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Abstract— Connectivity is an important requirement for
wireless sensor networks especially in real-time monitoring
and data transfer applications. However, node movements and
failures change the structure of the initial deployed network,
which can result in partitioning of the communication graph.
We are proposing a method for maintaining and repairing the
communication network of a dynamic wireless sensor network.
We assume there are robots whose motion we can control and
there are nodes whose motion we cannot control. At the heart
of our method lies a novel metric, k-redundancy, which is a
measure of the importance of a node to the connectivity of a
network. We show that this metric can also be used to estimate
the repair time for a network. Finally, we show the effectiveness
of our method with extensive simulations and its feasibility with
experiments on real robots and motes.

I. I NTRODUCTION

Connectivity is a fundamental requirement for wireless
sensor networks for effective use of such systems. For
example, in an urban rescue scenario, we would like to have
continuous communication with each team to get real-time
updates and send them directives. However, as the teams
move in and out of communication range, we may lose
connection with them. Similarly in an environmental disaster,
where there is oil spilled over water, we can deploy sensors
to direct cleaning robots towards the poluted area. However,
the inital deployment may change as the ocean currents
drift away the sensors. Such currents may cause several
disconnected and small network which may not directly
communicate with cleaning robots. Another example is in
habitat monitoring. If wireless sensors are attached to wild
animals [1], an external agent may use the information from
sensors to make intelligent decisions to move the animals to
desired locations. However, once again, the individual move-
ments of animals may cause the network be disconnected
and fail to send the information to external agent. These
examples can easily be extended to broader areas. Hence,
providing improved connectivity is an important requirement
or wireless sensor networks. In fact, the importance of
connectivity has been observed by several researchers such
as [2], [3] where local communication improved the system
performance in multi-robot applications.

In this paper, we are proposing a new method to provide
connectivity in a wireless sensor network which consists of
mobile nodes (without loss of generality, we assume static
nodes can also be present and treated as non-moving mobile
nodes). In this system, there are two groups of mobile nodes,

the ones whose motion we can control and those we cannot.
In the rest of the paper, we will call controllable nodes as
robots and uncontrollable nodes as mobile nodes. Our goal is
to improve connectivity of the system with the help of mobile
robots. Our approach is based on in-network computing, in
which the robots do not know the intentions of the mobile
nodes, but mobile nodes direct them to locations to provide
better connectivity.

Our main contribution is the introduction of a new metric,
k-redundancy, to determine communication characteristics of
a dynamic wireless sensor network. This metric provides a
tool to identify low-connectivity parts of a communication
graph and means to reinforce the network structure before
disconnection happens. We de�nek-redundancyof a node
as the minimum number of node removals required to
disconnect any two neighbors of that node. This provides
a measure to represent the importance of a node in con-
necting its neighbors.K-redundancyis also important for
the throughput of the network because as the redundancy
of nodes increase, the routes between neighboring nodes
increases. We introduce two approaches, reactive repair and
proactive repair methods, to maintain connectivity and dis-
cuss how to usek-redundancyinformation for improvement
in repair performance. Using simulations with a realistic
network simulator (NS-2 [4]), we show that by usingk-
redundancy, we can reduce the disconnections in a dynamic
mobile network. We also provide the real hardware exper-
iments with several mobile robots and motes to show the
applicability of our algorithm to real systems. The videos of
our simulations and real hardware experiments can be found
at http://www.cse.wustl.edu/» bayazit/icra08-sn

We de�ne connectivity as a requirement of both radio
communication range and line of sight. One advantage of
adding line of sight is that the network graph also serves as
a collision-free roadmap for the robots, so that in case robots
need to be relocated, they can �nd a path on the roadmap.
Another advantage is that radio communication is known
to be more reliable when there are no physical obstacles
between the communicating nodes.

We believe our system is very �exible with very few
and realistic assumptions. Our only assumption is that each
node or robot can determine its direction and distance to its
neighbors, and there is no global localization. Please note
that even though this could make localization possible for
all nodes in a local frame, we do not need any localization



at all. Also, if the directional information is not available,
its is still possible to localize the nodes using trianglization
to �nd directions [5]. Also we do not rely on an ideal
communication range as such ranges could vary according
to the physical conditions [6]. Instead, our algorithm just
veri�es the ability to communicate with a neighbor.

