact when they are within the communi-
cation range of each other. We assume limited communi-
cation range because nodes may be energy constrained and
may not be able to use long range communication channels



that may require more power. Furthermore, while the ferry
may be able to use a long range radio, the range of two-way
communication between the node and the ferry would still
be limited by the communication range of the nodes. Our
model requires two-way communication for contact estab-
lishment. Similarly reliable data transfer between the nodes
and the ferry, such as, using TCP, may also require two-way
communication.

During each successful contact, the ferry exchanges mes-
sages with the nodes. The ferry uploads the messages that
the node has generated for other nodes, and downloads the
messages that the ferry has for the particular node. The
process is referred to as service. The ferry services only one
node at a time.

In the time between successive contacts, the nodes store
the messages that they generate in a local buffer, called send
buffer. We assume that the send buffer can hold a certain
maximum number of messages, and once the send buffer
is full, any new messages that the node generates are lost.
We also assume that each node has a similar buffer for the
messages that it receives; we call it the receive buffer. The
receive buffer is used to store the messages that the node
receives until they are consumed by the application layer at
the node. We assume that the receive buffer for a node can
hold a certain maximum number of messages.

As the ferry takes the tour, it meets with different nodes.
Upon meeting with a node, the ferry begins the download
service, and continues until the ferry has downloaded all the
messages that it has for the node, or, a timer, which we call
the download timer, expires, or the receive buffer of the node
becomes full, whichever occurs first. The ferry attempts to
deliver any messages for the node that are left in its buffer
at the end of download service in the next contact with the
node.

After the download service, the ferry starts the upload
service. The ferry uploads the messages from the source
buffer until all the messages in the source buffer of the node
are uploaded, or a timer, called the upload timer, expires,
whichever occurs first. Any messages that are left in the
send buffer remain buffered until the next contact with the
ferry. We refer to the messages that are left in the send
buffer of the node as the residue messages. Please note that
our model does not force strict order that the download ser-
vice precede the upload service. These could happen simul-
taneously (if the radio channel permits), or in some mul-
tiplexed fashion. In general, performing download before
upload reduces average delay, albeit slightly.

Since both the ferry and the nodes are mobile in our
model, we make a simplifying assumption that when the
ferry and a node come in contact with eachother, either the
contact lasts long enough to complete the service, or they
can pause, and exchange messages; usually the service time
is short and does not amount to disruption in node mobil-
ity. After the exchange the ferry continues with its route
and the node continues with its movement. We assume that
the ferry has infinite resources to move around and meet
the other nodes, as well as to communicate with the other
nodes when they come within its radio range, and to carry
the messages between the nodes. Furthermore, we assume
that we can route the message ferry in whatever way we
want in the region where the nodes move. In this work the
only constraints that we consider regarding the ferry are
that the ferry cannot move faster than a certain maximum
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Figure 1: An Illustration of Message Ferrying Model

speed, and that it can only communicate with other nodes
that are within a given radio range of the ferry.

4. ROUTE DESIGN

Our goal is to design routes that the ferry can follow re-
peatedly, and that do not require any online collaboration
between the ferry and the nodes. At the same time we re-
quire that the nodes and the ferry meet frequently so that
desired message delivery characteristics are achieved. To
achieve this, we produce ferry routes that are in the form
of an ordered set of way-points and waiting times at each of
these way-points. These are chosen carefully, so that each
time that the ferry takes the tour, it meets each node with a
certain minimum predetermined probability. This probabil-
ity in turn governs the frequency of node-ferry meetings, and
that ultimately determines the characteristics of end-to-end
message delivery. In this section we will describe the process
of designing the message ferry route. We start with describ-
ing the key idea behind this process. Later we describe the
algorithm in detail.

4.1 Key ldea

The main difficulty in designing ferry routes for arbitrar-
ily moving nodes is that we cannot correctly predict the
location of the nodes, and hence it may not be possible to
correctly and deterministically position the ferry to contact
the nodes. Observe that if there exists a steady-state in
the mobility model, such that the steady-state probability
of presence of a mobile node in a specific sub-region (such
as one defined by radio coverage area around a ferry), is
non-zero, then we can contact the node with certainty if we
wait for the node in that sub-region for long enough. How-
ever, for most mobility models, this probability approaches
1, only as the waiting time approaches infinity. Clearly, we
cannot afford to wait for infinitely long, and hence, we can-
not afford to contact the nodes with certainty.

However, it is possible to meet the nodes with a desired
probability by waiting a finite amount of time at a sub-
region, as long as the desired meeting probability is modest
(i.e., large but not approaching 1), and the steady state
probability of node presence in that sub-region is substantial
(i.e., not approaching zero). If the ferry is able to contact
a particular node with some probability 0 < p < 1, once
in every tour, then in expectation the ferry will meet the
node in every 1/p tours. More specifically, the number of



tours that the ferry may make between successive node-ferry
contacts is a geometric random variable with probability p.
This observation is key to the ferry route design algorithm
that we present in this paper.

The ferry route design process consists of two steps. In the
first step we choose the way-points and the waiting times at
these way-points so that the ferry can meet each node with
certain probability. In the second step we order these way-
points together to form a tour that is of minimum length.
The time that it would take the ferry to go take the tour
is the sum of time that it takes to travel between each of
the way-points, the waiting time at each of the way-points,
and the time that the ferry spends to service the nodes. For
simplicity, let’s assume that it takes some constant 7" units
of time for the ferry to complete the tour, and in each tour,
it meets each node exactly once with probability p, then the
expected time between successive contacts is T'/p. 3

Message delay and message loss depend on the frequency
of node-ferry meetings, or the time between successive node-
ferry contacts. Thus we aim to reduce the expected time
between contacts, or the T'/p ratio. We can reduce T', or
increase p, or do both. However, it turns out that reducing
the ratio T'/p is not trivial. In order to minimize T', we
not only need to choose the way-points that would require
minimum waiting time, but would also yield shorter overall
tour. So we have to optimize the two steps in the ferry
route design together. Moreover, reducing T'/p presents a
trade-off. Since the contact probability p increases only as
the waiting time increases, increasing p may inadvertently
result in increasing the overall tour duration 7.

