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ABSTRACT

Previous work on the coverage of mobile sensor networks fo-
cuses on algorithms to reposition sensors in order to achieve
a static configuration with an enlarged covered area. In this
paper, we study the dynamic aspects of the coverage of a
mobile sensor network that depend on the process of sensor
movement. As time goes by, a position is more likely to be
covered; targets that might never be detected in a stationary
sensor network can now be detected by moving sensors. We
characterize the area coverage at specific time instants and
during time intervals, as well as the time it takes to detect a
randomly located stationary target. Our results show that
sensor mobility can be exploited to compensate for the lack
of sensors and improve network coverage. For mobile tar-
gets, we take a game theoretic approach and derive optimal
mobility strategies for sensors and targets from their own
perspectives.

Categories and Subject Descriptors

C.2.1 [Computer-Communication Networks|: Network
Architecure and Design—Network Communications, Wire-
less Communication.
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1. INTRODUCTION

Recently, there has been substantial research in the area of
sensor network coverage. The coverage of a sensor network
represents the quality of surveillance that the network can
provide, for example, how well a region of interest is moni-
tored by sensors, and how effectively a sensor network can
detect intruders (targets). It is important to understand
how the coverage of a sensor network depends on various
network parameters in order to better design and use sensor
networks for different application scenarios.

In many applications, sensors are not mobile; they remain
stationary after their initial deployment. The coverage of
such a stationary sensor network is determined by the ini-
tial network configuration. Once the deployment strategy
and sensing characteristics of the sensors are known, the
network coverage can be computed and remains unchanged
over time. Recently, there has been a strong desire to de-
ploy sensors mounted on mobile platforms such as mobile
robots. Such mobile sensor networks are extremely valuable
in situations where traditional deployment mechanisms fail
or are not suitable, for example, a hostile environment where
sensors cannot be manually deployed or air-dropped. Also,
in application scenarios such as atmosphere and ocean envi-
ronment monitoring, sensors move with the surrounding air
or ocean currents. The coverage of a mobile sensor network
now depends not only on the initial network configurations,
but also on the mobility behavior of the sensors.

While the coverage of a sensor network with immobile
sensors has been extensively explored and is relatively well
understood [12, 8, 9, 3, 7], reseachers have only recently
started to study the coverage of mobile sensor networks.
Most of this work focuses on algorithms to reposition sen-
sors in desired positions in order to enhance network cov-
erage [5, 1, 10, 15, 14]. More specifically, these proposed
algorithms strive to spread sensors in the field so as to max-
imize the covered area. The main differences among these
works are how exactly the desired positions of sensors are
computed. Although the algorithms can adapt to changing
environments and recompute the sensor locations accord-
ingly, sensor mobility is exploited essentially to obtain a
new stationary configuration that improves coverage after
the sensors move to their desired locations.

In this paper, we study the coverage of a mobile sensor



network from a different perspective. Instead of trying to
achieve an improved network configuration as the end re-
sult of sensor movement, we identify and characterize the
dynamic aspects of network coverage that depend on the
movement of sensors.

Specifically, we are interested in the coverage resulting
from the continuous movement of sensors. This coverage
is not available if the sensors stop moving. We now briefly
describe the coverage provided by the sensor movement, and
the related research problems.

First, previously uncovered areas become covered as sen-
sors move through them and covered areas become uncov-
ered as sensors move away. As a result, the locations covered
by sensors change over time, and a greater area will be cov-
ered over time than in the case where sensors are stationary.
Also, a location is now not always covered. It alternates be-
tween being covered and not being covered. This raised
the following question: what is the area coverage at a given
time instant? what is the area coverage over a time interval?
what are the durations of time that a location is covered and
not covered?

Second, note that an initially undetected intruder will
never be detected in a stationary sensor network if the in-
truder remains stationary or moves along an uncovered path.
In a mobile sensor network, an intruder is more likely to be
detected as the moving sensors patrol the field. Thus, sen-
sor mobility provides a time-varying coverage not available
in a sensor network with stationary sensors. This can signif-
icantly improve the intrusion detection capability of a sensor
network. This raises the additional questions: how quickly
can the sensors detect an intruder? how does the detection
time depend on the searching strategy of the sensors? and
what are the optimal mobility strategies for the sensors and
the intruder?

The main contributions of our work are:

First, we characterize the fraction of the area covered by
sensors for a randomly-deployed stationary sensor network.
This characterization shows how the covered area depends
on the density and sensing characteristics of the sensors.
It provides a baseline for comparison with a mobile sensor
network.