The rest of the paper is organized as follows. The next
section gives a brief summary of the related research and
brief comparison to our approach when it is applicable. We
introduce problem de�nition in section III. Section IV intro-
duces the concept ofk-redundancyand section V describes
our solution. In section VI, we present our simulation results.
Section VII shows the implementation of our method on real
hardware and section VIII concludes the paper.

II. RELATED WORK

Connectivity is an important requirement for wireless
sensor networks. In a network with all static nodes, the
general deployment strategy is using more than necessary
nodes and turning off the ones that are not required for
communication or sensing. When the network gets discon-
nected, one or more of the nodes can be turned of to repair
connectivity [7], [8]. The problems with these techniques
is the requirement of extra nodes, and when several nodes
in a limited region fails, the failure to repair network. In
[9], the authors study the problem of adding as few nodes
as possible to a disconnected static network so that the
network is connected. They show that the problem is NP-
Complete and propose some heuristics. These algorithms
require global knowledge of the graph, and they are time-
consuming which is typically not applicable in real-time with
dynamic networks.

Using mobility to maintain connectivity has attracted many
researchers. The general approach has been using mobility
for carrying data between disconnected components of the
network [10]–[13], and using mobile vehicles to improve
data collection by actively using vehicles as data carri-
ers [14]. Another approach is using uncontrollable mobile
nodes as data carriers [15]. In this approach, data is replicated
to new carriers as mobile nodes enter the communication
range of each other with the hope that eventually one of the
replicas will be transferred to one of the required locations.
One other approach is storing data when connectivity is
disrupted, and sending it when connectivity repairs [16], [17].
The problem with these approaches is the latency in data
transfer for time critical applications. The main advantage of
our approach is that we are using mobile nodes for forming
a connected network where data transfer is never interrupted.

There are also approaches to maintain uninterrupted con-
nectivity with dynamic networks. In [18], the authors propose
a technique for providing radio connectivity while moving
a group of robots from one con�guration to another, which
is an extension to their work in [19]. Initial links do not
have to be preserved and the authors theoretically show
that any connected con�guration is reachable from another
connected con�guration while obeying prede�ned 2-hop
communication constraints between nodes, when there are

no obstacles. However, this analysis is not valid when there
are obstacles. Another approach [20] aims to provide radio
connectivity and line of sight while moving a swarm from
one con�guration to another. In this approach, initial links
between swarm members are constant and do not change
to maintain connectivity. In both papers, there are explicit
assumptions on the communication range which can be
violated in practice. The advantage of our technique over
these methods is1: We assume there can be obstacles in the
environment,2: We let links to be canceled and reformed,
3: We do not have any assumptions on the communication
model. In our previous work [3], we proposed a method for
maintaining connectivity of a group of robots where some
of the robots were expected to perform application speci�c
tasks. Our method involved using linear programming tech-
nique to solve connectivity and task allocation problem in
one framework. The assumption in that paper is we can
control motion of all robots. However, in this paper, we
propose a method for maintaining connectivity when the
motion of some mobile nodes are uncontrollable.

III. PROBLEM DEFINITION

In our problem de�nition, we have a network of mobile
nodes whose motion we cannot control, and we want to
maintain and repair connectivity of this network. For this
purpose, we have a group of mobile robots which are capable
of moving to appropriate regions, work as regular nodes
and build communication bridges. We assume robots are
controlled by nodes. Network is monitored by the nodes
and nodes determine where the robots should be located
to improve connectivity. We assume robots and nodes do
not have location information, about neither themselves nor
other members of the network. However, each of them is
capable of measuring distance and determining the direction
to a neighbor if that neighbor is in its line of sight. Each
member of the network is equipped with a low-power radio
for wireless communication with limited range. Robots and
nodes are holonomic and they have limited speed. There are
obstacles in the environment which can obstruct line of sight
and interrupt communication. We assume nodes and robots
can fail anytime. We do not assume any communication
model, environment map, or motion prediction of nodes
when deciding robot locations. Our solution is localized and
we do not use any global information.

IV. K-R EDUNDANCY AND EXPECTEDREPAIR TIME

A. K-Redundancy

K -connectivity is a metric used to de�ne the minimum
number of nodes that need to be removed in order to partition
the graph. If a graph isK -connected, the graph remains
connected if anyK ¡ 1 nodes are removed [21]. Our goal is
to locate robots to regions of the graph whereK is small.