In the following we describe the ferry route design algo-
rithm in more detail. We start by the modelling the node
mobility and presence and later describe the route design
algorthim that uses these models.

4.2  Mobility and Node Presence Modelling

We consider a finite, two dimensional space S in which
the nodes and the ferry move. We define C', the set of can-
didate way-points, as a small subset of points in S. Specifi-
cally, we draw a grid of some resolution on S and pick the
centers of the grid squares as candidate way-points. The
ferry route way-points set, R, comprises an ordered subset
of C. W = {w, : s € R} is the set of corresponding waiting
times on the chosen way-points. We assume that the ferry
moves from one way-point to another with speed vy in a
straight line. We assume that the nodes move independent
of the ferry. Consider r to be the communication range of
the nodes and the ferry, then the tuple Q = (R, W, vy, 1)
completely specifies the ferry route.

Consider F'(t) as the location of the ferry at time ¢, and
N;(t) as the location of the node i at time ¢. Also consider
a(s,r) as a circular region of radius r with center at s. We
say that N;(t) € a(s,r), if node ¢ is within distance r of point
s. Let’s suppose that the ferry sends a periodic beacon every
A seconds to announce its presence. If a node is within the
communication range r, then it will receive the beacon, and

3This is a simplifying assumption that we make for the pur-
poses of modelling. If multiple node-ferry contacts may oc-
cur in a tour, then T/p is the expected upper bound for the
time between successive contacts. For the results that we
present later in the paper, we do not assume that the time
for the tour is constant, and we also allow multiple contacts
between a node and the ferry during each tour.

reply immediately, allowing a contact to occur.

Suppose that the ferry tour starts at a time to, and the
ferry sends a beacon every A seconds from to, then a contact
would occur if for some k < T/A, Ni(to + kA) € a(F(to +
kA),r) (here T is the total duration of route £2). When both
the node and the ferry are moving, analyzing the probability
of existence of such k£ becomes very difficult. We divide the
beacon times into two sets; Kr the set of beacons sent by
the ferry when it is moving, and Kw the set of beacons sent
when the ferry is waiting at a way-point.

Consider, G;(Q,t0) = Prob[3k € Kr : N;(to + kA) €
a(F(to + kA),r)], i.e., the probability that a contact with
node i will occur when the ferry is moving; we call it the in-
stantaneous contact probability. Also consider, H;(Q2,to) =
Prob[3k € Kw : Ni(to + kA) € a(F(to + kA),r)], or the
probability that the node will arrive in the communication
range of the ferry when the ferry is waiting at a way-point;
we call it the total time-cumulative contact probability. If
we want a route where the probability of contact with node
i is p;, then we want a route specification €2, such that
Gi(Q,to) + Hi(Q,to) > p; for all nodes 4. This dissection is
still not very tractable for general node mobility. We make
some assumptions that make our framework more useful.

First we assume that the time-limiting instantaneous and
the time-cumulative contact probabilities exist for the en-
tire route Q, as G4(Q) and H;(Q)*, or we are able to at
least provide a lower bound for these probabilities. We
also assume that such probabilities exist for individual can-
didate way-points in space. We denote the time-limiting
probability of instantaneous contact with node i if ferry is
located at a point s as, gi(a(s,r)). Similarly, we denote
the time-limiting time-cumulative contact probability with
node i, if the ferry waits at point s for ws units of time,
as h;i(a(s,r),ws). Since both the nodes and the ferry are
mobile, they may keep missing each other as ferry moves
from one location to another. If the ferry visits all the lo-
cations in set R then the probability that the ferry instan-
taneously finds the node i in at least one of the locations =
Pr{ A Ferry meets node ¢ instantaneously at location s} >

sER
max Pr{Ferry meets node 7 instantaneously at location s}.
Since g;(a(s,r)) is the probability that the ferry instanta-
neously finds the node ¢ at location s, therefore, the proba-
bility of instantaneous meeting with node 7 in the route €2 is
Gi(Q) > max gi(a(s,r)). Note that there is also some prob-

ability of instantaneous meeting while the ferry is moving
from one location to another, but we ignore that for simi-
plicity. Overall, we are underestimating the probability of
instantaneous meetings, and we might incur some penalty
for this underestimation. However, as we will show through
simulation results later, this effort is worth-while despite the
simplified model.

We, assume that h; are independent, and we define H;(Q2) =
> scr Pi(a(s,r),ws)). In order to meet node i with proba-
bility p;, we require a route Q(R, W, vy, r) such that:

Gi()+Hi(Q) = pi
max gi(a(s,7)) + Z;zhi(a(s,r),ws) > pi (1)
sE

The framework that we have just described will work for
any mobility model for which we can determine h and g. In

“We drop subscript for time from our notation for the time
limiting probabilities.



the following, we describe how these functions would look
like for three different mobility models.

1. Stationary or Limited Mobility: If the movement
of node 7 is limited, such as, when it is non-mobile, or moves
in such a small area that it can always be found in a(s,r)
for some s and given r, then g;(a(s,r)) is 1. We define
h(as,r,w) =1 for any w > 0 for such s.

