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Abstract In mobile communications, effective inter-
networking is mandatory in order to support user roam-
ing among various types of wireless networks while
maintaining connectivity. In this paper, we propose a
super node system architecture to achieve the con-
nectivity over interconnected heterogeneous wireless
access networks, which employs the delay-tolerant net-
work (DTN) concept to overcome the problem of po-
tential intermittent connections caused by user roaming
and ensures message delivery in the presence of a
long disconnection period. By introducing the concept
of virtual network topology, we present a new rout-
ing technique for mobile ad hoc networks (MANETs)
within the system architecture, which redefines the
dominating-set based routing for the challenged net-
work environment. A time based methodology is pre-
sented to predict the probability of future contacts
between node pairs for constructing the virtual network
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topology. Simulation results demonstrate the effec-
tiveness of the proposed dominating-set based routing
scheme under the DTN system architecture.
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1 Introduction

The recent years have seen enormous advances in
wireless communication technology and co-existence of
various types of wireless networks. Each type of the
networks is optimized for a specific networking envi-
ronment, and it is impossible to have only one type of
wireless networks that suits all the environments. As a
result, it has become necessary to internetwork various
types of wireless networks, leading to the necessity
of heterogeneous wireless networking. As mobile ad
hoc networks (MANETs) are an important component
of the heterogeneous wireless networks for ubiquitous
communications, in order to maintain continuous con-
nectivity for a mobile user, it is necessary to include
MANETs in the heterogeneous wireless interworking.
In such an interworking scenario, how to maintain the
connectivity of a mobile user poses significant techni-
cal challenges as the user roaming can introduce an
intermittent connection situation associated with chal-
lenged networks. How to efficiently route messages
over MANETs under the constraint of intermittent
connections is an essential problem to be addressed.

User roaming over heterogeneous wireless networks
is an area that has been extensively researched (e.g.,
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[4, 8, 12]). One limitation with the previous techniques
is that, if a user is disconnected for a long period be-
fore reconnecting through another network, the current
connection is terminated. Another problem is how to
maintain the connection for intermittently connected
users even over the same network. On the other hand,
the delay tolerant network (DTN) architecture [2] is
proposed to handle communications over challenged
networks. It is based on an Internet-independent mid-
dleware, which handles the sending and receiving of
the bundles (self contained messages) across the net-
work using the underlying protocols stack. Due to the
expected long delays, DTNs cannot accommodate any
real-time applications, but mainly support time insen-
sitive applications. Message delivery in DTN is done
by first storing the message (i.e. bundle) and then for-
warding it either to its destination or to an interme-
diate node that has a high probability to deliver it to
the destination. For example, in the epidemic routing
technique [13], each node forwards its received message
to all its neighbor nodes. The message delivery mainly
depends on node mobility, taking advantage that one
of the message carriers may meet with the message’s
destination node.

Some research efforts are devoted to routing in a
sparse ad hoc network (e.g. [11, 15, 16]), which depends
on known routes and movements for some nodes to
deliver messages. Moreover, a request may need to
be sent to a moving node to change its movement
trajectory to deliver the message [6]. Some routing
schemes require collecting information from the mov-
ing nodes about their destination, velocity and direction
of movement, which means much computations and the
awareness of destination node locations to find the best
moving node to carry messages. That is, these tech-
niques make routing decisions based on a pre-known
movement schedule of the mobile nodes. Such schemes
are not suitable to the MANETs of interest where
mobile nodes move randomly (freely) without a known
schedule. The other extreme in routing is to assume no
knowledge about the network, such as epidemic routing
[13] which uses flooding to deliver messages and is
therefore inefficient in terms of network resource usage
but sometimes necessary. A compromise between the
two extremes is routing based on prediction of the
future movement of a node using the knowledge of
its previous location and movement pattern [1, 7]. The
previous work predicts future contacts based on the
number of previous contacts, which suffers from some
deficiency (see Section 4.2). To overcome the inade-
quacy, we propose here a time-based methodology for
predicting the future contacts.