We then consider a random mobility model for sensors
and study the effect of sensor mobility on various aspects of
network coverage. We show that, while the fraction of the
covered area at any given time instant remains unchanged,
the area being covered during a time interval is improved as
sensors move around. As a result, intruders and events that
will never be detected in a stationary sensor network can
now be detected in a mobile sensor network. This scenario
is of great importance for applications that do not require
simultaneous coverage of all locations at specific time in-
stants.

Unlike a stationary sensor network where a location al-
ways remains either covered or not covered, due to sensor
movement, a location is now only covered part of the time,
alternating between being covered and not being covered.
We characterize this coverage and covering time tradeoff by
the fraction of time a location is covered, which is deter-
mined by the density and sensing range of the sensors, and
does not depend on the sensor mobility. While this time av-
erage characterization shows, to a certain extent, how well
a point is covered, it does not reveal the duration of the
time that a point is covered and uncovered. The time scales

of such durations are very important for network planning;
they present the time granularity of the intrusion detection
capability that a mobile sensor network can provide. To this
end, we further characterize the time durations that a point
is covered and not covered.

In some applications, it is important to detect intruders
in the field of interest as quickly as possible. To this end,
we study the detection time of an intruder, which is defined
to be the time elapsed before the intruder is first detected.
Intruders that will never be detected in a stationary sensor
network can now be detected by moving sensors. We obtain
the distribution of the detection time for a randomly located
stationary intruder. The results suggest that sensor mobility
can be exploited to effectively reduce the detection time of
a stationary intruder when the number of sensors is limited.

For mobile intruders, the detection time depends on both
the sensor and intruder mobility strategies. We take a game
theoretic approach and study the best worst-case perfor-
mance of a mobile sensor network in terms of the intruder
detection time. For a given sensor mobility behavior, we
assume that an intruder can choose its mobility strategy so
as to maximize its detection time (its lifetime before be-
ing detected). On the other hand, sensors choose a mobility
strategy that minimizes the maximum detection time result-
ing from the intruder’s mobility strategy. We prove that the
optimal sensor mobility strategy is for each sensor to choose
its direction uniformly at random. The corresponding in-
truder mobility strategy is to remain stationary in order to
maximize the time before it is detected.

The remainder of the paper is structured as follows. The
network model and coverage measures are presented in Sec-
tion 2. In Section 3, we study the fraction of the area being
covered at specific time instants and during a time interval.
In Section 4, we study the detection time for both stationary
and mobile intruders. In Section 5, we review related work
on the coverage of sensor networks. Finally, we summarize
the paper in Section 6.

Throughout the paper, shorthand X ~ exp(u) will stand
for P(X < z) = 1—exp(—pz), namely, the random variable
X is exponentially distributed with parameter u. Also, we
will use the words intruder and target interchangeably.

2. NETWORK AND MOBILITY MODEL

In this section, we describe the network and mobility
model used in this study, and define three coverage mea-
sures of a mobile sensor network.

2.1 Sensing Model

We assume that each sensor has a sensing radius, r. A
sensor can only sense the environment and detect events
within its sensing area, which is the disk of radius r centered
at the sensor. A point is said to be covered by a sensor if
it is located in the sensing area of the sensor. The sensor
network is thus partitioned into two regions, the covered
region, which is the region covered by at least one sensor,
and the uncovered region, which is the complement of the
covered region. An intruder is said to be detected if it lies
within the covered region.

2.2 Coverage measures

To study the coverage of a sensor network, we define the
following three coverage measures.



DEFINITION 1. Area coverage: The area coverage of a
sensor network at time t, fqo(t), is the fraction of the geo-
graphical area covered by one or more sensors at time t.

DEFINITION 2. Area coverage over a time interval:
The area coverage of a sensor network during time interval
[0,¢), fi(t), is the fraction of the geographical area covered
by at least one sensor at some point of time within [0,t).

DEFINITION 3. Detection time: Consider a target lo-
cated at a random position outside of the covered area of a
sensor network at time t = 0. The detection time of the
target, X, is defined to be the time at which the target first
enters the sensing area of a sensor, i.e., the target is first
detected by the sensor.

All three coverage measures depend not only on static
properties of the sensor network (sensor density and sens-
ing range), but also on the sensor mobility behavior. The
characterization of area coverage at specific time instants
is important for applications that require simultaneous cov-
erage of the network, while the area coverage over a time
interval is appropriate for applications that do not require
simultaneous coverage of all locations at specific time in-
stants, but rather prefer to cover the network within some
time interval. The detection time measures how quickly a
sensor network can detect a randomly located target that is
not initially covered.