AlthoughK -connectivity is de�ned over the whole graph,
we can modify this concept to de�ne the connectivity
property of individual nodes. For this purpose, we de�ne
a new metrick-redundancy for each node. We are using
this metric to represent the goodness of the connectivity



among the neighbors of each node. It should be noted that
a node could create a communication bridge between any
pair of its neighbors, but if there are alternative routes
between the neighbors, the importance of that node on
connectivity reduces. We say a noden is k-redundant when it
is removed from the network, at leastk more nodes needs to
be removed from the network to remove any communication
route between any two neighbors ofn. k-redundancy for
nodes with only one neighbor is unde�ned following this
de�nition, but we de�ne their connectivity as 0 for practical
purposes.

This concept can be de�ned more formally: if(a i;j + 1)
is the minimum number of nodes required to remove from a
network to disconnect communication between nodesni and
nj (including n), and Nn is the neighborhood set of node
n, the k-redundancy ofn is

nk =
½

0 if jNn j · 1
minfa i;j jni ; nj 2 Nn g if jNn j ¸ 2

Figure Fig. 1 shows an example graph where the vertices
represent the nodes and edges represent the connections
between the nodes. Nodes have different redundancy values
which is a representation of their role in the connectivity.
For example,n8 is 0-redundant becausen9 and n7 can
communicate only with the help ofn8, so removing it from
the graph results in disconnection.n3 is 1-redundant because
in case it fails, all of its neighbors can communicate with the
help of n1, removing alson1 partitions the graph.n6 is 2-
redundant because after removing it, at least two more nodes
need to be removed to partition its neighbors (n3 andn5 can
be removed to isolaten4).
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n4
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0-redundant
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Fig. 1. Nodes have various k-redundancy values according to their
role in the connectivity of the graph.

B. Expected Repair Time

The network becomes disconnected if and only if a0 ¡
redundant node loses the communication with one of its
neighbors. In this case, we call the time from the moment
of disconnection to reach a network topology where all the
nodes are connected againnetwork repair time(¿r ). Since
we do not have the control of the mobile nodes, reconnection
occurs either by the uncontrolled movements of the mobile
nodes, or by moving a robot in a disconnected region to
provide a communication bridge between the0¡ redundant
node and the disconnected neighbor. For the rest of this
section, we assume that it is always possible to reconnect a

0¡ redundant node to its disconnected neighbors. Further-
more, we callx i the optimal position that the robot needs to
move to reconnect the0¡ redundant nodei to its neighbors.
Optimality is described as the shortest distance from the
robot's current location tox i , and¿i represents time to reach
x i .

Utilizing a robot enables us to formalize the expected
repair time in a wireless sensor network with several nodes
of various k-redundancy levels. Remember that in order
to make two neighbors of ak-redundant node unreachable
to each other, it requiresk nodes to be disconnected from
the network in addition to that node. If we assume that a
node hasp probability to disconnect, then the probability of
the network disconnecting at ak-redundant node ispk+1 .
Then, we can write the expected repair time as a function of
the probability that the network disconnects at a given node
and the time to reach a position to reconnect that node.

E(¿r ) =
nX

i =1

¿i pk i +1 (1)

where n is the size of the network, andki is k-
redundancy for the nodei .

In Equation 1, we assume that all nodes have the same
probability of getting disconnected. The equation could eas-
ily be extended to include different probabilities for each
node (perhaps based on the signal strength, direction of
nodes or distance between nodes). We also assume that it
is always possible to reconnect a0 ¡ redundant node to
its disconnected neighbor. If that is not possible, we can
remove that node's component from the equation. Please also
note that this equation presents a theoretical basis for our
algorithm, and we do not need to know the exact value ofp
for analysis purposes.

V. DYNAMIC REPAIR ALGORITHM

Our goal is to provide the minimumk-redundancy for all
mobile nodes in the wireless sensor network. We achieve this
by continuously checkingk-redundancy for each node and
request assistance from a mobile robot ifk-redundancy be-
comes less than the minimum redundancy. Please note that, if
the minimum redundancy is selected as0, reduction in the re-
dundancy means the network is disconnected. Alternatively,
we can enforce a high redundancy value to (a) provide more
robust network, (b) increase the throughput between mobile
nodes. As we will see later, in order to avoid global �ooding,
we will utilize local redundancy computations. Furthermore
we will present two approaches for recovery: (a) reactive
recovery, where idle robots are directed towards the locations
to reconnect mobile nodes to their neighbors after discon-
nection happens, (b) proactive recovery, where idle robots
are directed towards the low redundancy regions before a
disconnection event to increase the response time. In this
section we will discuss how we can �ndk-redundancy for
each node, how we can use this information in network repair
and how we can direct robots to interesting regions.