2. Periodic Movement: If a node i moves along a fixed
path with a period «, then we can meet that node with
certainty by waiting for time « at a point that is along its
path. If we wait for w time, beginning at a random instance,
at a point s, that is along the path of the node, then

w/a 0<w<a
1 w > o

hi(a(s,r),w) = { (2)

That is, the time cumulative meeting probability increases
linearly with waiting time, until it reaches 1, after which it
remains 1. The time cumulative probability is zero for any
w, if a(s, r) does not intersect the path of the mobile node. If
the node travels at a constant speed, then the max g;(a(s,r))
is gi(a(s,r)) for a point s that gives maximum intercept of
node path for a(s,r).

3. Random Way-point Mobility Model: Using sim-
ulation traces we have found that if a node i follows the
Random Way-point model in a bounded region S;, such as,
a square, then the probability of node’s arrival in a region
in the next t seconds, beginning at a random instance is
exponentially distributed. In particular,

hi(a(r,s),w) =~ 1 — exp(—w/vs,r) 3)

The mean inter-arrival time, 7s,, depends on the size (r)
and the location (s) of the region a. Larger r typically yields
smaller v, , for given s. We also found that for given r,
~s,» would be smaller if s is a point closer to the center
of S;, and significantly larger if s is a point that is farther
away from the center of S;. The maximum g(a(s,r)), occurs
at a point in the center of S;, however, its value is very
small. We have observed that the distribution is stable, and
the arrivals are memoryless to a oblivious ferry (one which
assumes no knowledge about next random way-point of the
mobile node, or its speed). At this point, we do not have a
closed form expression for estimating ~s,, or g(a(s,r)) for
the RWP model. Instead, we use empirically drived values
for the simulations that we present in this paper. We provide
detailed information about how we estimate these parameter
for RWP model in [25].

We emphasize that our framework is applicable to any
mobility model where we can determine g and h. As we
described above, we were able to determine g and h for the
Random Waypoint model using simulation generated mo-
bility traces. We believe that these distributions could be
found for other mobility models as well using similar tech-
niques. Jain et.al. [9] have recently shown using empirical
data from a university campus environment, that the user
registration patterns follow a Weibull distribution. While
they do not present a mobility model, their observation
shows that if there were a mobility model that was rep-
resentative of real-life movement, we will be able to model
its desired characteristics reasonably well.

For the present work, we assume that h;(a(s,r),w) is al-
ways convex (or concave). This is a reasonable assumption
for any mobility model where the probability of arrival does
not decrease with increasing waiting time.

Grid size for the candidate way-points is an important
issue. It essentially serves to “discretize” the node pres-
ence and mobility process, which is otherwise a continuous
process. With higher granularity grids, we have more ac-
curate information about node presence and mobility, and
hence we can choose way-points and waiting times more ac-
curately. However, as the candidate waypoints increase, so
does complexity of choosing a subset for the eventual ferry
route.

4.3 Ferry Route Design Algorithm

The two steps in ferry route design are: (i) finding a good
set of way-points and their corresponding waiting times, and
(ii) ordering these way-points together to form a tour. We
first look at the two steps independently.

4.3.1 Choosing Appropriate Way-points

Suppose that we somehow decide that we want the ferry
to contact the node ¢ with probability p; in each tour (we
address the question of how to decide on p; a little later
in the text). If we have the knowledge of the instantaneous
contact probability function g;(a(s,r)), and time cumulative
probability functions h;(a(s,r),w) for every node ¢, and for
every point s in the candidate way-points set C, then our
next step is to choose waiting times ws corresponding to
each way-point s, so that the total meeting probability for
node i is at least p;. Clearly, we want to minimize the total
waiting time. Our optimization problem is following.

Optimization Problem 1

min ZSER(wS)

Q(R,W,v¢,7)
subject to:
1. V nodes 17

max gi(a(s,r)) + 3¢ g hi(als, r), wa) 2 pi

2.VseR

ws > 0
An interesting aspect of the above problem is that when the
regions of movement of some nodes overlap, and a way-point
in the overlapping region is chosen, then we can use the same
waiting time to wait for multiple nodes simultaneously, thus
reducing the overall waiting time. We call these shared way-
points. Two or more nodes may show up simultaneously at
such a way-point and in such an event the ferry chooses to
serve one of them. For the results that we present in this pa-
per, the ferry chooses the least recently served node. If the
ferry is already serving a node, when another node arrives,
then the ferry continues to serve that node. In general, such
events are very rare in sparse deployments.

If the node for which the ferry is waiting at a way-point
arrives before expiration of the waiting time, then if the
way-point is not shared, the ferry stops waiting and starts
moving to the next way-point immediately after servicing
the node. If however, the way-point is shared, then the ferry
only stops waiting if it has already contacted all the nodes
in the present tour that share the way-point, or the waiting
time expires. As an optimization, the ferry completely skips
a way-point if it has already met all the nodes in the present
tour for which it was supposed to wait for at that way-point.



4.3.2 Constructing a Path from Way-points

Once we have determined the way-points, we order them
so as to minimize the length of the route. This amounts to
the planar travelling salesman problem (TSP) whose exact
solution is NP-hard. TSP solvers like Concorde [4] can solve
the problem exactly for few hundred points within minutes.
If the number of points is large, then we can opt for any of
the available approximation algorithms that exist for planar
TSP. We refer the reader to [27] for further details.

Note that while the solution to the problem for finding the
way-points will result in minimizing the aggregate waiting
time at the way-points, the solution may not be suitable for
minimizing the length of the route. As an example, consider
a solution in which there is a way-point that is far-away from
the rest of the points, and is chosen because a small amount
of waiting at that way-point contributes significantly to con-
tact probability. However, the additional time required by
the ferry to travel to such a way-point may negate the ad-
vantage. Instead, there might be a point that is closer to the
rest of the way-points at which the ferry might have to wait
longer to gain a similar contribution to contact probability,
however, since this point is closer, we save travelling time
for the ferry, and can thus compensate for the longer wait.

