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Abstract—In this paper, we propose a novel mobility protocol for
mobile node navigation in a hybrid sensor network consisting of both
static and mobile nodes to improve the dynamic coverage. Use of mobile
nodes in sensor networks for coverage improvement is suggested in
recent research. However, most of the existing literature on hybrid
sensor networks considered the use of node mobility at the deployment
stage in which nodes do not move after the initial deployment. In this
paper, our focus is on efficiently managing the node mobility to provide
dynamic coverage in hybrid sensor networks compensating the lack of
coverage provided by static nodes. The key feature of the proposed
mobility protocol is that, mobile nodes are directed to move to maximize
the coverage-time of the uncovered area by static nodes. The proposed
mobility protocol can be implemented distributively by collaborating
among mobile and static nodes locally. The effectiveness of the proposed
mobility protocol is shown in terms of the presence probability matrix
and coverage-time.

I. INTRODUCTION

When sensor nodes are first deployed in a region, a random
placement is often desirable especially when a priori knowledge of the
terrain is unavailable. However, such random deployment strategies
may not result effective coverage always, since some nodes might
be overly clustered while some of them might be sparsely located.
Exploiting node mobility to reconfigure the node locations to improve
the coverage of such networks was addressed by some authors, for
example in [1]–[7]. In these approaches, nodes move only during
the deployment stage and the maximum coverage area achieved by
the network after reconfiguration is limited by the number of total
nodes and nodes’ sensing ranges. For example, if the total number
of nodes is relatively small, even by reconfiguration of mobile nodes
to provide a uniform coverage, a large portion of the network may
be remained not-covered. On the other hand, node failures after the
initial reconfiguration might cause coverage holes in the network. Liu
et. al. in [8] showed that the coverage can be improved by allowing
nodes to be mobile continuously in a mobile sensor network over
time compared to that with a static network. Use of node mobility
after initial deployment in detection and tracking applications was
addressed by some recent work [9], [10] in different perspectives.
However, neither of the above work addressed the problem of how
to efficiently use the node mobility to compensate for the lack of
coverage resulted by static nodes dynamically in a hybrid sensor
network.

In this paper, we propose a new distributed mobility protocol for
mobile node navigation in a hybrid sensor network by collaborating
with static nodes to provide an efficient dynamic coverage for the
area not covered by the static nodes. We assume that the sensor
network is partitioned into square cells such that a node can cover
a cell completely when it is located at the cell center. We divide
these cells into two categories and name them as, static and void
cells. Static cells correspond to the cells in which there is at least
one static node, and the void cells are the ones in which there is no
any static node. Mobile nodes are directed to move among these void
cells based on a certain criteria. Each void cell is given a certain base

price which reflects a value corresponding to the criteria for mobile
node navigation. This base price is updated by static nodes based
on the time that the void cell remains not-covered by at least one
mobile node. At each movement step, mobile nodes communicate
with their closest static nodes locally to search for void cells which
have not been covered for a long time. Static nodes provide necessary
information for mobile nodes in their neighborhoods. At a given
time, we assume that a mobile node can visit a certain number of
candidate void cells from its current position. These candidate void
cells are determined by the mobile node’s maximum speed. Taking
base prices (collected from neighboring static nodes) of the candidate
void cells into account, each mobile node selects the best void cell
to move by the next time step, as the one that is not covered for a
long time. We show, from simulation results, the effectiveness of the
proposed scheme in terms of the presence probability matrix and the
average time that an arbitrary point in the network is not covered. The
presence probability matrix contains the probabilities of the presence
of at least one node at each cell at any given time instant.

The paper is organized as follows: Section II presents the network
model. In Section III, the proposed mobility protocol is described.
Performance results are shown in Section IV and the concluding
remarks are given in Section V.

II. SENSOR NETWORK MODEL

We consider a hybrid sensor network made of N number of total
sensor nodes deployed in a region R with network dimension of
b× b. We assume that there are Ns number of static nodes and Nm

number of mobile nodes. Denote λ = N
b2

to be the spatial density
of the nodes and λm = Nm

N
and λs = Ns

N
to be the fractions of

mobile and static nodes respectively. Let V be the set containing all
node indices in the network and let Vm and Vs be the sets containing
mobile and static node indices, respectively.