A. Local K-redundancy Computation

k-redundancy is de�ned over whole graph, hence in
order for a mobile node to �nd its redundancy, a global
communication mechanism is required. In order to reduce the
number of messages, we de�nek-redundancy in a restricted
neighborhood. In order to detect the redundancy of nodes, we
use the information in hello messages. In this approach, each
node stores 2-hop neighborhood information. To determine
its role in connectivity, each node enumerates all 0 to 1
hop ways of communication between each pair of 1-hop
neighbors. In this way, each node can determine its role in
communication. The pair which has the least number of ways
of communication determines that node'sk-redundancy .

The redundancy value computed for a mobile node may be
different from the real redundancy. However, local informa-
tion is a lower limit on the redundancy of nodes, i.e., nodes
can have higher redundancies if these are computed globally,
but nodes cannot have lower redundancy. So, redundancy
computed using local information is a good indicator of
graph connectivity.

B. Network Repair

As we have discussed before, we consider two approaches,
reactive and proactive approaches for repairing a network.
Next, we will discuss these approaches in more detail.

1) Reactive Repair:The reconnection process starts when
a node starts drifting away from one of its immediate
neighbors. If losing this neighbor does not reducek-
redundancy of this node to a value less than the minimum
redundancy, no action is taken. Otherwise, the node tries
to �nd alternative paths to the neighbor to verify that it
k-redundancy is still satis�ed. This is done by sending a
discoverymessage through a local directed �ood. To avoid
the cost of too many messages, we limit the depth of
messages. If we increase the maximum depth of messages,
we can �nd alternative paths more reliably, however, the
cost of �ooding can cause congestion, delays and message
losses. If at least one alternative path is found, the nodes
eliminate the connection between them and update their
neighbor list tables without requesting connectivity main-
tenance because this connection is not critical for network
connectivity. However, if no alternative path is found, losing
the connection with the robot means that one of the robots in
the system need to move in that region and form connections
with those two nodes. If possible, the robots try to form
connections to as many nodes as possible, which in turn
increases redundancy of the node. After this time, robots
act as regular nodes. To avoid unnecessary deployment of
robots, a periodic connectivity detection mechanism works
on the nodes who has connection to the robot. If all nodes
can communicate between each other without the help of
robot, the robot is unnecessary and leaves that region.

2) Proactive Repair:In proactive repair, we locate robots
in low redundancy regions as a precaution, to minimize the
repair time in case of node failures or disconnections. Once
the robots are in these locations, they are utilized around

there until a node's redundancy goes below than minimum
redundancy, i.e., reactive repair is required.

Theorem 1: The best location for a robot is a location that
would minimize Equation.1Proof: As Equation.1 represents
the expected repair time for a disconnected network. A
robot position that minimizes that time would give minimum
expected time. Such a location can be found using an
optimization algorithm where robot's location would be a
variable to compute the distance to each connection location
x i and hence the time to reach that location, i.e.,¿i .

As we need to utilize the optimization algorithms to �nd
the best location for each robot, this process can be compu-
tationally costly. An alternative would be to provide a more
restricted policy to the mobile sensors. In our algorithm, we
follow this approach and restrict our idle robots to move near
the mobile nodes.

Theorem 2: A robot near a lower redundancy node would
be more likely to provide faster repair time than a robot near
a higher redundancy node.Proof: Consider two nodesi and
j where nodei has lower redundancy (i.e.,ki < k j ). Fur-
thermore, assume that these nodes have the same distance to
all the remaining mobile nodes. Then we can write expected
repair time asE(¿r ) = ¿i ¤pk i +1 + ¿j ¤pk j +1 +

P
u ¿u pku +1

where u 2 remaining nodes. Now consider that robot is
placed at nodei . We can write the expected repair time for
the robot at nodei asE(¿r ) i = ¿i

i ¤ pk i +1 + ¿i
j ¤ pk j +1 +P

u ¿i
u pku +1 where¿i

u is the time for robot to reach from
node i to position xu . Lets say¿i

i = ¿0, that is the time
for the robot to repair communication when nodei fails. We
can also write¿i

j = ¿j
i = ¿, because the time for moving

from i to j is equal to the time for moving fromj to i . So
we can rewrite the expected time for the robot at nodei as
E(¿r ) i = ¿0¤pk i +1 + ¿¤pk j +1 +