Ideally, we would like to solve the problem in a way that
reduces the sum of the waiting time and the travelling time.
However, the complexity of such approach would be im-
mense. Most likely we cannot find the travelling time with-
out first enumerating the desired way-points. Thus to find
the optimal solution to such a problem would require enu-
merating all feasible solutions to way-point problem and
then picking one with minimum total waiting and travel-
ling time.

We introduce a heuristic that promises to work well under
our assumptions. Our intuition is that if the way-points are
close to eachother, then they yield a shorter route. If the re-
gions of the mobile nodes are spread more or less uniformly
across the universal region S, then we would prefer points
that are closer to the center of the region S. Based on this
intuition, we modify the optimization problem that we pre-
sented earlier, so that now we try to minimize a weighted
sum of the waiting time and the total distance of selected
way-points from the center of the region. For all s € C,
consider /s as the absolute distance to the center of S, then
we formulate the problem as following.

Optimization Problem 2
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Here (3 is a constant, whose value determines the relative
importance of goal of finding shorter paths and smaller over-
all waiting time in the tour. Suitable values for 3 tend to
depend on the units of distance as well as the average speed
of the ferry. We use a value of 0.1 in our results.

Once we have chosen the appropriate way-points, and or-
dered them to form a path, we obtain a message ferry route.
Note that the total time 7', that the ferry takes to complete
the route has three components (i) Waiting Time in the

Route (Tw): The sum of waiting times at the way-points,
(ii) Journey Time in the Route (77;): The total time that the
ferry spends travelling between way-points, and (iii) Service
Time in the Route (T): The total time spent in servicing
the nodes that the ferry meets along the way. Total route
time T' =T + T+ Ts. So far in this section we have talked
about the waiting times and journey time, now lets discuss
some properties of the service time.

The service time depends on the service discipline. As de-
scribed earlier in section 3, the service to each node that the
ferry contacts in a tour has two components: (i) The upload
service, and (ii) the download service. The service time in a
particular tour would depend on the message arrival rate and
the time since last service, but it is always time-limited by
the values of download timer D; and upload timer U;. The
expected worse case service time in route is ZZL (Ui + Ds),
where n is the number of nodes. While U; and D, are pa-
rameters of the system, and can be set to arbitrary values,
a sensible choice is to set these timers such that the total
service time is never less than the total service time required
to service messages that are generated by the node between
successive contacts. For example, if the node i generates
i messages per second, then in expectation, it would gen-
erate \;T/p; messages between successive contacts, so the
upload timer should be U; > (\T)/(p:B), where B is the
bandwidth of the channel between the nodes and the ferry,
measured as service rate or number of messages uploaded or
downloaded per unit time. Similarly, if the aggregate traffic
destined to a node 7 is k; messages per unit time, then the
download timer should be set to D; > (x:T")/(p:B). With-
out these settings, the queues at the sender or ferry could
grow indefinitely (send buffer is limited, so while the queue
would not grow indefinitely, there will be persistent loss).

4.4 The T/p Trade-off

In section 4.1 we discussed that reducing the expected
time between successive contacts (T'/p) presents a trade-off.
Here we examine this trade-off in detail.

Since we are considering sparse deployments, typically,
the duration of the tour T" contains a large journey cost (in
terms of time) T, which depends on the ferry speed, and if
the ferry speed is relatively small, then T constitutes a large
portion of overall tour time. As a result, we want the ferry
to contact the nodes with as high a probability as possible
in each tour, as that would amortize this cost. However,
the other two components in route time, Ts and Ty, depend
on p. The service time T seems to decrease linearly with
increasing probability. However, if the contact probability
is primarily due to waiting, as we discussed in section 4.2,
then the T, will increase as we try to increase p.

The exact nature of trade-off depends on the time-cumulative

probability function for a specific node. We discuss the cases
where the time cumulative probability function is exponen-
tial or linear.

4.4.1 Exponential Time Cumulative Function

Recall that the CDF of a exponentially distributed ran-
dom variable is concave, so we would expect that for some
range of waiting time the contact probability increases more
rapidly than the waiting time (thus a possibility that T'/p
would infact decrease as we increase p) and at the same
time there is a range of waiting time values, for which p
increases slower than the waiting time, implying that 7'/p
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would increase for those values of p. This suggests that T'/p
is a convex function of p, and there is an optimal p, that
minimizes the ratio.

To better understand this trade-off, let’s make some sim-
plifying, but not necessarily non-realistic assumptions. As-
sume that Ts < T, so that its affect is minimal; this would
be true if the data-rate between ferry and node was high
compared to the message arrival rate at the source nodes.
Suppose that we have n mobile nodes, which all use identical
mobility models and their regions do not overlap. Suppose
that instantaneous contact probability ~ 0, this would be
true for most large regions. Suppose that we want to meet
all the nodes with the same probability p, and that we end
up with a route that has a single way-point corresponding
to region of each mobile node, and the waiting time at each
of these way-points is the same. In this case T, is n times
the waiting time that is necessary to achieve p; let’s call this
required waiting time t,,. Under these simplifying assump-
tions, T'= T} + ntw, and p = 1 — exp(—tw/7); here 7 is the
mean inter-arrival time for the region defined by the com-
munication area of ferry at each of the chosen way-points.

<I) _Tit+nte _Tj— ynln(1l — p) @)
p p p

We can easily obtain the exact minima for equation 4, how-

ever, it is more instructive to visually inspect the shape of
this function. Figure 2 shows that while the function is in-
deed convex, it is fairly flat at the bottom. This is quite
remarkable, as it indicates that even if we do not choose a
precisely optimal target meeting probability p, we will con-
tinue to do reasonably well as long as we do not choose a p
that is either too small or too large. The function behaves
in a similar manner for different number of nodes (n); larger
values of n result in higher T'/p, but the shape of the curve
remains convex as in figure 2. For given v and n, the optimal
p increases as we increases 7}, as expected.