2.3 Location and Mobility M odel

We consider a network consisting of a large number of
sensors placed in a vast two-dimensional geographical re-
gion. For the initial configuration, we assume that, at time
t = 0, the locations of these sensors are uniformly and inde-
pendently distributed in the region. Such a random initial
deployment is desirable in scenarios where prior knowledge
of the region of interest is not available. Also, random de-
ployment can be the result of certain deployment strategies.
For example, sensors may be air-dropped or launched via
artillery in battlefields or unfriendly environments. Under
this assumption, the sensor locations can be modeled by a
stationary two-dimensional Poisson point process. Denote
the density of the underlying Poisson point process as A.
The number of sensors located in a region R, N(R), fol-
lows a Poisson distribution of parameter || R||, where ||R||
represents the area of the region.
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Since each sensor covers a disk of radius r, the initial
configuration of the sensor network can be described by a
Poisson Boolean model B(A,r). In a stationary sensor net-
work, sensors do not move after being deployed and network
coverage remains the same as that of the initial configura-
tion. In a mobile sensor network, depending on the mobile
platform and application scenario, sensors can choose from
a wide variety of mobility strategies, from passive movement
to highly coordinated and complicated motion. Sensors de-
ployed in the air or ocean move passively according to exter-
nal forces such as air or ocean currents; simple robots may
have a limited set of mobility patterns, and advanced robots
can navigate in a more complicated fashion.

In this work, we consider the following simple sensor mo-
bility model. We assume sensors move independently of each

P(N(R) =k) =

other and with coordination among them. The movement
of a sensor is characterized by its speed and direction. A
sensor randomly chooses a direction 6 € [0, 27) according to
some distribution with probability density function f&(0).
The speed of the sensor, Vi, is randomly chosen from a fi-
nite range vs € [0, V;"*], according to a distribution density
function of f3,(v).

Throughout the rest of this paper, we will refer to the
initial sensor network configuration as a random sensor net-
work B(A,r), and the above mobility model as random mo-
bility model. The coverage measures defined above are func-
tions of the actual locations of sensors, which vary for dif-
ferent realizations. In this work, we will study the expected
value of the coverage measures.

3. AREA COVERAGE

In this section, we study and compare the area coverages
of both stationary and mobile sensor networks. We analyt-
ically characterize the area coverage. We then discuss the
implications of our results on network planning and show
that sensor mobility can be exploited to compensate for the
lack of sensors to increase the area being covered during a
time period. Finally, we point out, due to the sensor mo-
bility, a point is only covered part of the time; we further
characterize this effect by determining the fraction of time
that a point is covered.

THEOREM 1. At any given time instant t > 0, the area
coverage of a stationary sensor network B(\,r) is

fat) =1 — e " (2)

Proof. This is a result from stochastic geometry [4]. Here
we present the key arguments of the proof.

Consider a bounded region R; the vacancy V within R is
defined to be the area in R not covered by sensors.

V:/Rx(x)dm.

() = 1 =« is not covered
XTT= 0 otherwise.

where

Using Fubini’s theorem we have

W) = [ Bixa)ys.

Consider an arbitrary point x in region R and denote the
number of sensors which cover the point as N. Point z is
covered by sensors located within distance r. It follows im-
mediately from the Poisson point process assumption that N
has a Poisson distribution with parameter Arr2. Therefore,
we have

E{x(x)} = P(z is not covered) = P(N =0) = e

and
Mm:AEu@wwwa“f

Note that the above derivation is independent of R. The
area coverage can thus be obtained as follows.
EWV)
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fa=1—"2 L =1 ™,
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Figure 1: Coverage of mobile sensor network: the
left figure depicts the initial network configuration
at time 0 and the right figure illustrates the effect of
sensor mobility during time interval [0,¢). The solid
disks constitutes the area being covered at the given
time instant, and the union of the shaded region
and the solid disks represents the area being covered
during the time interval.

O

This formula characterizes the dependence of area cover-

age on the network properties. It allows us to compute the

fraction of the area being covered for a given sensor den-

sity and sensing range. For example, in order to achieve a

desired area coverage fo (0 < fo < 1) almost surely, the
density required is given by

A= —In(1— fo)/nr>.

In a stationary sensor network, a location always remains
either covered or not covered. The area coverage does not
change over time. The following theorem characterizes the
effect of sensor mobility on network coverage.