P
u ¿i

u pku +1 . Without loss
of generality, we can assume that expected value of¿j

j is
also equal to¿0. Similarly, we can write expected repair time
for nodej asE(¿r ) j = ¿¤pk i +1 + ¿0¤pk j +1 +

P
u ¿j

u pku +1 .
We can represent the difference between the expected repair
times as if the robot was located at nodej and i , E (¿r ) j ¡
E (¿r ) i = (¿¤pk i +1 + ¿0¤pk j +1 ) ¡ (¿0¤pk i +1 + ¿¤pk j +1 ) as
both nodes have the same distance to the remaining nodes.
This gives usE(¿r ) j ¡ E (¿r ) i = (¿0¡ ¿)pk j +1 ¡ (¿0¡ ¿)pk i +1

= (¿0 ¡ ¿)(pk j +1 ¡ pk i +1 ). Finally, sincep · 1, ki < k j ,
E (¿r ) j ¡ E (¿r ) i > 0 as long as(¿0¡ ¿) < 0. By de�nition,
¿0 is always smaller than¿, so placing the robot near a low
redundancy node always gives a smaller expected repair time.

Following Theorem 2, we would like to locate robots
near the low redundancy nodes in the proactive approach.
This is achieved by propagating the direction of the lowest
redundancy nodes towards the idle robots. After redun-
dancies of nodes are determined, each node includes this
information in its hello messages. When a node receives
this information, it notes the direction of the message and
combines its value with the received information, and then
it broadcasts this combined value in its hello messages. As
these messages propagate in the network, each node obtains
information about the directions of the regions which have
low connectivity. So, when there is an idle robot in the



communication range of a node, it navigates the robot in the
direction of the low connectivity regions. While combining
these redundancy values coming from different sources,
we always choose the minimum value. In the ideal case,
when message delay depends linearly on the distance, each
node chooses a direction closest to the node with minimum
redundancy.

C. Directing Robots for Repairs

During active repairing, a mobile node directs a robot to a
location to reestablish the communication with its neighbor.
Similar to locating a low redundancy node, we are using
the hello messages to propagate the directions of the robots
in the environment. Each robot indicates that it is a robot
and it is available in the hello messages it is broadcasting.
Nodes which hear this message, which are 1-hop neighbors
of robots, store this information and broadcast their hello
messages indicating their hop distance to the robot. As each
node broadcast hello messages, hop distance information to
the robots propagates in the network, and each node only
stores the hop distance and direction of the closest robot
to it. This transforms the network into a Voronoi diagram
where nodes are located in Voronoi cells centered around
robots. So when a node needs a robot, it sends a unicast
message in the direction to the closest robot. There are
two advantages of this method, �rst this method does not
bring any communication overhead, and second, locations
of robots are known to the nodes so �ooding of the network
is not needed. The disadvantage is the freshness of the robot
location information. Since robot information is propagated
one hop at each hello period, the node which isn hops away
has the location of the robot which wasn ¤ (hello period)
ago. However, this is not important because we are using this
information only to determine the �rst direction to send the
message. As the message propagates towards the robot, the
freshness of the robot location information improves and the
message reaches the robot. This path may not be the shortest
path because the robot can move, but the message de�nitely
reaches the robot. After the message reaches the robot, the
robot simply follows the path of the message to navigate to
the region.

D. Node Failure

Disconnection resulting from node failure is different from
disconnection from movement because the robot can never
actually form a connection to the lost node, so according to
the success de�nition mentioned before, it can never succeed.
However, the real goal is to provide connectivity in the
network so we need to update the de�nition of success for
these cases. The problem is it is not possible to tell whether
or not a node failed or simply left the region. It should be
noted that a node can still move after failing so that moving
towards last seen location is not enough to detect failure. For
these cases, we put a bound on the node speed compared to
robot speed, so that if the robot cannot detect the signal of the
lost node when the robot reaches the destination where it is
supposed to repair connection, we assume that the node has

failed. In order to detect disconnectivity and repair if needed,
we examine the connections to the neighbors of the lost node.
As we mentioned before, we are storing 2-hop neighborhood
information so each node is aware of the neighbors of each
neighbor. If all nodes in the neighbor list of the lost node
are reachable, then there is no disconnectivity and the robot
becomes idle. Otherwise, the robot locates itself close to the
location of the lost node, and tries to maintain connection to
all nodes on the neighbor list.