Suppose that the sensing region is divided into a square grid with
a grid length of l =

√
2r where r is the effective sensing radius

of a sensor. We assume both static and mobile nodes have the same
sensing radii and the analysis can be slightly modified to deal with
different sensing radii for mobile and static nodes. When a sensor
node is located at the center of a cell in the grid the corresponding
cell is completely covered by the sensor node. Consider the hybrid
network with only static nodes as shown in Fig. 1. We denote the
set of cells that is not covered by the static nodes as the set of void
cells as shown in Fig. 1 with void squares. When a static node is
located in a particular cell (crossed cells in Fig. 1) we consider that
the corresponding cell is covered by the relevant static node and call
that cell a static cell. However, note that since a static node does not
necessarily locate at the middle of a cell, corresponding cell may not
be completely covered by the static node. We address this problem
later and for the moment assume that the cell is covered by the
corresponding static node. Now the problem is how to use the mobile
nodes efficiently to cover the void cells as shown in Fig. 1 over time
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Fig. 1. Sensor network with only static nodes

such that revisiting time of any cell by at least one mobile node is
maximized. In the following, we propose a new distributed interactive
protocol to achieve the required task by collaborating among mobile
and static nodes.

III. INTERACTIVE, DISTRIBUTED MOBILITY PROTOCOL

A. Introduction

We assign a base price for each void cell according to the following
rule. Initially, at time t = 0, we assign a base price P = 0 for each
void cell in which there is at least one mobile node. For all the other
void cells we assign P = K where K is a large value. Let Tm be
the time interval in which the mobility management is performed,
which can be determined by the mobile node’s maximum speed and
the length of a grid. At each time step Tm, the base price of each
void cell is updated considering the time it remains uncovered (or
unvisited by a mobile node). More specifically, at each step Tm, if
a particular cell is visited by a mobile node, its base price P is set
to zero and the base prices of all other void cells are increased by 1
unit.

Without loss of generality we assume that at time t = 0 each
mobile node has moved to the cell center which it belongs to, and
at each step Tm, mobile nodes move among cell centers. In the
following we explain how a mobile node selects the best cell to
be visited at each time step distributively by collaborating with static
nodes.

1) Determining Tm: We assume that any mobile node can reach
Lc = 8 number of closest distinct cell centers and itself at any given
time step. Then the maximum distant that a node has to move during
time Tm is 2r. Thus it is desirable to choose the time step Tm as
Tm = � 2r

vmax
+ ε�s where ε is a bias factor which accounts for the

scenarios when it is needed to heal the lack of coverage at static cells
which will be explained in subsection III-D in detail.

Let each cell (cell center) in the square grid be given an ID labeled
by indices 1, 2, · · · , LT where LT ≈ b2

l2
is the total number of cells.

Let the number of cells covered by static nodes (static cells) be Ls

and Lv = LT − Ls be the number of cells that are not covered by
static nodes (void cells). Also denote U , Us and Uv to be the sets
containing all cell indices of the network, static cell indices and void
cell indices, respectively.

We assign a certain number of cells to each static node in the
network. Each static node in the network is responsible for updating
the base price for each cell that belongs to it. Corresponding cells for
each static node are assigned based on Voronoi partitions. According
to Voronoi partitions, any point inside a Voronoi polygon of a static
node is closer to that node rather than to any other static node in the
network. Thus for a given static node sk, the cell centers belonging

to its Voronoi polygon are closer to the static node sk than any other
static node in the network. We assume that each static node has the
knowledge of the positions of the void cell centers belonging to itself.
Note that at the initial stage, static nodes can communicate with their
Voronoi neighbors locally to construct Voronoi polygons. By knowing
its own location, based on the grid length (in terms of the sensing
range) each static node can determine the void cells in its Voronoi
polygon. Denote Usk to be the set of void cell indices belongs to the
Voronoi polygon of the static node sk for sk ∈ Vs and Lsk = |Usk |
be the number of void cells (cell centers) belongs to static node sk.
Note that we have then Uv =

⋃

k∈Vs

Usk . Further denote gsk (nTm)

to be the Lsk -length vector containing the base prices for all void
cells attached to the static node sk at time nTm for k ∈ Vs. Each
static node sk is responsible for updating gsk (nTm) at each time
step t = nTm for n = 1, 2, · · · .