THEOREM 2. Consider a sensor network B(X\,r) at time
t = 0, with sensors moving according to the random mobility
model.

1. At any time instant t, the fraction of area being covered
18

fa®)=1—e>" vt >o0. (3)

2. The fraction of area that has been covered at least once
during time interval [0,t) is

filt)=1-

67>\(7\'7‘2+27-E[V5]t). (4)

3. The fraction of the time a point is covered is
2
fi=1—e . (5)

Proof. Given the initial node placement and the random
mobility model, at any time instant ¢, the locations of the
sensors still form a two dimensional Poisson point process of
the same density [11, Theorem 9.14]. Therefore, the fraction
of the area covered at time ¢ remains the same as in the
initial configuration, f,(¢t) =1 — e’

As illustrated in Figure 1, during time interval [0, t), each

sensor covers a shape of a racetrack whose expected area is
a = E[rr® + 2rVit] = nr® + 2rE[VL]L.

where E[V,] = fovsmx fv-(V)dV represents the expected sen-

sor speed.

As pointed out in [4], area coverage depends on the dis-
tribution of the random shapes only through its expected
area. Therefore, we have

fil)y=1- e — 1 _ ef>\(7r7'2+2rE[Vs]t).

While an uncovered location will be covered when a sensor
moves within distance r of the location, a covered location
becomes uncovered as sensors covering it move away. As
a result, a location is only covered part of the time. More
specifically, a location alternates between being covered and
not being covered, which can be modeled as an alternating
renewal process. We use the fraction of time that a location
is covered to measure this effect. The fraction of time that a
location is covered equals the probability that it is covered at
any given time instant, fi = 1— e~ In the next section,
we further characterize the time durations of a point being
covered and not being covered. O

At any specific time instant, the fraction of the area being
covered in a mobile sensor network model described above
is the same as in a stationary sensor network. This is be-
cause at any time instant, the positions of the sensor are
still described by a Poisson Boolean model with the same
parameters as in the initial configuration. Unlike in a sta-
tionary sensor network, areas initially not covered can now
be covered as sensors move around in a mobile sensor net-
work. Consequently, targets in the initially uncovered areas
can be detected by the moving sensors.

Figure 1 illustrates the effect of sensor mobility on area
coverage. The union of the solid disks constitutes the area
coverage at given time instants. The area that has ever been
covered during time interval [0,¢) is depicted as the union
of the shaded region and the solid disks, occupying a larger
portion of the total area.

Due to sensor mobility, the fraction of the area that has
ever been covered increases and approaches one as time goes
to infinity. The rate at which the covered area increases over
time depends on the expected speed of sensor mobility. The
faster sensors move, the more quickly the area is covered.
Therefore, sensor mobility can be exploited to compensate
for the lack of sensors to improve the area coverage over
an interval of time. Note that the area coverage during
a time interval does not depend on the distribution of the
sensors’ movement directions. Based on (4), we can compute
the expected sensor speed required to ensure that a certain
fraction of the area (fo) is covered within a time interval of
length to.

Arr? 4-log(1 — fo)

for fo>1-— A
to

E[Vs] = —

In a stationary sensor network, a location is either always
covered or not covered, as determined by its initial config-
uration. In a mobile sensor network, as a result of sensor
mobility, a location is only covered part of the time, alter-
nating between being covered and not being covered. The
fraction of time that a location is covered corresponds to
the probability that it is covered, as shown in (5). Note



that this probability is determined by the static properties
of the network configuration (density and sensing range of
the sensors), and does not depend on sensor mobility. This
coverage-delay tradeoff can be exploited by applications that
do not require simultaneous coverage of all locations at spe-
cific time instants.

4. DETECTIONTIME

In the previous section, we characterized the fraction of
area being covered at any given time and over a time in-
terval. However, these measures do not reveal how quickly
mobile sensors detect targets in the field. The time it takes
to detect an intruding target is of great importance in many
security-related applications. In this section, we study the
detection time for both stationary and mobile targets. For
mobile targets, we take a game theoretic approach and ex-
plore the best worst-case performance of the sensor network.
We will derive optimal mobility strategies for targets and
sensors that maximize or minimize the detection time.

To facilitate analysis and illustrate the effect of sensor mo-
bility on the detection time, we make the assumption that
all sensors move at a constant speed vs. More general speed
distributions can be approximated using the fixed speed sce-
nario.

4.1 Stationary Target

We first consider the scenario where targets are station-
ary and do not initially fall into the coverage area of any
sensor. Obviously, a stationary sensor network will never
detect these targets; the detection times of these targets are
infinite.