4.4.2 Linear Time Cumulative Probability Function

Figure 3 shows the trade-off for the case when the time-
cumulative probability increases linearly with waiting time,
as in the case of periodic movement that we described ear-
lier. Note that optimal p is 1, regardless of «, because here
T increases linearly with p, and any increase in p, only
amortizes the cost of the tour.

45 Possible Enhancements

45.1 Service Differentiation

We can provide service differentiation among the nodes by
configuring the upload and download service timers appro-
priately for each node. A larger upload timer results in fewer
residue messages and lower loss probability. Larger upload
timers can also be used in cases where a node generates pro-
portionately more traffic than other nodes. Larger download
timers are also useful for nodes which attract more traffic
than others; with higher download timers more traffic can
be downloaded in fewer successful contacts, thus reducing
delay.

Contact probability can also be used for service differenti-
ation as higher contact probability in each tour means that
the ferry meets the node more frequently, reducing the delay
and the message loss. However, contact probability cannot
be increased indefinitely, because as we mentioned in section
4.4, T'/p presents a tradeoff. For the nodes requiring higher
service level, we choose the optimal contact probability, and
for the nodes that require lesser service level, we may choose
smaller contact probability by choosing a smaller wait time.

We note that Gu et.al.[7] propose a scheduling scheme
where the mobile agent visits certain nodes more frequently
depending on the amount of data that they generate, pro-
viding a form of service differentiation.

4.5.2 Adaptability for Joining and Leaving of Nodes

Our work mostly assumes that there is a fixed number
of nodes in the ad hoc network. Here we sketch a possible
method for making the framework adaptive to nodes leaving
and joining the network.

We set a threshold, Z;, such that if the ferry does not
manage to establish a contact with node ¢ in Z; consecutive
tours, then the ferry assumes that either the node has gone
down, or its mobility model has changed. In such a case
the ferry removes the node from its list and recomputes its
route. If the ferry meets the node in the future, or learns
through external means that the node exists, then the ferry
acquires the node’s mobility model and re-incorporates it
into its route. Similarly, if the ferry meets a new node,
that it does not know, then it acquires the nodes presence
and mobility model and incorporates it into the route. The



ferry could also adapt to changed traffic patterns by appro-
priately setting the upload and download service timers for
the individual nodes based on the traffic patterns.

5. SIMULATION RESULTS
5.1 Simulation Setup

We choose a setup with small number of nodes based on
the premise that the node deployment is sparse. In particu-
lar, we consider a setup with 10 mobile nodes (n = 10) that
move in a 4km x 4km area according to one of the following
mobility models. Please note that our framework can eas-
ily accommodate more number of nodes, and the expected
time between successive node-ferry meetings increases slower
than linearly with the number of nodes as shown in eq. 4.5

1. Random Way-point (RWP): Each node moves ac-
cording to the random way-point mobility model in the en-
tire 4km x 4km region. The RWP parameters are same for
all nodes; Vmin = IM/S, Vmaz = 11m/s, and an exponen-
tially distributed pause time with mean of 1 sec. We choose
a large vmin as otherwise RWP model fails to provide a
steady-state in terms of average speed [28].

2. Area Based Random Way-point (AB-RWP): Each
node moves according to the random way-point mobility
model in a 1km x 1km region whose center is uniformly dis-
tributed in the 4km x 4km area. These regions are shown as
dotted rectangular boxes in figure 4. The RWP parameters
are the same for all nodes; vmin = IM/S, Vmax = 11m/s,
with exponential pause time with mean of 1 sec.

3. Circular Motion (CIRC): Each node moves in a circu-
lar path of radius 500 meters, in a 1km x 1km region whose
center is uniformly distributed (such as shown in figure 4).
The circle is centered at the center of the region. Initially,
each node starts at a random point on its circular path. The
node moves at a constant speed chosen randomly between
Umin = 9M/S, Umaz = 1lm/s, at the start of each loop
through on the circle. At the end of each round through
the circle, it pauses for an exponentially distributed time
with mean of 1 second, before choosing a new speed and
continuing with its movement.

We assume that each node generates messages at a rate of
A messages per second, and each message is destined for one
of the other (n — 1) nodes uniformly, at random. The nodes
consume the messages that they receive from ferry at a rate
of 1 messages per second. In particular, we take A = p =
0.1. We also assume that the nodes have a send buffer and a
receiver buffer that can each hold 1000 messages. We assume
that the radio communication range is 100m for contact dis-
covery as well as for sending and receiving messages to and
from the ferry. We also assume that the node and ferry
can exchange messages at a rate of 100 messages per second
when they are within the radio range and a contact has been
established. Lastly, we assume that the node and the ferry
learn about presence within the radio range using a beacon
that is repeated every 2 seconds. An immediate effect of this

®The journey time, T}, is sensitive to node deployment. In
particular, we found that the tour length increased slower
than linearly as we increased the density of nodes for uni-
form random node deployment. Total waiting time may also
increase slower than linear, as higher density may result in
overlapping of mobility regions and more shared way-points.
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Figure 4: Simulation setup: regions of the mobile
nodes. The + sign indicates the center of the region.
The regions are shaded for better presentation.

periodic beaconing is that if the ferry and node temporarily
come within the radio range, but there is no beacon during
that time, then the ferry and node will fail to meet.

We assume that there is a single ferry in the system that
moves according to one of the following five way-point based
ferry routing models. We assume that in each case, the ferry
moves repeatedly from one way-point to the next. For each
leg, it chooses a speed randomly between v = 9m/s,
Vmaz = 11m/s. This allows us to have some variability in
ferry’s journey time. Note that increase in ferry speed re-
sults in a linear decrease in journey time, and may also result
in a shift in optimal contact probability (ref: eq.4). In gen-
eral, higher ferry speeds will result in smaller inter-contact
times and better performance. Later in this section we dis-
cuss the impact of ferry speed on the system performace.