B. Updating gsk (nTm)

1) At time t = 0: At time t = 0, each mobile node broadcasts its
current location (or equivalently current cell ID) to its neighborhood.
The static nodes located close to the mobile node receive this
information and if the corresponding mobile node’s cell ID belongs to
Usk then the static node sk sets the base price for the corresponding
cell to zero. Base prices for all the other cells in Usk are set to a
large integer number K. Note that at time t = 0, all void cells which
have no mobile node at time t = 0, have the same base price K.

2) At time t = nTm, n ≥ 1: At time t = nTm, each mobile node
broadcasts its location information (current cell ID) to its nearest
static nodes. Based on this information, each static node updates base
price vector gsk (nTm) as follows: Let Nm,k(nTm) be the number of
mobile nodes that the static node sk receives location information at
time nTm and Um,k(nTm) be the set corresponding to those locations
(cell indices). Then for a given static node sk for all cell indices
cj ∈ Usk , it checks whether cj also belongs to Um,k(nTm). If yes
static node sk sets the base price of the cell cj to be zero otherwise
static node increases the cj-th cell’s base price by 1 unit.

After updating the base price vector gsk(nTm) at time nTm at
each static node sk, the problem is to determine the next cell ID to
be visited by each mobile node by time t = (n + 1)Tm such that
the cell-revisiting time is maximized. Denote Cm,j(nTm) to be the
set of candidate locations (cells) of the j-th mobile node at time
nTm. Also let Umj

sk (nTm) be the set of cell indices belongs to
both Cm,j(nTm) and Usk . Note that the maximum size of the set
Umj

sk (nTm) is |Umj
sk (nTm)|max = Lc + 1 = 9, since we assume

that each mobile node can move to one of the 8 distinct candidate
locations and itself during a given time step. For a given mobile node
mj from which the static node sk receives the location information,
the static node sk checks whether any cell in mj-th candidate set
Cm,j(nTm) belongs to Usk at time t = nTm. If not, static node sk

does not need to communicate with mobile node mj at time nTm.
If yes, or in other words, if the set Umj

sk (nTm) is not empty, the
static node sk queries the mobile node mj to check whether mj is
isolated with respect another mobile node. We call the mobile node
mj is isolated with respect to another mobile node, if there is no at
least one mobile node within a distance dt from its current location
where dt (equals to 4r) is a threshold distance determined such that
no duplicate covering occurs as discussed in subsection III-C. We
assume that the mobile node mj can communicate locally with other
mobile nodes within a distance of dt to check whether it is isolated.
Note that in the rest of the paper a mobile node is isolated means that
the mobile node is isolated with respect to another mobile node. If mj

is isolated, static node sk finds the cell from the set Umj
sk (nTm) which

has the maximum base price and sends a message corresponding to
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the cell ID and the maximum corresponding base price. Note that all
the candidate cells for mobile node mj may not belong to one static
node. In particular, they may belong to multiple near-by static nodes.
Once the mobile node mj gets maximum base prices from multiple
static nodes in which its candidate cells belong to, it selects the best
location for time (n + 1)Tm by comparing the base prices it gets
from different static nodes and selects the one with maximum base
price.

If the mobile node mj is not isolated (that is there are other
mobile nodes very close to it) there might be situations which lead to
duplicate covering; that is two or more mobile nodes may try to go to
the same cell at time (n+1)Tm. To combat this problem (as discussed
in subsection III-C), when a mobile node is not isolated, each static
node sk sends all the candidate cell IDs in the set Umj

sk (nTm) and
their base prices to the mobile node to assist in resolving the duplicate
covering problem.