However, in a mobile sensor network, a target can be de-
tected by any sensor passing within distance r of it, where
r is the common sensing range of the sensors. The detec-
tion time of a stationary target characterizes how quickly
the sensors can detect a randomly located target previously
not detected.

THEOREM 3. Consider a sensor network B(X\,r) at time
t = 0, with sensors moving according to the random mobility
model at a fixed speed vs. Let X be the detection time of a
randomly located stationary target, we have

X ~ exp(2Arvs). (6)

Proof. We divide the space evenly around point p in
k directions (k — o0). We now have k sensor classes and
sensors of class 7 move in the direction 0; = % Since each
sensor independently chooses its moving direction according
to the same distribution, each sensor class is a thinning of
the original point process. Therefore, sensor class 7 forms a
Poisson point process with density A; = A\f&(0;)A0, where
AO =27 /k.

Point p will be detected when a sensor moves within dis-
tance r from the point. Now let X; (first hit time) be the
time that point p is first detected by a sensor of class ¢, the
detection time X is the minimum of all the first hit times,
X = min X;.

Since all sensors of class ¢ move in the same direction 6;
at the same speed vs, it is more convenient to consider the
framework where sensors are relatively stationary and the
target moves in the opposite direction (27 — 6;) at the sen-
sor’s speed vs. The distance from point p to the perimeter
of the first sensor to contact it in direction (27 — 6;) is called

the linear contact distance of that particular direction, and
we denote it as Y;. From [13, page 80], we know that Y; fol-
lows an exponential distribution with parameter 2\;r, i.e.,
Y; ~ exp(2Air).

Since X; = Y;/vs, the first hit time in direction ¢ follows
an exponential distribution with parameter 2\;rvs,

Xi ~ exp(2Xirvs).

Now the minimum of these exponential distributed first hit
times is again an exponential distribution, with a param-
eter equal to the sum of the parameters of the individual
exponential distributions:

k k
klin;o ; 2Nirvs = kILH;O ; 276 (0;) Abrus
27
= 2\rus fo(0)do
0
= 2Arvs.

Thus, we have X ~ exp(2Arvs).
O
Compared to the case of stationary sensors where an un-
detected target always remains undetected, the probability
that the target is not detected in a mobile sensor network
decreases exponentially over time,

P(X 2 t) — 6*2/\’”7575.

The expected detection time of a randomly located tar-
get is F[X] = ﬁ7 which is inversely proportional to the
density of the sensors (), the sensing range of each sensor
(r), and the speed of the sensor movement (vs). Note that
the expected target detection time is independent of the sen-
sor movement direction distribution density function, fe(0).
Therefore, in order to quickly detect a stationary target, one
can add more sensors, use sensors with larger sensing ranges,
or increase the speed of the mobile sensors.

Assuming there is a requirement that the expected time
to detect a randomly located stationary target be smaller
than a specific value Ty, we have

1 <
2 rvs

To
or equivalently,

1
Avs 2 5oy

Assuming the sensing range of each sensor is fixed, the
above formula presents the tradeoff between sensor density
and sensor mobility to ensure certain target detection time
requirement. The product of the sensor density and sensor
speed should be larger than a constant. Therefore, sensor
mobility can be exploited to compensate for the lack of sen-
sors, and vice versa.

In Theorem 2, we pointed out that a location alternates
between being covered and not being covered, and then de-
rived the fraction of time that a point is covered. While
the time average characterization shows, to a certain extent,
how well a point is covered, it does not reveal the duration
of the time that a point is covered and uncovered. The
time scales of such time durations are also very important
for network planning; they present the time granularity of
the intrusion detection capability that a mobile sensor net-
work can provide. Having Theorem 3, we now characterize




the time durations of a point being covered and not being
covered.

COROLLARY 1. Consider a random sensor network B(X,r)
at time t = 0, with sensors moving according to the random
mobility model. A point alternates between being covered and
not being covered. Denote the time duration that a point is
covered as Te, and the time duration that a point is not cov-
ered as T, we have

T, ~ exp(2Arvs) (7)
e/\7'r'r2 -1
ET] = ——.
7] PAVEIR ®)

Proof. In the proof of Theorem 3, we have obtained
the distribution of time for a randomly located point before
it is first covered by a sensor. This time is the same as
the time that a point is not covered. Therefore, we have
Tn ~ exp(2Arvs).