In this paper, we first propose a super-node system
architecture based on the DTN framework, as a solu-
tion for providing a continuous connection to mobile
nodes that experience intermittent connections. In the
system architecture, heterogeneous wireless networks
are interconnected to achieve continuous connectiv-
ity for roaming users. We then present a novel DTN
based routing technique for challenged MANETs, with
a main goal to ensure reliable message delivery with
minimum cost. Our contributions are four-fold: (i)
the super-node system architecture is proposed and
its effectiveness is demonstrated based on computer
simulations; (ii) the concept of virtual network topol-
ogy is introduced, which is adaptation of the network
topology in a DTN context; (iii) a new approach for
calculating the probability of future contacts in DTN
networks is presented; and (iv) a routing technique that
is based on calculating the dominating set for the virtual
network topology is developed, using a new algorithm
for dominating set calculations. The effectiveness of
the proposed routing scheme is demonstrated based on
computer simulations, using a user mobility model that
represents the real life behavior of roaming users.

2 The system model

We consider a global information transport platform,
which consists of a number of heterogeneous wireless
networks (e.g., cellular networks, mobile ad-hoc net-
works, WLANs, etc.) that are interconnected over an
Internet backbone [5], as shown in Fig. 1. Each network
is connected to the Internet through a DTN gateway
[2]. Each mobile node is able to connect to the plat-
form through a subset of the wireless access networks.
A node may be connected for a period through one
access network, disappear for an extended period, and
then reappear from the same access network or from
a different access network. Here, we focus on data
communications for delay insensitive applications.

The access networks include MANETs. The cover-
age of each MANET is limited by a geographical area.
In the area resides a DTN gateway which connects
the access network to the system. Within the MANET,
there are a number of mobile nodes that can freely
roam over the network coverage area. These nodes may
have different communication capabilities in terms of
wireless transmission range, memory size, and avail-
able transmission power. The nodes are free to enter
or leave the area and consequently join or leave the
network. A node can be unreliable as it can switch
off at any time with or without a warning. Figure 2
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Fig. 1 The system
architecture with super nodes

illustrates a schematic diagram for the MANET model.
The nodes are free to enter the area covered by the
network such as node E or leave the area such node
F. Two nodes are connected when they are able to
communicate with each other, i.e., when they are within
each other’s transmission range. For simplicity, we as-
sume that all nodes have the same transmission range
and that, if node A can receive message from node
B, node B can receive from node A as well. We are
interested in a situation where the mobile nodes are
sparsely located and the network is very likely to be
partitioned, such that an end-to-end path between a
pair of communicating nodes is very rare.

The DTN gateway has a fixed location within the
geographical area, with communication functions and
capabilities similar to those of an ordinary mobile node.

Fig. 2 An illustration of the MANET under consideration

That is, the gateway is assumed to have a limited
transmission range, and can communicate only with
the nodes within its transmission range. The gateway
transmission range covers only a small portion of the
MANET geographical area. On the other hand, the
gateway has higher processing power and larger storage
(buffer) space than other roaming nodes. In terms of
node mobility pattern, there is no restriction on node
movements (except a reasonable upper bound on the
velocity). An assumption is that some nodes usually
roam toward the gateway, so that the gateway can com-
municate with the roaming nodes from time to time.
This assumption can be satisfied by carefully choosing
the gateway location, depending on the geographical
features of the service coverage area.

3 The super-node system architecture

In the system model, a user connection over the access
networks can be intermittent with frequent disconnec-
tions. To deal with the potential long delays encoun-
tered in the presence of frequent disconnections, the
only effective way for successful message delivery is to
use an asynchronous message forwarding mechanism,
also known as store and forward mechanism. The main
research issue is to find a route from a traffic source
node to the destination node to deliver the message
even if the route does not really exist at any time. In
the following, we first discuss two possible approaches,
and then propose our main scheme based on a concept
of super nodes [10].
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Epidemic routing based scheme This is a distributed
routing approach that makes use of the epidemic rout-
ing idea [13]. This approach assumes no knowledge
of user location or availability. The problem with this
approach is that, for a large network size, the number of
forwarded messages required to deliver one message is
huge. Also, the message flooding in the network results
in a large number of lost messages.

Centralized node scheme The scheme assumes that
a single server resides in the Internet and is able to
communicate with all the gateways. Every user upon
connecting to the system must inform the server of its
current location. When a node wants to send a message,
it first contacts the server to find out where the desti-
nation node is located, and then the source node can
try to establish a direct connection with the destination
node. If the path setup fails or the connection drops
at any time, all the messages are sent to and stored at
the server for retrieval from the destination node upon
reconnecting. The main problem with this solution is
scalability.