1. Random Way-point (RWP): The ferry moves in the
larger, (4km x 4km) region S according to the random way-
point mobility model. At each way-point, the ferry pauses
for exponentially distributed time with mean of 1 sec.

2. Restricted Random Way-point (RWP-res): The
ferry moves as in the ferry RWP model, with the exception
that the way-points are only chosen from the part of the
region which is also part of mobility region of one of the
mobile nodes. We expect this model to work somewhat bet-
ter than the vanilla RWP ferry route model. Note that this
ferry model can also be thought of as one where the ferry
visits the region of one node after the other, at random.

3. Space Filling Way-point (SFWP): In this model, we
divide the 4km x 4km region into a grid, and pick the center
of the each grid-box as a way-point. Next we order these
way-points so as to form a shortest possible tour using the
Concorde Travelling Salesman (TSP) solver [4]. The ferry
route comprises traversing this ordered set of way-points
repeatedly. We denote the model where the grid size is X
times the communication range as SEFWP-X model.

4. Region Centers Way-point (RCWP): We pick the
centers of the regions of each of the mobile nodes as the
way-points and order these using the Concorde TSP solver.
The ferry route comprises traversing this ordered set of way-
points repeatedly.

5. Optimized Way-points (OPWP): We pick way-
points and waiting times at each way-point according to the



algorithm that we described in 4.3. When the nodes follow
the AB-RWP model, the optimal target probability turned
out to be = 0.6. For the CIRC node mobility model, the
algorithm suggests target probability of 1 as CIRC has lin-
ear time-cumulative probability function. In the case where
nodes follow the RWP model, the OPWP algorithm gives a
route comprising a single point, as expected. We have used
a custom solver for solving the optimization problem where
it involved exponential functions. It solves the problem over
1600 candidate way-points (a grid-size of 100m), using a
combination of interior point method for solving convex op-
timization problems [2] and some manual guidance to speed
up the search.

When a contact occurs, and the ferry decides to service a
node, the two stop and until the service is completed. We
have set the upload and download timers to 6 seconds each.
For this simulation, we allow the contacts to occur at any
time, whether the ferry is waiting for a node at way-point
or not at the time instance when the node-ferry contact oc-
curs. Furthermore, we allow that a node may meet a ferry
multiple times within a tour as long as the contact with
the occurs at least 30 seconds after the last service for that
node. This constraint ensures that we benefit with all the
contact opportunities that are afforded, while the minimum
time between successive contacts allows us to keep the ser-
vice discipline to be time-limited. Without this constraint,
the node and ferry may never move away from eachother,
because soon after completion of a service episode the node
and ferry may realize that they are still with-in the radio
range of eachother and start a new service episode.

For the present work we consider that the nodes only com-
municate using the ferry as an intermediary so that we can
study the impact of different ferry route design algorithms
in isolation, without having to worry about any artifacts
that may arise due to peculiarities of specific ad hoc routing
methods. This arrangement does not impact our results in
any significant way. If we allow the nodes to communicate
directly with eachother, then a concern is that the commu-
nication between the nodes may nterfere with the node-ferry
communication, and result in loss of data or missed contacts.
However, in the sparse settings that our work aims to ad-
dress, the probability of other nodes in the vicinity during
a node-ferry contact is minimal. We report some results at
the end of next section.

5.2 Performance Comparison

We compare the the different ferry routing models based
on the following three criteria.

1. Frequency of Node-Ferry Contacts: Our ultimate
goal in ferry route design is to contact the mobile nodes
as often as possible. Under this criteria, we evaluate the
ferry routing schemes based on how frequently the node-
ferry contacts occur over all, across all the nodes.

2. Fairness of Node-Ferry Meetings Among Nodes:
Fairness is an important concern in node-ferry route design.
Ideally we want that the ferry contacts each node equally
often (when the demands are uniform) or in a way that
is proportional to the demand. Note that without this re-
quirement, we could design a ferry route where the ferry only
targets a small subset of nodes, thereby achieving a high fre-
quency of node-ferry meetings, but the other nodes in the

Table 1: Node-Ferry contacts per hour

Ferry Mobility Model for the Nodes
Model RWP | ABRRWP | CIRC
RWP 9.8 11.2 9.6
RWP-res 10.2 12.7 11.6
SFWP-3 8.4 8.0 8.8
SFWP-4 7.5 7.7 7.7
RCWP 14.2 13.0 10.10
OPWP 14.8 18.0 26.40

network starve. For our simulation setup, the demands are
uniform, as the destination node is chosen uniformly among
all the possible nodes, and message arrival rates are the same
for all the nodes, thus we can use the unweighted Raj Jain
fairness index [8] for comparing the different ferry routing
schemes. If w; is the number contacts per unit time for node
i, then the fairness index is defined as:
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A fairness index value close to 1 would indicate good fair-
ness, whereas values significantly less than 1 will indicate
lack of fairness.

3. Delay and Loss of Messages: Although we are in the
delay tolerant networking paradigm, the delay and loss are
still metrics of interest. We compare the end-to-end delay,
defined as the delay from the time that message is created,
to the time that it is delivered to the desitnation node, as
well as the portion of this delay that occurs at the source,
and portion that occurs at the ferry.

Table 1 shows the average node-ferry contacts per hour for
each ferry routing scheme. OPWP is the clear winner for
each node mobility model, except for the RWP node mobil-
ity model, where RCWP and OPWP give similar results (by
chance, because the region center happens to be the optimal
point for RWP motion).