Since a point alternates between being covered and not
being covered, the fraction of time a point is covered is

E[Tc] 1— 67)\7”‘2

fe= E[T.]+ E[T.]

The last equality in the above equation is given in (5). Solv-
ing for E[T¢], we obtain (8).

Let T denote the period of a point being covered and not
being covered, i.e., T' =T, + T,. The expected value of the
period is

E[T] = E[T.] + E[T,] = ¥ /2)rv,.

4.2 Mabile Target

We now consider the case where a target is also mobile.
The detection time of a mobile target depends not only on
the mobility behavior of the sensors but also on the move-
ment of the target itself.

Targets can adopt a wide variety of movement patterns.
In this work, we will not consider specific target movement
patterns. Rather, we approach the problem from a game
theoretic standpoint and determine the optimal mobility
strategies of the target and sensors.

Given the mobility model of the sensors, f&(0), a target
chooses the mobility strategy that maximizes its expected
detection time. More specifically, a target chooses its speed
vy € [0,v"*) and direction 6; € [0,27) so as to maximize
the expected detection time. The expected detection time is
a function of the sensor direction distribution density, tar-
get speed, and target moving direction. Denote the result-
ing expected detection time as max,, o, E[X (f&(0), 04, v¢)];
the sensors then choose the mobility strategy (over all pos-
sible direction distributions) that minimizes the maximum
expected detection time. We have the following minimax
optimization problem:

min max E[X(f5(0), 0r, ve)]. (9)
1&(6) 0¢,ve

In the above problem statement, each sensor and the tar-
get move in straight lines after they choose their moving
directions. More general mobility strategies would allow
them to change direction and speed during their movements.
However, we can see that such flexibility does not lead to a

0; — 6
Yo, "

Figure 2: Relative sensor speed in the framework
where target is stationary.

better result for either the sensor network or the target. If a
sensor changes direction during its movement, there will be
an overlap in its own covered area. This overlap causes the
field to be covered less efficiently and will not help to detect
the target sooner. Also, in order to speed up the search,
each sensor should move at its maximum speed. Since the
target only knows the mobility strategy of the sensors (sen-
sor direction distribution density function) and it does not
know the locations and directions of the sensors, changing
direction and speed will not help the target to prolong its
detection time.

To solve the minimax optimization problem, we first char-
acterize the detection time of a target moving at a constant
speed in a particular direction.

THEOREM 4. Consider a sensor network B(\,r) at time
t = 0, with sensors moving according to the random mobility
model at a fixed speed vs. Let X be the detection time of a
target moving at speed v along direction 6:. Denote

c=uwv/vs, é=14c

u

w(u) = 1/1 — % cos? %
T = sl [2T w(0 — 0,) f&(0)do.

We have

X ~ exp(2Ar7s). (10)

Proof. Similar to the proof of Theorem 3, we divide the
space evenly around point p into k directions (kK — 00). We
now have k sensor classes where class ¢ sensors move in the
direction 6; = % Sensors of class i form a Poisson point
process with density A\ = Af&(0:)A0, where Af = 27 /k.

Let X; be the time point p is first reached by a sensor of
class i; the detection time X is the minimum of all of the
first hit times, X = min X.

Consider the reference framework where the target is sta-
tionary. We can compute the relative speed of class i sensors
to the target, v(6;), as illustrated in Figure 2. Let ¢ = vt /vs
be the ratio of the target speed to the sensor speed.



‘We have

v(6:)

\/(vs cos(0; — 0;) — fut)2 + v2sin?(0; — 0;)

Vs + vt

— vsé\/l _ % cos?2 M
& 2

= vscw(0; — 0y).

- vt)\/l _ (2”%(1 + cos(6: — 6,))

In the framework where class i sensors are relatively sta-
tionary, point p moves in direction (27 — 6;) at speed v(6;).
From [13], the linear contact distance, Y;, follows an expo-
nential distribution with parameter 2\;r. Since X; = Y;/v;,
we have

Xi ~exp (2XiTv;) .

The minimum of these exponentially distributed first hit
times is exponentially distributed with a parameter equal
to the sum of the parameters of the individual exponential
distributions:

k k
klingoz_; 2Nirv; = klirgo Z;QAf@ (0:)A0v(0:)r
27
= 2\r f6(0)v(0)do
0
= 2\rvs

where T, = vsé 27 w(0 — 04) f&(0)df.

In the following, we will refer to Ts as the effective sensor
speed in the framework where the target is stationary. O

From (6) and (10), it can be noted that the detection
times of both moving targets and stationary targets follow
exponential distributions, and that the parameters are of the
same form, except the sensor speed in (6) is now replaced
by the effective sensor speed in (10) for the mobile target
case.