We propose to combine the preceding two ap-
proaches to overcome their limitations. Instead of
having a single server, a number of servers at fixed
locations, referred to as super nodes, are used. Each
super node is responsible for a set of subscribers. Each
user (mobile node) has a unique and fixed super node,
independent of its location changes. Communications
among super nodes and DTN gateways are assumed to
be reliable over the Internet. In fact, a super node can
also act as a DTN gateway; in this case, the super node
is responsible for message delivery over the wireless ac-
cess networks for which it acts as a DTN gateway. Each
mobile node should contact its super node to update
its location upon connecting to any access network. To
send a message, the source node first locates the super
node of the destination node based on the user ID.
With the most updated location of the destination node
provided by its super node, the source node then tries
to establish an end-to-end connection with the desti-
nation. If the connection setup fails or the connection
drops at any time, all the messages are sent to and
stored at the destination super node for forwarding to
the destination node upon its reconnection. Depending
on the current access network of the destination node,
its super node may transfer the user message custody
to another super node near the access network for the
period of user existence in the access network. This
super node is called custodian super node for the user
during the period. It should be noted that the number

of super nodes in the system is not dependent on the
number of the access networks (unless a super node
also functions as the gateway of the access network).
The number of the super node is a function of the
number of the users in the system. The centralized node
scheme can be regarded as a special case of the super
node scheme that suits a very small number of users.
Also, the super node is similar to the home agent in
mobile IP, as it serves as the anchor point for routing.
The difference in this approach from Mobile IP lies in
the custodial nature of the super node.

Routing in the super-node network model can be
regarded on two levels. The high-level routing is among
super-nodes and gateways, while the low-level routing
is between an end user and the gateway over an access
network. With reliable communications among super
nodes and gateways over the Internet, many existing
routing techniques can be applied to the high-level rout-
ing. In the following, we focus on the low-level routing
with intermittent connections.

4 Routing over MANET

Routing over access networks is a challenge because of
the potential unavailability of the users or/and physical
end-to-end path. It highly depends on the access net-
work. For infrastructure based networks such as cel-
lular networks and WLAN, regular routing techniques
can be applied when the destination user is available.
Routing becomes more complicated for infrastructure-
less networks such as MANETs.

As the first step, in our previous work [10], we use
epidemic routing for MANETs, which turns to be ineffi-
cient in terms of resource utilization. The main problem
with epidemic routing is that message will keep being
forwarded even after it is delivered. Limiting the mes-
sage live time can partially solve this problem, but may
prevent the message from being delivered if it expires
before a contact occurs with the destination node or
one of the message carriers.

In the following, we propose a technique to limit
the number of forwarded messages by limiting the
number of message carriers. In the scheme, a message
is forwarded to a subset of nodes. The approach re-
duces the number of forwarded messages, at the cost
of a potentially increased message delivery delay. To
achieve better performance tradeoff, the set of carriers
should consist of the nodes that are most likely to be
encountered. We propose an algorithm to choose the
set of nodes based on the idea of dominating set for the
virtual network topology.



158 Mobile Netw Appl (2009) 14:154–164

4.1 Virtual network topology

To route a message is to find a path from the traffic
source to send this message to its destination. For chal-
lenged networks, it is difficult, if not impossible, to find
such a path. All MANET routing algorithms depend
mainly on constructing the network topology and then
processing this topology to find a path (or paths). This
technique requires that each node to have full or partial
knowledge about the network topology. Constructing
and maintaining this kind of topology in our case means
unnecessary overhead as the network is expected to be
sparse most of the time. Furthermore, the technique
fails if there is no end-to-end path between the source
and destination nodes, which can happen with a high
probability. Our approach to address the routing issue
is to construct a virtual network topology, where a link
between two mobile nodes represents the probability of
future contacts (i.e. meetings) between the two nodes
within the network, instead of representing the existing
physical connection between the nodes. A contact is
defined as the opportunity of transmitting and receiving
data between two nodes as they fall within each other’s
transmission range. As shown in Fig. 3, the network is
represented as an undirected graph G = (V, E), where
V represents the set of mobile nodes currently par-
ticipating in the network and E represents the set of
contact probabilities for all node pairs. Note that Fig. 3
illustrates only the links having a nonzero probability
of future contacts.