Let’s try to explain the performace of the different schemes.
The SFWP schemes are clearly the worse performers. One
might think that since SFWP schemes cover the entire re-
gion, they would perform well. However, there are good
reasons for their poor performance. The length of the route
(tour) for the SFWP-3 and SFWP-4 schemes is 39km and
32km respectively, compare this to the average route length
of 9km that we observed for the OPWP for AB-RWP node
mobility model. The longer route length means that the
ferry takes a long time to complete one tour, and a signif-
icant fraction of this time is spent travelling in the parts
of the region that have zero (parts that are not covered by
smaller rectangles in fig. 4) or negligible probability of node
presence. Note that even though the ferry covers the entire
region, it does not cover the entire region at once, so the
nodes and ferry can keep missing eachother.

The vanilla RWP ferry model suffers from somewhat the
same problems as the SFWP models. The ferry may choose
random way-points that are not in the region of any mo-
bile node, thus time spent travelling to and from such way-
points is completely futile, except for when the path to these
way-points intersects the region of some mobile node. Even
when the ferry does choose a way-point that is in the re-
gion of a mobile node, the probability that it would be at



a point where mobile node is present is most likely to be
is small. The reason that RWP performs better than the
SFWP schemes is that the ferry tends to meet the nodes
that are in the center of the region quite more often than
the mobile nodes that are at the edges of region. This in-
creases the average node-ferry meetings, but without any
degree of fairness.

The RWP-res model alleviates part of the problems of
vanilla RWP model by ignoring way-points that are not in
the regions of the mobile nodes, and as a result, the RWP-res
model performs slightly better than vanilla RWP. However,
other problems of the RWP model remain.

The RCWP model does quite well when the nodes follow
the RWP, or AB-RWP model. The reason is that RCWP
uses a way-point that is the center of the region of the mo-
bile node, and for the nodes moving according to the RWP
model, the center also happens to be the point where the
node is most likely to be present. Clearly, this advantage
vanishes completely when nodes follow the CIRC mobility
model.

Lastly, we found no significant instances of interference
from node-node communication. In particular, there were
only 0.03 contacts per hour per node, on average, where
another node was found in the communication range of the
serviced node or the message ferry when the nodes followed
the RWP model, and the ferry followed the OPWP model.
We found no such instances in our simulations when nodes
followed AB-RWP or the CIRC mobility model.

Our second evaluation criteria is fairness. Figure 5 shows
the node-ferry contacts per hour for individual nodes, and
table 2 shows the fairness index for different ferry rout-
ing schemes, under different node mobility models. Clearly
OPWP model has the least variation between the meetings
for different nodes, and consequently yields an almost per-
fect fairness index value. An important point to note here
is that since we allow a node to meet multiple times during
a tour, it is possible that certain nodes may meet the ferry
more frequently than other nodes and in that respect it can
be argued that our method is not fair. However, our aim is
to provide fairness in an approximately max-min sense. The
ferry meets every node with certain minimum probability in
each tour; any other potential contacts are akin to excess re-
sources whose equal distribution we do not guarantee.® Our
simulation results indicate that even without a explicit ef-
fort to distribute the “excess” contacts equally between the
nodes, OPWP remains fair.

The higher variation between node-ferry contact frequency
for the RWP ferry models deserves some attention. The
RWP node visits the central region more often than the re-
gions at the edges. This means that a RWP ferry would
attempt to meet the nodes that are situated near the center
of the region more often than the nodes that are situated far-
ther away from the region, and as a result, the ferry would
meet some nodes more often than others.

Finally, table 3 and figure 6 summarize the comparison
based on delay and loss. We compute the end-to-end de-
lay only for the messages that have been successfully down-
loaded; there still are messages in the ferry and source node
buffer at the time of simulation termination, but we ignore
these messages for the comparison. Note that while the

In the strict max-min sense any excess resource is dis-
tributed equally between the customers; we do not guarantee
such distribution.

Table 2: Fairness index for the ferry routing schemes

Ferry Mobility Model for the Nodes
Model RWP | AB-RWP | CIRC
RWP 0.943 0.847 0.841
RWP-res 0.920 0.802 0.88
SFWP-3 0.832 0.864 0.894
SFWP-4 0.805 0.881 0.866
RCWP 0.943 0.919 0.565
OPWP 0.954 0.984 0.913
Table 3: Average delay and loss for different ferry
routing schemes
Ferry Avg. Delay(hr) Loss
Model E2E |Src |Ferry %
Node Mobility Model: RWP
RWP 2.3 0.79 1.52 6.35%
RWP-res (|2.78 0.98 1.80 7.52%
SFWP-3 (|2.50 0.77 1.73 6.38%
SFWP-4 (13.69 1.43 2.28 19.81%
RCWP 2.34 0.80 1.53 3.4%
OPWP 2.25 0.73 1.52 0.77%
Node Mobility Model: AB-RWP
RWP 4.41 1.10 2.63 13.9%
RWP-res (|3.02 0.99 1.62 8.4%
SFWP-3 (|3.87 1.21 2.04 10.7%
SFWP-4 |4.06 1.33 2.31 10.8%
RCWP 2.66 0.66 1.41 0.81%
OPWP 1.92 0.45 0.84 0%
Node Mobility Model: CIRC
RWP 3.73 0.83 2.9 9.58%
RWP-res ||3.61 0.79 2.82 6.32%
SFWP-3 |(|4.16 0.85 3.31 5.79%
SFWP-4 (|4.23 0.72 3.51 9.64%
RCWP 2.81 1.0 1.81 24.8%
OPWP 1.69 0.26 1.43 0%

OPWP routing model does not do significantly better in
terms of end-to-end delay for RWP node mobility model,
it does better in terms of the message loss for this model.
When the nodes follow the AB-RWP or the CIRC node mo-
bility model, OPWP does clearly better both in terms of
loss and end-to-end delay.