Assuming that the sensor density and sensing range are
fixed, since the target detection time follows an exponential
distribution of parameter 2ArT,, maximizing the expected
detection time corresponds to minimizing the effective sen-
sor speed Us. In the following, we derive the optimal target
mobility strategies for two special sensor mobility models.

e Sensors move in the same direction 0,: f§(0) = 6(0 —
0s).
Using the fundamental property of the delta function
o, f(@)d(x — a)dx = f(a), we have

27
Ty = vsé/ w(0 — 6:)6(0 — 65)do
0
= vséw(fs — 0).

We need to choose a proper 6; and v; that minimizes
the above effective sensor speed Ts. First, it is easy to
see that we require 0; = 6;. Now, we have

_ . 4c
Ts = VsC 1—6—2:|Ut—vs|

and U, is minimized when

" Vs if 0" > v,
t = .
vit®  otherwise.
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Figure 3: Normalized effective relative sensor speed
Us/vs as a function of ¢ = v /v,

The above results show, quite intuitively, that the tar-
get should move in the same direction as the sensors at
a speed closest matching the sensor speed. If the maxi-
mum target speed is greater than the sensor speed, the
target will not be detected since it chooses to move at
the same speed and in the same direction as the sen-
sors. In this case, the detection time is infinity. Oth-
erwise, if the maximum target speed is smaller than
the sensor speed, the target should move at the maxi-
mum speed in the same direction of the sensors. The
expected detection time is W

e The direction of sensor movement is uniformly chosen
within [0, 27): f§(0) = 5=.
Figure 3 plots the normalized effective sensor speed
Ts/vs as a function of ¢ = vt /vs, the ratio of the target
speed to the sensor speed. The effective sensor speed
is an increasing function of ¢, and is minimized when
¢ =0, or v; = 0. Therefore, if each sensor uniformly
chooses its moving direction from 0 to 27, the max-
imum expected detection time is achieved when the
target does not move. The corresponding expected
detection time is ﬁ The optimal target mobil-
ity strategy in this case can be intuitively explained
as follows. Since sensors move in all directions with
equal probability, the movement of the target in any
direction will result in a larger relative speed and thus
a smaller first hit time in that particular direction.
Consequently, the minimum of the first hit times in all
directions (detection time) will become smaller.

We now present the solution to the minimax problem in
the following theorem.

THEOREM 5. Consider a sensor network B(X\,r) at time
t = 0, with sensors moving according to the random mobility
model at a fized speed vs. The optimal mobility strategy of
the sensors is for each sensor to choose a direction according
to a uniform distribution, i.e., f&§(0) = %

Proof. For sensors, minimizing target detection time is
equivalent to maximizing the effective sensor speed after a



target selects the optimal speed and direction. We first prove
for any given target speed v¢, that among all possible sensor
direction distributions, the minimum effective sensor speed
resulted from the optimal target direction choice, ming, Us,
is maximized when sensors choose directions according to a
uniform distribution. The formal statement is described as
follows.

Denote the uniform distribution density as fariform —
1/27. From Theorem 4, the effective sensor speed is a func-
tion of sensor direction distribution density, target speed
and direction, Ts(f&(0),0c,ve) = [ w(0 — 0,) f&(0)d0.

We will prove that

min 7 (f8(6), 0, ve) < min 7 (F8M°T v (11)

for all f&(0).
First, let us consider the right-hand side of (11). We have

uniform 1 2m
(8 b v) = oo [ w(0—6)do
0
1 2w —0+
= 5= d
o/, w(u) du
1 27
= — w(u) du
27 Jo

for all 0, since the mapping v — w(u) is periodic with
period 27. This shows that

PRp— uniform _ 1 2
n(%nys(f@ , 0, 01) = 271'/0 w(u) du. (12)

We now come back to the proof of (11). We have
min . (/5 (6).0,.1:)
t

1 27

IN

o/, 75(f8(0), 0, v¢) db;

1 27 27 )
= o / w( — 0:) £5(0) dOd6,
0 0

2 0
_ % 0 (/eizﬂw(u)du) d

_ % ( O% £5(0) d@) (/0% w(u) du)

1 27

= 5 | w(u) du

_ Héln Es (f(lsniform7 9“ 'Ut) (13)
t

where the last three equalities follow from the fact that w(u)
is periodic with period 27, from the fact that f§(6) is a prob-
abily density function on [0, 27], and from (12), respectively.
The proof of (11) is concluded by taking first the minimum
over v¢ in the left-hand side of (13), then by taking the
minimum over v; in the right-hand side of (13).
O
It follows from the proof of Theorem 5 that when sensors
choose directions according to a uniform distribution, the
optimal target mobility strategy is to stay stationary, v; = 0
(since Ts (f3M™ 0, v;) is maximized when ¢ = 0, i.e., when
vy = 0), and 6 is irrelevant in this case.