C. Duplicate covering at a given time

When two mobile nodes are close to each other there might be
situations where both select the same void cell as the candidate
location. For example, consider the scenario as depicted in Fig. 2
where two mobile nodes try to heal the same cell. It can be shown
that this might happen when two mobile nodes are located within a
maximum distance of dt = 2

√
2l = 4r. Assume that two mobile

nodes m1 and m2 are located in cells represented by A and B at
time t = nTm as shown in Fig. 2. According to the information
received from closest static nodes, both mobile nodes can access to
the base prices of all of their candidate cells, for example marked at
the north-east corner of each candidate cell for both mobile nodes
in Fig. 2. According to the base prices, both will try to select the
cell C as the next location for time (n + 1)Tm which has the
highest base price from each mobile nodes’ candidate sets. Since
this will lead to inefficient coverage, we propose for two mobile
nodes to exchange their local information to avoid duplicate covering.
Since this phenomenon occurs when two mobile nodes are located
close to each other, we assume that these two mobile nodes can
exchange their information to check whether a duplicate covering
is going to happen. If so, they exchange the next maximum base
prices from their candidate sets, and check which mobile node has the
second maximum base price. Accordingly, the node with the highest
maximum second base price selects the corresponding cell as the
candidate cell. According to Fig. 2, since the mobile node m1 has
the second maximum base price (compared to mobile node m2),
it moves to the corresponding cell (denoted by cell D) while the
mobile node m2 moves to the cell C. If the second maximum base
price is same for both nodes, they can select either one of the nodes
to move to the cell with the second maximum base price arbitrarily.
When there are more than 1 mobile sensors within the distance dt

from node mj , the same procedure can be extended by exchanging
the relevant information among those nodes. In such cases it might
be necessary to exchange, 2nd, 3rd,... highest base prices among
neighboring mobile nodes.

D. Compensating for the lack of coverage in a static cell

As mentioned earlier in this section, since a static node might not
be located at the center of a static cell in the grid, there might be
certain uncovered portions of the corresponding cell. Note that this
uncovered portion is maximum when a static node is located very
close to one of the cell corners in which it belongs to. Consider the
scenario that the static node is located very close to the north-east
corner of the cell it belongs to (denoted by c1), as shown in Fig. 5
with a circle with solid line. To compensate for the lack of coverage
in the corresponding cell, we propose the following procedure. It can
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4

108 12
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7 19
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B

CD

Candidate cells for mobile node m1

Candidate cells for mobile node m2

Fig. 2. Duplicate covering at a given time

be shown that with the relationship between the side length of a cell
in the grid and the sensing range, when a mobile node comes to a
cell located either to the left or to the bottom of the static cell, and
if they are moved a distance of r − r√

2
(at the worst case) beyond

the cell center towards the static cell, the corresponding static cell
can be completely covered. This is illustrated in Fig. 5 where when a
mobile node comes to either cell centers A or C, and if it is allowed
to move a distance of r − r√

2
(i.e. to either B or D, respectively),

the uncovered portion of the static cell can be completely covered.
To address this problem, at time nTm, when a mobile node selects
its candidate cell for time (n + 1)Tm, it also checks whether there
is a static node to the right, left, up or down to the selected cell.
Then based on the static node location, it approximates the required
distance it should move (maximum of r − r√

2
) beyond the selected

cell center to compensate for the lack of coverage of the static cell.
Note that according to the proposed mobility algorithm we allow

mobile nodes to move between cell centers at consecutive time steps
Tm. However, when we need to address this static cell compensating
problem, mobile nodes have to move little far away from a cell center.
When this happens (i.e. a mobile node may move to location B (or
D) instead of A (or C) in Fig. 5), the mobile node may need to move
a maximum distance of ≈ 2.2168r to reach its next candidate cell at
next time step. As shown in Fig. 5, when the mobile node is at the
point D in the cell c3, it can reach all candidate cells by next time
step, except E and F by moving a maximum distance of 2r. To reach
the candidate cells E and F it has to move a maximum distance of
≈ 2.2168r. Thus when determining the time step Tm as pointed out
in subsection III-A1, we need to take this scenario into account. Thus
Tm is selected as, Tm = � 2r

vmax
+ ε�s where ε = 0.2168r

vmax
.

The proposed protocol for node mobility management of hybrid
sensor network is summarized in Algorithm 1.