4.2 Probability of future contacts

The main challenge in developing an efficient routing
algorithm for the MANET is how to construct the

Fig. 3 A simple example of virtual network topology

virtual network topology, i.e., how to calculate the prob-
ability of future contacts between a pair of nodes. Tech-
niques proposed for DTN routing use different criteria
for predicting future contacts, e.g., the idea that a most
recently met node is more probably to be met [7]. Some
techniques assume that each user has a predefined
movement pattern that rarely changes and the routing
decisions are based on these patterns [3]. However, it
is not clear how to determine the mobility patterns.
Other techniques assume that the future events in the
network are known in advance, which is unreasonable
for our system where mobile users roam freely anytime
and anywhere. There is no general solution to the prob-
lem; however, the solution mainly depends on network
constraints. Here, we do not assume any knowledge of
the future events (e.g., node velocity, node movement
direction, time instants of power on and off). Instead,
we make use of network statistics that are collected
and stored on the DTN gateway. The statistics are
collected based on all the user sessions in the access
network in the system, not only the current or most
recent session. Previous techniques [1, 7] predict future
contacts based on the number of previous contacts.
Such an approach has two problems: One is multiple
falsely detected contacts, as shown in Fig. 2, where node
B is in the communication range of node A. As node
B may switch its power off and then switch it back on,
node A will falsely detect more than one contact with
node B. The same situation can happen when node
B exhibits an intermittent connection with node A,
e.g., due a communication barrier between them or the
presence of node B on the edge of node A’s communi-
cation range. The other problem is related to permanent
neighbors, as shown in Fig. 2 where node C and node D
move with the same velocity and in the same direction.
One contact between the two nodes would be counted
because no disconnection happens, independent of the
long duration that the contact lasts. On the other hand,
both nodes encounter other nodes as they move, which
can result in multiple contacts for these nodes due to on
and off links. A routing decision based on the number
of contacts makes node C a less suitable candidate to
carry message for node D than other nodes having
a larger number of contacts, although node C should
be the favorite candidate to carry the messages as it
is in continuous contact with node D. To address the
problems, we propose routing based on the durations
of previous contacts, instead of the number of previous
contacts. Taking the total duration of all the contacts
as the parameter is expected to give a better reflection
of the likelihood that the nodes are in contact with
each other. Without loss of generality, consider two
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nodes, A and B. At any time, let TAB denote the
total time that nodes A and B were in contact up to
the moment. Regardless of time synchronization and
the time durations that nodes A and B respectively
stayed connected to the network, TAB = TBA. The
probability of a future contact between nodes A and
B is estimated approximately by

PAB = TAB

[TA + TB]/2
(1)

where TA and TB are the total time durations, up to the
moment of estimation, that nodes A and B respectively
are on and reside in the network coverage (i.e., con-
nected to the network). Equation 1 takes into account
the time durations that the nodes are connected to the
network. This is different from the previous techniques
where the probability of meeting decreases with the
time if no contact occurs, even if any or both of the
nodes were not connected prior to the time of estima-
tion. The assumption that a node is always connected is
not practical for our problem.

Each node in the network keeps a list that contains
the total duration of the meetings for each encountered
node. The node sends this list to the gateway the first
time it connects to the network. During the node life
time in the network, it sends updates of the list to
the gateway by piggyback on regular messages, or by
sending special update messages if no regular messages.

4.3 Dominating-set based routing

Our newly proposed routing scheme is based on cal-
culating the dominating set for the virtual network
topology graph. A dominating set of a graph is defined
as the subset of vertices of the graph where every vertex
not in the subset is adjacent to at least one vertex in
the subset [14]. In our routing scheme for the MANET,
the formulation of the virtual network topology and the
determination of its dominating set take place at the
gateway. The results are broadcast to all the mobile
nodes in the network via the epidemic routing. That
is, the gateway sends the information to all the nodes
it encounters. These nodes, during their movements,
forward the message to all other contacted nodes. The
procedure continues until the information reaches all
the mobile nodes in the network. On the other hand,
for routing of a data packet from the source node to
the destination node, the packet is forwarded only to
the nodes in the dominating set, different from the
epidemic routing for the message broadcasting. When
a node is to send a message, it either transmits it to a
node in the dominating set or to the destination node
itself (if there is a direct contact). Different from the

epidemic routing which forwards the message to all
the neighboring nodes, our proposed technique counts
on forwarding the message only to the dominating set
members. The dominating set represents the set of
nodes that have high probability to meet with all the
other nodes in the network; the expected number of
forwarded messages is proportional to the size of the
dominating set.