Overall, the OPWP model performs significantly better
than any other model. The main reason is that we balance
the travelling time and waiting time, and moreover invest
that waiting time at way-points that are most advantageous
in terms of increasing the contact probability with the nodes.

5.3 Performance Under Different System
Parameters

Performance of the message ferry routing schemes may
depend on a number of system parameters. Here we evalu-
ate the OPWP method under four parameters; (i) send and
receive buffer size, (ii) service timers, (iii) sparsity of node
deployment, and (iv) the speed of the ferry. There are other
parameters of interest as well, such as, the radio range for
communication, the bandwidth of the radio link, the mes-
sage arrival and consumption rates at the nodes, and the
speeds of the nodes, however, the above four are the most
critical parameters, in our opinion.

Buffer size is a critical parameter for determining the mes-
sage loss. We give a simplified explanation here. We dis-
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Figure 5: Node-Ferry meetings for individual mobile nodes under different ferry routing schemes, and different
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Figure 6: CDF for End-to-End delay under different ferry routing and node mobility models.

Table 4: Loss rate under different buffer sizes with
OPWP ferry routes

Table 5: Loss rate under different upload timers us-
ing OPWP ferry routes

Node Src & Dest. Buffer Size (no. of messages) Node Upload Timer (seconds)
Model  [[100 1300 700 1000 Model ||1 2 E l4 E l6
RWP 64.51% 30.00% 3.89% 0.77% RWP |[(33.24% [9.34% [4.59% [3.69% [1.33% [0.77%
AB-RWP||71.80% 20.00% 1.34% 0.0% AB- 35.63% (11.54% [4.30% [2.61% [0.4% [0%
CIRC 43.13% 0.0% 0.0% 0.0% RwWP

CIRC |[[6.23% [0.0% [0.0% [0.0% [0.0% [0.0%

cussed earlier that the node-ferry contact behaves as a geo-
metric random variable. The expected number of messages
that the node generates between successive contacts is AT /p.
If the node’s source buffer can hold kA\T/p messages, then
the probability that there would be a loss is that there are no
contacts for k/p consecutive tours; the probability of such
a event reduces with increasing k&, and the tail bounds can
be used to bound these probabilities. In reality, the anal-
ysis is much more complex, because of residues that may
be left from earlier service episodes [15]. Table 4 shows the
loss rates for different node mobility models using different
source and destination buffer sizes. Other parameters in the
simulation are the same as described earlier in section 5.1.

The service timers also play a critical role in determining
the loss rate. Recall from the service model in section 3
that if the upload timer expires before the source buffer is
emptied, then there is a residue; if the upload timer is small,
the residues will be larger and more ,requent, causing the
source buffer to remain full, and increasing the delay and
loss. Table 5 shows loss rates for different node mobility
models when we use different source and destination buffer
sizes. Other parameters in the simulation are the same as
those that we described in section 5.1 above.

To analyze the system performance under different de-
grees of sparseness of node deployment, we consider setups
where the 10 mobile nodes are deployed randomly in a 10km
x 10km area, a 20km x 20km area, or a 40km x 40km area.

Table 6: Total contacts per hour for different sparse-
ness levels - fainess index enclosed in paranthesis

Ferry Area of Deployment

Model 10km x 10km [20km x 20km UOkm x 40km
OPWP 7.73 (0.961) .40 (0.977) [2.67 (0.976)
RCWP 5.53 (0.958) [1.47 (0.807) [1.33 (0.833)
RWP-res 2.60 (0.647) [0.87 (0.805) [0.67 (0.455)

We assume that the nodes are moving according to the Area
Based RWP model that we had described earlier (each node
continues to move in a 1km x 1km region). For each scenario
we configure the nodes such that the source and destination
buffers are twice the expected number of arrivals between
contacts, and the service timers are such that they are suffi-
cient to upload the expected number of messages that would
arrive between contacts. Table 6 shows the total number of
contacts per hour and the fairness index for different levels
of sparseness. Note that the the contacts do decrease with
sparseness, however, OPWP performs significantly better
than other schemes.

Finally, we look at the impact of the ferry speed on the
frequency of the node-ferry contacts. We keep the setup for
the AB-RWP and CIRC node mobility models introduced
in section 5.1. We assume that the ferry moves from one
way-point to the next at a certain constant speed. Table
7, shows that the contact frequency increases with increas-



Table 7: Total contacts per hour for different ferry
speeds with OPWP ferry routes

Node Ferry Speed

Model 5m/s [10m/s |20m /s
AB-RWP 13.7 18.8 23.1
CIRC 22.0 28.0 33.5

ing ferry speeds. However, we note that the increase is not
linear. While increasing the ferry speed reduces the tour
journey time linearly, its impact on the waiting time at the
way-points depends on the node’s mobility model. With
the CIRC mobility model, the waiting time only depends on
the node speed, and not on the ferry speed. In the case of
AB-RWP mobility, increasing the ferry speed decreases T},
which results in lower optimal contact probability, and con-
sequently also lower the waiting times, but the relationship
is not linear with the speed of the ferry.

6. CONCLUSIONS AND FUTURE WORK

We have described a new framework for designing routes
for message ferries that does not require any online collabo-
ration between the nodes and the ferry. The ferry route com-
prises a carefully chosen ordered set of way-points and wait-
ing times at these way-points, such that each time that the
ferry traverses this route, it contacts every node with a cer-
tain minimum probability. We have demonstrated through
extensive simulations that our scheme performs significantly
better than other naive ferry routing schemes. In the pro-
cess we have gained valuable insight regarding how the in-
formation from mobility models can be used to design better
routes.

In the future, we would like to consider the case of using
multiple message ferries, as these would be needed in envi-
ronments which are too sparse for a single ferry, or where the
traffic demands are too high. We also plan to futher elabo-
rate and develop the enhancements that we have mentioned
in section 4.5.
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