IV. PERFORMANCE EVALUATION

To evaluate the effectiveness and efficiency of the proposed mo-
bility protocol, we perform experiments to investigate how well the
desired area is covered over time to minimize the time that a void
cell is unvisited by a mobile node. We depict the results in different
perspectives as described in the following.

A. Presence probability at each cell

Denote pck to be the probability that at least one node is present
at the cell ck at any given time. Let Λ be the presence probability

978-1-4244-5638-3/10/$26.00 ©2010 IEEE

This full text paper was peer reviewed at the direction of IEEE Communications Society subject matter experts for publication in the IEEE Globecom 2010 proceedings.



2
4

6
8

10
12

14

2
4

6
8

10
12

14
0

0.2

0.4

0.6

0.8

1

X

After S
T
=100 moving steps

Y

P
re

se
n

ce
 p

ro
b

ab
ili

ty

(a). ST = 100

2
4

6
8

10
12

14

2
4

6
8

10
12

14
0

0.2

0.4

0.6

0.8

1

X

After S
T
=1000 moving steps

Y

P
re

se
n

ce
 p

ro
b

ab
ili

ty

(b). ST = 1000

2
4

6
8

10
12

14

2
4

6
8

10
12

14
0

0.2

0.4

0.6

0.8

1

X

After S
T
=10,000 moving steps

Y

P
re

se
n

ce
 p

ro
b

ab
ili

ty

(c). ST = 10, 000

Fig. 3. Presence probability matrix with proposed mobility protocol, N = 40, λm = 0.5, vmax = 10m/s
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Fig. 4. Presence probability matrix with bounced random walk model, N = 40, λm = 0.5, vmax = 10m/s
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matrix containing the probabilities of the presence of at least one node
at each cell at a given time instant. For simulations, we consider
a sensor network deployed in a ≈ 200 × 200m2 square region
with 14 × 14 grid. We let r = 10m such that the grid length
becomes l =

√
2r ≈ 14.14m. Denote ST to be the number of

moving steps. We compare the performance of the proposed mobility
protocol with bounced random walk mobility model with a step size
of l. We mean by bounced random walk, that when the mobile
nodes hit the boundary under random walk, they bounce back with
probability 1. Figures 3 and 4 show the presence probability matrices
with proposed mobility scheme and with bounced random walk
scheme, respectively. The presence probability matrices are shown
after completing ST = 100, ST = 1000 and ST = 10, 000 moving
steps, respectively, for N = 40 and λm = 0.5. Note that in Figs 3
and 4, the high peaks with presence probability 1 reflect the presence
probability of static cells. Looking at the presence probabilities of
void cells under two mobility schemes, from Fig. 3 it can be seen that
the presence probabilities of void cells are becoming uniform after
completing relatively a small number of steps compared to that with
random walk model (Fig. 4). When the number of movements steps is
large, it can be seen from Fig. 4 that the presence probabilities of void
cells under random walk mobility models are also becoming uniform,
as expected. However, as can be seen from Figs. 3 and 4, in terms of
the number of movement steps needed to achieve this uniformity the
proposed protocol for hybrid sensor network outperforms the random
mobility schemes.

B. Average unvisited time of an arbitrary point

In the next experiment, we evaluate the performance of the pro-
posed mobility scheme in terms of the average time that any arbitrary
point is uncovered by the hybrid sensor network. We compare the
results of the proposed scheme with a random mobility model. Figure
6 shows the average unvisited time of an arbitrary point in the network
with the proposed mobility protocol and random walk mobility model
(with step size of l) for N = 40 and N = 60. In Fig. 6, we let
vmax = 10m/s, r = 10m. It can be seen that when the fraction
of mobile nodes is small, by the proposed mobility protocol for
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Algorithm 1 Mobility protocol
NOTATIONS:
gsk

(nTm): base price vector at static node sk at time t = nTm

Usk
: set of all void cell indices belongs to static node sk

Nm,k(nTm): number of mobile nodes from which the static node sk receives locations
information at time nTm