To determine the dominating set, the technique
given in [14] is not suitable to our virtual network
topology. We should take the edge weights into consid-
eration, as we may have a fully connected graph where
most of the edges have very low weights. Our procedure
for formulating the dominating set contains two phases.
In the first phase, we process all the nodes one by one in
ascending order of their IDs; for each node not already
in the set, we add the node that is most probable to
meet to the dominating set. The second phase ensures
that the dominating set is connected, which is necessary
for proper forwarding of a message to the destination.
As the gateway connects the MANET to the overall
system, it should always be included in the dominating
set. Algorithm 1 shows the details of our proposed
algorithm, where DS represents the dominating-set and
N(i) represents the set of neighbors for node i. As an
example to explain the algorithm, consider the simple
virtual network topology in Fig. 3. After constructing
the virtual network topology based on the probability
information of future contacts, the procedure to de-
termine the dominating set starts as follows. First, we
start with the DS containing only the gateway node.
Processing node A adds node B to the DS. As node B
is now an element of DS, it is not processed. Processing
node C adds node D to the DS. Processing node E
and node F would add node D which is already in the
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DS. Processing node G adds node E to the DS. Note
that node H will not be processed as all its neighbors
are already in the DS. After the first phase, DS =
{gateway, node B, node D, node E}. The second phase
finds that the DS is not connected as the gateway has no
neighbor in the DS, and therefore adds node C to the
dominating set. Note that the proposed algorithm may
not result in the minimum dominating set. Minimizing
the dominating set is a topic for further research.

5 Performance evaluation

5.1 The node mobility model

As in real life users usually follow specific patterns
in their movements, we consider the following user
mobility model. The geographical area covered by the
MANET is partitioned to m partitions. When a node is
connected to the network, it visits each of the partitions
with a certain probability. The location of a mobile
node in the future is independent of its location in the
past, given its current location. Denote the location
state of a mobile node by the partition it resides, and
assume the residence times of all the mobile nodes in
each partition are iid exponential random variables.
Then, the user mobility model can be characterized by
a one-dimensional continuous-time Markov chain, with
location state space {1, 2, . . ., m}. The user movement
model over the network coverage area is described by
the transition matrix M of the Markov chain, given by

M =

⎛
⎜⎜⎝

PL11 PL12 . . . PL1m

PL21 PL22 . . . PL2m

. . . . . . . . . . . .

PLm1 PLm2 . . . PLmm

⎞
⎟⎟⎠ (2)

where PLij is the conditional probability that a mobile
node will enter partition L j given that it is still con-
nected to the network and it leaves its current partition
Li. For any partition Li, we have

∑
j PLij = 1. The

transition probability matrix depends on the geograph-
ical characteristics of the service area and the network
environment under study.

5.2 Simulation results

We compare the performance of the super node scheme
with the epidemic routing based scheme. The perfor-
mance is measured in terms of the number of ex-
changed messages over the network to capture how
each scheme uses the available resources such as radio
bandwidth, and the number of undelivered messages
to indicate how successful the scheme is in delivering

messages. In our experiments, the simulation proceeds
in steps. At each step (simulation time), a mobile node
can send a new message or handover to a new ac-
cess network. The system has 4 super nodes, 5 wire-
less access networks (i.e., 3 sparse ad hoc networks, 1
WLAN, and 1 cellular network) each connected via a
gateway to the Internet backbone, and 50 or 100 mobile
nodes distributed randomly within the access networks.
Each super node is assigned an (approximately) equal
number of users. A user can roam over all the access
networks, the residence time over each network is an
exponentially distributed random variable with mean
of 10 simulation steps. Each user is disconnected for
a random period of time (which is an exponential
random variable with mean of 10 simulation steps),
then reconnected either from the same access network
(with probability 0.7) or from any other access net-
work equally likely. All the messages are equal in size,
with the same message live time of 4 simulation steps.
The buffer space is 20 messages at each mobile node
and 2000 messages at each super node. For simplicity
in simulation, we use the epidemic routing over ad
hoc networks. For each experiment, a communication
scenario (i.e., set of messages, user connections, user
disconnections, user movements) is set up randomly
and run for each scheme.