VI. SIMULATIONS

In our simulations, we want to determine the character-
istics of connectivity in mobile networks and the effect of
using robots to reinforce network and repair connectivity.
We are interested in observing the effects of increasingk-
redundancy , scalability of our approach with increasing
number of robots, effects of obstacles and node failures. We
also have videos of our simulations that can be watched
at http://www.cse.wustl.edu/» bayazit/icra08-sn. We imple-
mented and tested our algorithm on the network simulator
NS-2 [4]. NS-2 is one of the most commonly used network
simulators and it can simulate realistic network conditions
including message transfer, network congestion, delay etc.
We setup communication range to be 45m which is around
the range of low-power radios. Before presenting simulation
results, we discuss metrics for measuring connectivity.

A. Connectivity Measure

There are two metrics for measuring connectivity in our
experiments. The �rst one is the classical measure which is
either 1 when network is connected, and 0 if the network
is partitioned. The second metric which is called reach-
ability [23] is more useful to measure connectivity on a
continuous scale. This metric is de�ned as the ratio of the
total number of node pairs that can communicate between
each other to the 2-combination of all nodes. This number
reaches 1 one when all nodes are connected, and 0 when
there is no connection between any nodes. In a system with
N nodes partitioned inton connected components where
each component containsN i nodes, reachability is de�ned
as:

Reachability =

P n
i =1

¡ N i
2

¢

¡ N
2

¢ (2)

B. Simulation Results

Effect of node motion:We �rst measure the effect of node
motion on network connectivity when there are no robots to
repair the network. This experiment lets us choose the limit
on the velocity of the mobile nodes. We have implement
mobile node motion in the following way: each node chooses
a random destination and moves towards that destination
for a time that we call travel time (that is 20 seconds for
our simulations). The distance between the current location
and the destination is limited by a constant which we call
maximum range of the movement. This way, the nodes can
determine their speed.



(a) (b)
Fig. 2. Reachability and disconnection time as range increases.

(a) (b)
Fig. 3. Reachability and disconnection time as k-redundancy decreases.

In this experiment, we used a network of 20 nodes. We
initially locate all nodes at the same location resulting in
a fully connected network. As our purpose is to select
the right speed limit for our nodes, we have evaluated
range values from 5m to 60m. We let the nodes run for
5 simulation minutes and repeated this experiment ten times
for each distance range. Average reachability for the �rst
5 minutes is shown in Fig.??(a). As it is seen from the
�gure, average reachability decreases as the range increases,
about linearly. When we look at the time that the network
becomes disconnected (Fig.??(b)), the decrease in time
is nearly quadratic. The decreasing rate is very fast until
the maximum distance reaches 20m, and after that rate of
change decreases. This distance corresponds to maximum
speed of 2m/s and this is the value we used in the rest of the
experiments. We chose this value because;i. The network
requires repair so robots are needed,ii. Network topology
does not change too fast so that physical limitations do
not make repair impossible. Physical limitations include the
period of hello messages which cannot be too small to avoid
network congestion, message delay, message processing time
and the travel time for the robots. An example about the
physical limitations can be given as the effect hello message
period on the system. As it was mentioned before, hello
messages are used by each entity in the network to make
its neighbors aware of itself, so lost connections can be

determined when a node does not hear any hello message
from a neighbor after some amount of time. This time should
be larger than the hello message period, but since it is normal
to miss one hello message, it is generally selected to be larger
than 2 message periods. We chose this time to be (2*hello
period+1) seconds where additional 1s is to compensate for
delay and processing time. Our hello period is set to 2s
to avoid congestion and processing overhead of messages.
Given these parameters, it takes 5s for a node to realize that
connection is lost. In this amount of time, given the speed of
a node is 2m/s, the lost node can travel a distance of 10m in
any direction, which makes it very hard for a robot to repair
a connection when we also consider the time for a robot to
reach the disconnected part of the network. So, allowing the
nodes to have higher speeds can make the network chaotic
and unrepairable. This argument also supports our motivation
for �nding k-redundancies because the arrival time of a robot
to the disconnected part is crucial for its performance.

