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Abstract—In this paper, stationary target detection in a hybrid
sensor network consisting of both static and mobile nodes is
considered with random node mobility models. Static nodes and
mobile nodes (initially) are assumed to be deployed independently
and randomly in the sensing field. Mobile nodes are exploited to
compensate for the lack of coverage provided by static nodes, and
subsequently a time varying coverage improvement is achieved.
We evaluate the detection performance of the hybrid network
analytically based on geometric probability. We consider two
sensing models: single-sensing detection and multiple-sensing
detection. We characterize the trade-off between the mobile
node density and the detection performance in terms of network
parameters, with an expense of a certain delay constraint. Results
presented in this paper give insights on selecting mobile node
density in designing hybrid networks consisting of both static
and mobile nodes in order to reach a desired performance
requirement. Validity of the derived analytical results is verified
via Monte-Carlo simulations.

I. INTRODUCTION

In this paper we consider the problem of detecting a
stationary target using a hybrid sensor network consisting
of both mobile and static nodes. We assume that the static
nodes and the initial locations of mobile nodes are both
independently and uniformly distributed in a two dimensional
plane such that initial node locations follow a 2-D Poisson
point process. Such a deployment model for the nodes can be
justified in situations where the network does not have any
prior information regarding the sensing field and the target
locations, or when it is more cost effective and practical to
deploy nodes randomly in contrast to systematic deployment.
We further assume that mobile nodes move randomly and
independently in the sensing region searching for targets.
Random and independent mobility models are desirable when
nodes do not have prior information on target existence and are
easily implementable since they require minimum coordination
among mobile nodes.

We consider two detection models: single-sensing and k-
sensing [1]. In single-sensing detection, the target is assumed
to be detected if at least one sensor detects it providing the
minimum guarantee of detection [1]. In k-sensing detection, on
the other hand, the target is assumed to be detected if at least k-
sensors detect it where k is a design parameter. In this model,
the target is detected with lower false alarm probability than
with single-sensing detection [1]. Mobile nodes are assumed
to move independently and randomly in the sensing region.
We consider two specific random mobility models: In the first
model we assume that each mobile node initially selects a
direction randomly and uniformly from [0, 27) and then move
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on a straight line in the selected direction [2]. In the second
model, the mobile nodes are assumed to follow 2-dimensional
random walks [3].

Under these detection and node mobility models, the detec-
tion performance of the hybrid sensor network is analyzed for
detecting a stationary target. Specifically, we derive analytical
results that help selecting parameter values in designing hybrid
sensor networks for target detection. For example, since de-
ploying mobile nodes in a network can be more expensive
than deploying static nodes, it is important to deploy the
minimum required number of mobile nodes in order to reach
a desired performance level within a desired delay constraint.
We characterize this minimum mobile node density required
in order to achieve a desired performance level within a given
delay constraint analytically.

The paper is organized as follows: In Section II, we present
related work. Section III explains the sensor network, target
and detection models. Section IV derives the detection perfor-
mance of stationary target detection with single-sensing and
k-sensing detection models and discusses its dependence on
mobile node density. Performance results are shown in Section
V and final concluding remarks are given in Section VI.

II. RELATED WORK

Distributed detection in wireless sensor networks with sta-
tionary sensor nodes has been extensively studied by many
authors in the literature. For example, in [4]-[8], decision
fusion for distributed detection was considered in different
contexts when the sensor nodes are located at fixed positions.

In practice, random sensor deployment for sensor networks
is desirable in many situations. For example, if a priori
knowledge of the sensing field is not available at the deploy-
ment stage, it is more desirable to position sensors randomly.
Moreover, random sensor deployment is justifiable when it is
more cost effective and practical to deploy nodes randomly
in contrast to systematic deployment. Stationary and mobile
target detection in random stationary sensor networks has been
studied by [1], [9], [10]. Since the performance of such a
stationary sensor network is limited by its initial configuration,
recently mobile sensor nodes are deployed in wireless sensor
network applications to provide dynamic on-demand system
performance. Use of node mobility at deployment stage to
provide a uniform coverage by node relocation was consid-
ered in [11], [12]. However, these studies do not provide a
performance improvement on-demand after deployment stage.
Liu et. al. in [2] showed that the coverage can be improved by
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allowing nodes to be mobile continuously in a mobile sensor
network over time compared to that with a static network.
However, deploying mobile sensor nodes is not as cost ef-
fective as deploying static nodes in a sensor network due to
energy constraints. Thus it is desirable to allow only a fraction
of total nodes to be mobile to improve the system performance
depending on application requirements. Motivated by these, in
this paper we address the problem of detecting an arbitrary
target located independently and randomly in a hybrid sensor
network consisting of both static and mobile nodes.

III. SYSTEM MODEL

We consider a hybrid sensor network made of N total
sensor nodes deployed in a region R. We assume that there
are N, number of static nodes and IV,, number of mobile
nodes. Denote (x4, ysk) to be the location of the k-th static
node where x5 and ysi are assumed to be independently and
uniformly distributed in [—b/2, b/2] where bx b is the assumed
dimension of the sensor network. Note that we assume that
the total number of sensor nodes N and network dimension
b x b are large enough so that assumptions made in the rest
of the paper are valid. Denote A = bﬂz to be spatial density of
the nodes and )\, = % and \y = ]X, to be the fractions
of mobile and static nodes respectively. Let V be the set
containing all node indices in the network and let V,, and
Vs be the sets containing mobile and static node indices,
respectively. We consider stationary target detection by the
hybrid sensor network, where the target location is assumed to
be an independently and uniformly distributed arbitrary point
Py in the region R.