Figure 4 shows the total number of message ex-
changes for 50 and 100 mobile nodes respectively. It
is clear that the super node scheme outperforms the
epidemic routing based scheme. It is noted that the
performance improvement increases with the network
sizes. Figure 5 shows the number of undelivered mes-
sages. It is observed that the super node scheme is much
better than the epidemic routing based scheme. The
main problem with the epidemic routing based scheme
is that the user messages are forwarded to many other
intermediate mobile nodes which may never meet the
destination node or drop the messages before delivery.

Fig. 4 The total number of forwarded messages
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Fig. 5 The number of undelivered (i.e., lost) messages

It is observed that the super node scheme requires big
number of message exchanges because the majority of
the access networks are MANETs, and message deliv-
ery over MANETs requires many messages forwarding
when using the epidemic routing. Next, we study the
performance of the newly proposed MANET routing
technique in the system.

To compare the performance of the proposed rout-
ing technique with that of the epidemic routing over
a MANET, we consider that the MANET coverage
area is a rectangle of size 1500 m × 1500 m. The area
is partitioned into 150 m × 150 m partitions. Each sim-
ulation proceeds in discrete time steps. Mobile nodes
have mobility trajectories independent of each other.
We experiment with 50 nodes. For each simulation run,
a transition matrix M is randomly generated and stays
fixed till the end of the simulation. Initially, the node
locations are uniformly distributed over the service
area. As the simulation time increases, each node (if
connected) moves randomly according to the transition
matrix. When a node moves to a new partition, it
stays there for a residence time that is an exponential

0 500 1000 1500 2000 2500 3000
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5
x 10 5

Simulation Step

N
um

be
r 

of
 M

es
sa

ge
s 

E
xc

ha
ng

ed

DS Time Based
Epidemic
DS Meetings Based

Fig. 6 Epidemic routing versus dominating set routing with re-
spect to the number of messages exchanged

0 500 1000 1500 2000 2500 3000
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5
x 10 5

Simulation Step

N
um

be
r 

of
 F

or
w

ar
de

d 
M

es
sa

ge
s DS with Live Time 40

Epidemic with Live Time 40
DS with Live Time 80
Epidemic with Live Time 80
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random variable with an average of 20 simulation steps.
At the end of the residence time, the node will move
to a new partition with a probability of 0.7, or will
disconnect from the network with a probability of 0.3.
If the node disconnects, it will stay disconnected for
a duration that is exponentially distributed with an
average of 20 time steps. For simplicity, we assume
that a node is able to communicate only with other
nodes in the same partition. Messages are generated
based on a Poisson process with mean rate of 10

3 mes-
sages per time step. The source and destination mobile
nodes for each message are selected at random. All
the messages are equal in size, with the same message
live time of 40 simulation steps. The buffer space is
15 messages at each mobile node and 2000 messages
at the gateway. When the node buffer is full and a
new message is received, the oldest message in the
buffer is removed to receive the new message. At each
time step, the node detects its neighbor nodes and
exchanges the buffered messages with them (the mes-
sages they do not already have) based on the routing
technique used. Each node also updates its buffer by
removing the expired messages. For each experiment,
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a communication scenario (i.e., set of messages, user
connections, user disconnections, user movements) is
set up randomly and run for each routing technique.
Figure 6 shows a comparison between the epidemic
routing technique and the dominating-set based routing
technique in terms of the total number of forwarded
messages. It includes the results for the dominating-
set routing technique based on two different ways of
calculating the probability of future contacts. One is
based on the number of previous contacts and the other
is based on the total contact time as discussed in Section
4.2. It is clear that the dominating-set based technique
is much better than the epidemic routing in terms of
the number of forwarded messages. It is also observed
from the figure that the time based calculation for the
dominating set gives better performance than the calcu-
lation based on the number of previous contacts. On the
other hand, we found that dominating-set based routing
leads to more lost messages than the epidemic rout-
ing. However, when the message live time is increases
the two routing schemes give comparable performance
[9]. On the other hand, increasing the message live
time increases the number of forwarded messages for
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Fig. 11 The effect of decreasing node’s buffer size

both schemes as shown in Fig. 7, mainly due to the
retransmission of dropped messages due to the limited
buffer space. It is observed that the dominating set
routing scheme outperforms, in terms of the number of
forwarded messages, the epidemic routing scheme for
the different message live times.