Effect of initial k-redundancy:Next set of simulations
show the effect of k-redundancy on the robustness of the
network. We use the same number of nodes in each simula-
tion but arrange them initially in a different way to change
k-redundancy of each node. After the simulation starts, each
node moves randomly with maximum distance set to the
value determined on the previous set of simulations. We
run simulations 30 times for each topology with 5 nodes.



As it is seen in Fig.??(a), as k-redundancy decreases,
average reachability over 3 minutes decreases. Same is
behavior can be seen in Fig.??(b), which shows that initially
connected network becomes disconnected much faster when
k-redundancy is low.

Effect of the query range for detecting connectivity:As it is
mentioned in Section V, we use a localk-redundancy value.
As a result, we need to check whether we still satisfyk-
redundancy after we lose connection to a neighbor node.
This is done by sending a query message to search for other
possible connections to that node. The advantage of increas-
ing the maximum depth of this message is avoiding cases
of needing repair when the network is actually connected,
which we will call false alarm. The advantage of increasing
the maximum depth of message is avoiding cases of needing
repair when the network is actually connected, which we
will call false alarm. On the other hand, increased maximum
depth increases the number of messages, query delay and
network congestion, so it is preferable to put a bound on
the depth, especially on large networks. To measure trade-
off, we increased the maximum depth of messages to see its
effect on the false alarm rate and the number of messages.
Fig. ??(a) shows the total number of robot requests and the
number of times this was unnecessary because the network
was connected, with increasing maximum message depth.
As it is seen from the �gure, both the total number and the
number of the unnecessary ones decrease as depth increases.
This decrease slows down after maximum message depth
reaches 3, and starts increasing again after 5. The reason
for the increase can better be understood by examining
Fig. ??(b). The number of messages sent for requests in-
crease considerably after maximum depth reaches 6, which
results in congestion in the network and results in losing
messages. We see that important amount of messages that
are sent are never received by the intended receiver. It should
be noted that the difference between the total number and
the unnecessary count also decreases with maximum depth
6, which further justi�es that increase in requests are from
message losses.

Effect of number of robots:These simulations show the
effect of robots on network connectivity. For this purpose,
we measure reachability and average time that the network
remains disconnected. as the number of robots increases. We
measure this in two different setups. We �rst let robots move
randomly just like nodes, and in the second one, we have
the robots controlled by nodes using reactive and proactive
methods. We let robots move randomly and compare to our
technique, instead of simply adding robots to the network
because increasing the number of mobile entities alone can
help connectivity. As a result, the number of mobile units
is same in comparison, only the behavior of robots change.
We started with a network or 10 mobile nodes, and added
one robot at each experiment. This experiment has been
repeated 10 times for 10 different scenarios by running each
experiment 500s.

Fig. ??(a) and Fig.??(b) shows the simulation results.
As it is seen, adding more robots increase reachability

and decrease the average time that the network remains
disconnected. However, when robots are controlled by nodes
instead of moving randomly, connectivity of the network
improves faster. When the number of robots reach 10, the dif-
ference in the disconnected time between the random motion
and proactive approach reaches 100s. So, our method can
keep the whole network together 100s more than the random
motion. Reactive also performs better than random motion
and it is generally in the middle point of random motion and
proactive. This shows that considering k-redundancy when
locating robots can result in 50s improvement alone over
500s. When we observe reachability, we see an improvement
of 0.1, which means each node can communicate with10%
more nodes on average. However, when there is only one
robot in the network, we see similar performance from
random motion and controlled motion. The reason is that
one robot is not enough to improve connectivity of a network
formed of 10 nodes and highly dynamic.

1) Obstacles:We also add obstacles in the environment
to show the affect of line of sight on connectivity. We assume
two nodes cannot communicate if they cannot see each other
which is a conservative but very realistic assumption. We
repeated our previous experiment using same scenarios with
obstacles in the environment. There are three objects in
each 100x100 region and the total area of obstacles in each
region occupy about 1/4 of that region. Simulation results is
shown in Fig.??(a) and Fig.??(b). These �gures are very
similar to the previous ones when there were no obstacles.
Both reachabillity and average disconnected time is worse
than the previous results, which is expected because ob-
stacles cause more disconnections between neighbor nodes.
However, proactive method still performs better than other
methods. One interesting observation is the higher variations
on data series. Obstacles in the environment randomize
communication behaviors of nodes because it changes the
continuity of the radio range. Although we mentioned that
radio range is irregular and unpredictable, it is relatively
smoother compared to the effect of obstacles. For example,
a group of nodes forming a clique can suddenly lose line of
sight thus connectivity because of a physical obstacle which
is almost impossible with radio communication.