5. RELATED WORK

Recently, sensor deployment and coverage related topics
have become an active research area. In this section, we
present a brief overview of the previous work on the coverage
of both stationary and mobile sensor networks that is most
relevant to our study. A more thorough survey of the sensor
network coverage is provided by [2].

Many previous studies have focused on characterizing cov-
erage for stationary sensor networks. In [12], the authors
considered a grid-based sensor network and derived the con-
ditions for the sensing range and failure rate of sensors to
ensure that an area is fully covered. In [8], the authors
proposed several algorithms to find paths that are most or
least likely to be detected by sensors in a sensor network.
Path exposure of moving objects in sensor networks was for-
mally defined and studied in [9], where the authors proposed
an algorithm to find minimum exposure paths, along which
the probability of a moving object being detected is min-
imized. The best coverage problem is further explored by
Li et al in [6]. In [7], the authors defined several impor-
tant coverage measures for a large-scale stationary sensor
network, namely, the area coverage, detection coverage, and
node coverage. Under the assumption that sensor location
follows a Poisson point process, the authors obtained an-
alytical results for the coverage measures under a Boolean
sensing model and a general sensing model.

While the coverage of stationary sensor networks has been
extensively studied and relatively well understood, researchers
have started to explore the coverage of mobile sensor net-
works only recently. In [5], the authors proposed a potential-
field-based algorithm in which nodes are treated as virtual
particles subjected to virtual force. The virtual forces repel
the nodes from each other and from obstacles, and ensure
that the initial configuration of nodes quickly spreads out
to maximize coverage area. In [15], the authors presented
another virtual-force-based sensor movement strategy to en-
hance network coverage after an initial random placement
of sensors. The virtual force of a sensor is directly derived
using the distance between the sensor and the other sensors
and obstacles, and is used to compute the sensor movements
that attempt to maximize the sensor field coverage. After
the execution of the algorithm and once the effective sen-
sor positions are identified, a one-time movement is carried
out to redeploy the sensors. In [14], the authors proposed
several algorithms that identify existing coverage holes in
the network and compute the desired target positions where
sensors should move in order to increase the coverage. All
of these proposed algorithms strive to spread sensors in the
field in order to obtain a stationary configuration such that
the covered area is maximized. The main difference is how
exactly the desired positions of sensors are computed.

Note that in this work, we study the coverage of a mobile
sensor network from a very different perspective. Instead of
trying to achieve an improved stationary network configura-
tion as an end result of sensor movement, we have focused
on the coverage capabilities resulted from the continuous
movement of the sensors.

6. SUMMARY

In this paper, we study the dynamic aspects of the cover-
age of a mobile sensor network. More specifically, we charac-
terized area coverage at specific time instants and during a



time interval, and the detection time of a randomly located
target. These coverage measures depend on the process of
sensor movement and are unique attributes of mobile sensor
networks.

For the random initial deployment strategy and the sen-
sor mobility model under consideration, we have shown that
while the area coverage at any given time instants remains
unchanged, more area will be covered during a time inter-
val, also, targets that will be detected in a stationary sensor
network can now be detected by moving sensors. The trade-
off is that a location is only covered part of the time. This
scenario is important for applications that do not require
simultaneous coverage at specific time instants but rather
desires to cover a large portion of the area during a certain
time period.

We use detection time to measure how quickly sensors de-
tect a randomly located target. The results suggests that
sensor mobility can be exploited to effectively reduce the
detection time of a stationary target when the number of
sensors is limited. For mobile targets, the target detection
time depends on sensor and target mobility strategies. We
take a game theoretic approach and study the best worst-
case performance of a mobile sensor network in terms of the
target detection time. For a given sensor mobility behavior,
we assume that a target can choose its mobility strategy
so as to maximize its detection time, while sensors choose
a mobility strategy that minimizes the maximum detection
time. We have shown that the optimal sensor mobility strat-
egy is that each sensor chooses its movement uniformly in
all directions. The corresponding target mobility strategy is
to stay stationary in order to maximize its detection time.
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