We perform the experiments for different sizes of the
network and have the same observations as shown in
Fig. 8. It is noted that, as the MANET operation time
increases, the number of forwarded messages decreases
as more observation data are available for estimating
the probability of future contacts, resulting in a more
accurate virtual network topology and a smaller domi-
nating set as shown in Fig. 9.

To study the buffer size effect, we increase the
message live time to 80, so that both schemes have
comparable performance in terms of the percentage of
undelivered messages. As shown in Fig. 10 the perfor-
mance of both routing schemes degrades (in terms of
the number of undelivered messages) when the buffer
size is reduced, but the dominating-set based routing
still outperforms the epidemic routing.

As shown in Fig. 11, due to a large number of lost
messages the total number of messages forwarded with
a smaller buffer size decreases in comparison with the
case of a larger buffer size, but not proportional to
the decrease of the buffer size. That is because re-
ducing the buffer size not only increases the number
of undelivered messages (as expected), but also the
number of forwarded messages due to a larger number
of retransmissions of dropped messages.

6 Conclusions

In this paper, we propose the super node architecture
to ensure connectivity to roaming users with intermit-
tent connections over heterogeneous wireless access
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networks. We then present the new dominating-set
routing technique for MANET as an access network,
based on the concept of virtual network topology to
adequately model a DTN based network. Constructing
this topology requires a methodology to estimate the
probability of future contacts between nodes in the
network, and we propose to determine the estimate for
MANETs based on the duration of previous contacts.
A calculation of the dominating set is discussed for
the virtual network topology graph. Simulation results
demonstrate the effectiveness of the super node archi-
tecture, and that the newly proposed routing scheme
outperforms the epidemic routing in both resource
utilization and QoS provisioning, and that the estima-
tion of the probability of future contacts between two
nodes based on previous contact durations yields better
routing performance than the estimation based on the
number of contacts.

References

1. Davis JA, Fagg AH, Levine BN (2001) Wearable comput-
ers as packet transport mechanisms in highly-partitioned ad-
hoc networks. In: Proc. IEEE ISWC’01, Zurich, 7–9 October
2001, pp 141–148

2. Fall K (2003) A delay-tolerant network architecture for chal-
lenged internets. In: Proc. ACM SIGCOMM ’03, New York,
25–29 August 2003, pp 27–34

3. Ghosh J, Ngo HQ, Qiao C (2006) Mobility profile based
routing within intermittently connected mobile ad hoc net-
works (ICMAN). In: Proc. ACM IWCMC ’06, pp 551–556.
doi:http://doi.acm.org/10.1145/1143549.1143659

4. Guo C, Guo Z, Zhang Q, Zhu W (2004) A seamless and
proactive end-to-end mobility solution for roaming across
heterogeneous wireless networks. IEEE J Sel Areas Com-
mun 22:834–848

5. Jiang H, Zhuang W, Shen X (2005) Cross-layer design for re-
source allocation in 3g wireless networks and beyond. IEEE
Commun Mag 43(12):20–126

6. Li Q, Rus D (2000) Sending messages to mobile users in
disconnected ad-hoc wireless networks. In: Proc. ACM Mo-
biCom ’00, 6–11 August 2000, Boston, pp 44–55

7. Lindgren A, Doria A, Schelén O (2003) Probabilistic routing
in intermittently connected networks. SIGMOBILE Mobile
Comput Commun Rev 7(3):19–20

8. Rutagemwa H, Pack S, Shen X, Mark J (2007) Robust cross-
layer design of wireless profiled TCP mobile receiver for ver-
tical handover. IEEE Trans Veh Technol 56(6):3899–3911

9. Samuel H, Zhuang W, Preiss B (2008) DTN based dom-
inating set routing technique for mobile ad hoc networks.
In: Proc. 2008 ICST int. conf. heterogeneous networking
for quality, reliability, security and robustness (QShine ’08),
Hong Kong, 28–31 July 2008

10. Samuel H, Zhuang W, Preiss B (2008) Routing over inter-
connected heterogeneous wireless networks with intermittent
connections. In: Proc. IEEE ICC ’08, Beijing, 19–23 May
2008, pp 2282–2286