2) Node Failure: As it was mentioned before, node fail-
ures affect the network in a different way. To measure the
affect of node failures, we start with a subgroup of the pre-
vious scenarios where there are 10 nodes and 10 robots, and
fail 1 to 10 nodes in each experiment. During the �rst 100s
of a 500s simulation, we randomly fail the required number
of nodes and observe its affect on the connectivity. As it
can be seen in Fig.??(a) and Fig.??(b), both reachability
and disconnected time of network worsens. Proactive method
still performs better than other methods until the number of
failed nodes reach 8. After this point, both proactive and
reactive method performs worse than random motion because
there are not enough nodes in the environment to control the
motion of robots. When a the controller node of a robot fails
and the robot loses connection to the network, it waits in its
current location until a node tells it to move. These cases



(a) (b)
Fig. 4. Number of true and false requests and message count as the query depth increase.

(a) (b)
Fig. 5. Average reachability and disconnected time as the number of robots increase.

(a) (b)

Fig. 6. Effects of obstacles on reachability and disconnected time.

(a) (b)

Fig. 7. Effects of node failure on average reachability and disconnected time



negatively affects the performance of proactive and reactive
approach.

3) Pattern Movement:We designed another simulation to
show the behavior of network when nodes move according
to a pattern. In these simulations, we chose pattern as the
movement of nodes when they drift away in the presence of
a current. We chose to move nodes in the (-x,-y) direction
for 150s of the 500s simulation, and in the (+x,+y) direction
in the rest of the simulations. Speed and exact angle of nodes
are selected random, but speed is limited by 2m/s and angle
is in the range (180±,270±) in the �rst part, and in range
(0±,90±) in the second part. Using the same initial scenarios
as before, we repeated the experiments by adding one robot
at each experiment. The results of these experiments is very
similar to the ones with random motion so we did not
put �gures for space limitations, but both reachability and
disconnected times improve considerably for all methods.
Moreover, the difference between active repair and random
motion gets bigger (reachability up to 2.0, disconnected time
up to 180s over 500s), because the robots can repair a stable
network better.

VII. E XPERIMENTS

We show the feasibility of our approach with experiments
on real hardware. For this purpose, we experimented on a
network formed of 3 robots (2 AmigoBots, 1 Pioneer 3-
DX [24]) and 10 Tmote sky motes [25]. Each robot is
equipped with a mote, and the other 7 motes are used as static
nodes. 1 AmigoBot is used as a mobile node, and the other
robots are used as connectivity repair robots. We present the
working of the system in an environment of size 8mx8m.
In our experiments, we set a communication range of 2.5
meters to imitate radio communication range, so although
motes hear all other motes in the environment, they �lter
out messages from motes who are further away than 2.5m.

Initial experiment setup is shown in Fig. 4(a). The mobile
node represented with an AmigoBot is working as a bridge
between the upper and lower parts of the network. Two repair
robots are located at the two minimum redundant nodes in
the upper part. When AmigoBot moves closer to the camera,
this causes a disconnectivity in the network, so the closest
idle robot (Pioneer) moves towards that region to repair
connectivity (Fig. 4(b)). Then, AmigoBot fails (Fig. 4(c))so
another disconnection occurs in the network. This time, the
robot who is supposed to provide connectivity (Pioneer) acts
as a mobile node and calls for another robot, and the second
AmigoBot reaches the region and maintains connectivity
with the neighbors of the failed node (Fig. 4(d)).

VIII. C ONCLUSION

In this paper, we have presented a new metric,k-
redundancy , to distinguish the communication character-
istics of a dynamic wireless sensor network. This metric
provides a way to represent the effects of removing a node
from the network on the connectivity. We show that this
metric can be used to estimate the repair time to reconnect
the network. We have presented an in-network algorithm

that is based onk-redundancy to improve the network's
connectivity where the mobile nodes request mobile robots
to repair low connected areas. Finally, we have showed
the performance of our algorithm in simulations and real
hardware.
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