Cm,j(nTm): set of cell indices corresponding to candidate cells of mobile node mj

at time nTm

Umj
sk

(nTm): set of cell indices belongs to both Cm,j(nTm) and Usk

g
mj
sk

(nTm): base price vector corresponding to cell indices in Umj
sk

P∗
j,k: element with maximum value (maximum base price) in g

mj
sk

(nTm)
c∗j,k: cell index corresponding to P∗

j,k
INITIALIZATION AT TIME t = 0:

1: Determine Usk
for all k ∈ Vs based on Voronoi partitions

2: Initialize gsk
(0) as in subsection III-B1

AT STATIC NODE sk AT TIME t = nTm:
After receiving location (cell) information from neighboring mobile
nodes:

1: Update the base price vector gsk
(nTm) as in subsection III-B2

2: for j = 1 : Nm,k(nTm) do
3: Check → Umj

sk
(nTm) is non-empty

4: if yes then
5: check → mj is isolated
6: if yes then
7: Find P∗

j,k and c∗j,k and transmit to mobile node mj

8: else {mj is not isolated}
9: Send cell IDs and their base prices in the set Umj

sk
(nTm) to mobile node

mj

10: end if
11: else {no}
12: Send nothing to mobile node mj

13: end if
14: end for
AT MOBILE NODE mj AT TIME t = nTm:

1: Broadcast location information to neighboring static nodes
After receiving base prices for relevant candidate locations from neighboring static
nodes:

1: check → mj is isolated
2: if yes then
3: select candidate cell with maximum base price
4: else {no}
5: call duplicate covering(mj)
6: end if

After selecting candidate cell corresponding to time (n +
1)Tm:

1: Check → need for static cell compensation
2: if yes then
3: Adjust the location to be moved in the selected candidate cell according to

subsection III-D
4: else {no}
5: Move to the center of the selected candidate cell by time (n + 1)Tm

6: end if

duplicate covering(mj)
1: Exchange local information with neighboring mobile nodes to check for duplicate

covering
2: if yes:(duplicate covering) then
3: Exchange next highest base prices to determine the best candidate cell as in

subsection III-C
4: else {no:(no duplicate covering )}
5: select candidate cell with maximum base price
6: end if

hybrid sensor network, a significant performance improvement can
be obtain over random walk mobility model. Note that due to the
extra cost needed to deploy mobile nodes compared to static nodes,
this is the most interesting scenario. As mentioned earlier in the
paper, random mobility models are not well suited for hybrid sensor
networks specially for small λm’s since they may provide duplicate
coverage, which results in an inefficient usage of mobile nodes. Since
deploying mobile nodes is not as cost effective as deploying static
nodes, it is more desirable to efficiently use the node mobility in
order to improve the network coverage. However, from Fig. 6, it
can be seen that when λm is increasing, the unvisited time with
the proposed scheme is not much different from the random walk
scheme since then there is a large number of mobile nodes compared
to static nodes and thus the duplicate coverage caused by random

walk mobility model is less. Also when the total number of nodes
is increasing, it can be seen that even with a smaller fraction of
mobile nodes, relatively lower unvisited time can be obtained by
the proposed scheme. The performance gain of the proposed scheme
over the random walk mobility model is more significant when N is
smaller, that is when the network is to be covered by a small number
of total nodes. For results in Fig. 6, we ran simulations for 10000s
and averaged over 50, 000 arbitrary points.

Although figures are not included due to space limitations, it can
be seen that especially with a lower fraction of mobile nodes, the
speed of mobile nodes affects the system performance significantly
compared to that with a large fraction of mobile nodes. However,
irrespective of the node speed, it can be seen that with relatively small
fraction of mobile nodes, the proposed mobility scheme outperforms
the random mobility schemes.

V. CONCLUSIONS

In this paper we proposed an interactive, distributed protocol for
mobile node navigation in a hybrid sensor network to efficiently
cover the area not-covered by static nodes by maximizing the re-
visiting time of an arbitrary point in the network. The proposed
scheme can be implemented distributively by collaborating with static
nodes, having only communicating in the local neighborhood. It was
shown that the proposed scheme provides an approximate uniform
coverage after completing relatively small number of moving steps
compared to random mobility schemes which is desirable when the
network is designed for detecting targets in which the existence is
unknown. The proposed scheme outperforms the random mobility
schemes especially when the fraction of mobile nodes is small.
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