11. Shah R, Roy S, Jain S, Brunette W (2003) Data mules: mod-
eling a three-tier architecture for sparse sensor networks. In:
Proc. 1st IEEE int. workshop sensor network protocols and
applications. IEEE, Piscataway, pp 30–41

12. Shi M, Rutagemwa H, Shen X, Mark J, Saleh A
(2007) A service-agent-based roaming architecture for
WLAN/Cellular integrated networks. IEEE Trans Veh Tech-
nol 56(5):3168–3181

13. Vahdat A, Becker D (2000) Epidemic routing for par-
tially connected ad hoc networks. citeseer.ist.psu.edu/
vahdat00epidemic.html

14. Wu J, Gao M, Stojmenovic I (2001) On calculating power-
aware connected dominating sets for efficient routing in ad
hoc wireless networks. In: Proc. int. conf. parallel processing,
Valencia, September 2001, pp 346–354

15. Zhao W, Ammar M, Zegura E (2004) A message ferrying
approach for data delivery in sparse mobile ad hoc net-
works. In: Proc. ACM MobiHoc ’04, Tokyo, 24–26 May 2004,
pp 187–198

16. Zhao W, Ammar MH (2003) Message ferrying: proactive
routing in highly-partitioned wireless ad hoc networks. In:
Proc. IEEE FTDCS ’03. IEEE, Piscataway, pp 308–314

Hany Samuel received the B.Sc. degree in 2001 and the M.Sc.
degree in 2006, both in electrical engineering, from Ain Shams
University, Cairo, Egypt. He is currently working toward his
Ph.D. degree at the Department of Electrical and Computer
Engineering, University of Waterloo, Ontario, Canada. His cur-
rent research interests include the interworking of heterogeneous
wireless networks, delay tolerant networks and peer-to-peer sys-
tems. He is a co-recipient of a Best Paper Award from ICST
QShine 2008.

http://doi.acm.org/10.1145/1143549.1143659
http://citeseer.ist.psu.edu/vahdat00epidemic.html
http://citeseer.ist.psu.edu/vahdat00epidemic.html


164 Mobile Netw Appl (2009) 14:154–164

Weihua Zhuang received the B.Sc. and M.Sc. degrees from
Dalian Maritime University, China, and the Ph.D. degree from
the University of New Brunswick, Canada, all in electrical engi-
neering. She has been a professor in the Department of Electrical
and Computer Engineering, University of Waterloo, Canada,
since 1993. She is a co-author of the textbook Wireless Com-
munications and Networking (Prentice Hall, 2003). Her current
research interests include multimedia wireless communications,

wireless networks, and radio positioning. Dr. Zhuang is a co-
recipient of a Best Paper Award from IEEE ICC 2007, a Best
Student Paper Award from IEEE WCNC 2007, and the Best
Paper Awards from ICST QShine 2007 and 2008. She received
the Outstanding Performance Award in 2005, 2006, and 2008
from the University of Waterloo for outstanding achievements in
teaching, research, and service, and the Premier’s Research Ex-
cellence Award (PREA) in 2001 from the Ontario Government
for demonstrated excellence of scientific and academic contribu-
tions. Dr. Zhuang is the Editor-in-Chief of IEEE Transactions
on Vehicular Technology, and an Editor of IEEE Transactions
on Wireless Communications. She is a Fellow of IEEE and an
IEEE Communications Society Distinguished Lecturer.

Bruno Preiss is Technical Director, BlackBerry Systems Archi-
tecture Research at Research In Motion, Limited in Waterloo,
Canada. He received the B.A.Sc degree in Engineering Science
in 1982, the M.A.Sc degree in Electrical Engineering in 1984,
and the Ph.D. degree in Electrical Engineering in 1987 from
the University of Toronto, Canada. Dr. Preiss is a Licensed
Professional Engineer in the Province of Ontario, Canada.


	DTN Based Dominating Set Routing for MANET in Heterogeneous Wireless Networking 
	Abstract
	Introduction
	The system model
	The super-node system architecture
	Routing over MANET 
	Virtual network topology
	Probability of future contacts
	Dominating-set based routing

	Performance evaluation
	The node mobility model
	Simulation results

	Conclusions
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