A. Node mobility models

In this paper, we consider two random mobility models:
In the first model (model 1), each mobile node moves inde-
pendently in a direction 6 selected randomly and uniformly
where § ~ U[0,27), with an average speed of ¥ which is
assumed to be the same for all mobile nodes. Note that we
use X ~ Ulay, az] to denote that X is uniformly distributed in
the interval [a;, as]. Then at any time ¢ = nT, a mobile node
has moved on a straight line a distance of nvTs where T is the
length of each time step [2]. Second, in model 2, we consider
that k-th mobile node follows a 2-dimensional random walk
[3] of n steps at time nT, with each of a length yu = v75.
Random and independent mobility models are justifiable in
scenarios where nodes do not have any prior knowledge of
sensing field or target existence. Also random node mobility
models are desirable when minimum node coordination is
required. Model 1 assumed in the paper is the simplest mobil-
ity model which requires minimum control and coordination.
Random walk mobility model can be justifiable when mobile
nodes are characterized by uncontrolled dynamics, such as
random ON-OFF transitions at each time step [13]. These two
random models for a mobile node are illustrated in Fig. 1.

B. Detection model

We assume that each node has identical effective sensing
range r with the sensing area of mr2. Although we assume
homogeneous sensor nodes for simplicity, the results can easily
be extended for heterogeneous sensor nodes having different
sensing ranges.

We assume a binary detection model in which the point Py
is considered to be detected with probability 1 by the sensor sy,
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Fig. 1. Random mobility models of a mobile node

at time t = nTs if it lies in sensor-coverage area Cy, (nTy) [11],
where C(nTy) is the coverage area of node s at time nT
forn =0,1,2,---. Formally, we can express the probability
that the node s, detects the target at time interval [0, nTy) as:

1 if

Py € Cr(nTs
Pdk(nTs)—{ b 0 € Ci(nTy)

otherwise

Note that for a static node, the coverage area Cy(nTs) is a
constant over time. That is, if the target is not detected by
a static node initially, it is not going to be detected forever.
However, with a mobile node, since the coverage is varied over
the time, there is a probability for the target to be detected as
time goes.

C. Preliminaries

1) Boolean model: Let P = {a;,i > 1} in R¥ is a point
process and {S;,7 > 1} be a sequence of independently and
identically distributed random sets, independent of P. The
collection of sets C = {a; + S;, @ > 1} is called a coverage
process [14]. When C is driven by a stationary Poisson point
process (i.e. P is a stationary Poisson point process), the
coverage process C is called a Boolean model [14]. Since
we assume that static node locations and initial mobile node
locations are independently and identically distributed, the
sensor locations can be modeled as a two-dimensional Poisson
point process with intensity A, when the total number of nodes
and the sensing region are large.

2) Notation: We use A(S) and P(S) to denote the area
and perimeter of the set S. Denote by P + S the set centered
at P with a shape of S.

IV. STATIONARY TARGET DETECTION PERFORMANCE

In the following, we consider two modes of detection:
Single-sesing detection and k-sensing detection [1]. In Single-
sensing detection, the target is considered as detected if it is
captured by at least one sensor. In k-sensing detection model,
the target is considered as detected if it is detected by at least
k sensors where k is a design parameter [1].
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A. With random node mobility model 1

In this section, we analyze the detection performance with
the random node mobility model 1, where the mobile nodes
move in a straight line after selecting the direction inde-
pendently and uniformly from [0,27). Note that, with the
assumption of large network sizes and the speed of a mobile
node is small (e.g. for example, Robomote [15] mobile nodes
have speed of 0.5 ~ 2m/s), the average time a mobile node
takes to leave the sensing region can be considered to be large.
Our analysis is mainly focused on the region before the nodes
leave the sensing region. The node locations at time n7 can
now be modeled as a Poisson point process with intensity A
[16] and the corresponding coverage area S(nT) is distributed
as

S1(nT
S(nTS):{ 1(52 )

where S1(nTs) and Sy are as shown in Fig. 2. The coverage
area of k-th static sensor at time n7y is given by,

Ci(nTy) = Ci = A(S2) = mr?,

with prob A\,
with prob 1 — A\,

and the coverage area of the k-th mobile node at time ¢t = nT
is given by (corresponding to shape S1(nTs)),

C(nTys) = A(S1(nTy)) = 7r? + 2rnT,v.

Thus the sensor network at time n7 can be considered as a
Boolean model. Then the probability that the target is detected
is given by the following theorem.

Theorem 1: (Detection probability) The probabilities of de-
tection with single-sensing and the k-sensing models (k > 1)
at time t = nTs are given by,

PLI)(TI,T ) =1 A2 42X T Ts) (1
and
PD () k— 1 A7r? + 2/\mrn1_)TS?')je*)x(m«?JrQ)\mrn'DTS)
j=0 J:
respectively.

Proof: In single sensing detection, the target is con-
sidered as detected, if at least one sensor captures it. If
C ={a; + S;,i > 1} is a Boolean model with shapes S; are
distributed as .S, the number of sets (shapes) that intersects an
arbitrary point (or the number of sets that covers an arbitrary
point) in the Boolean model has a Poisson distribution with
mean AE{A(S)} [14]. At time ¢ = nT, the hybrid sensor
network consists of NV, number of mobile sensors having
coverage areas of C™(nTy) = mr? + 2rnTv and N, number

of static nodes having coverage areas of C* = 772, Denote
Pp,(m,nTs) to be the probability that m number of sensors
cover the point Py at time ¢t = nT, which is given by [14]

\C T, m _—X\C(nTs)
PPO (m,nTS) _ ( (n )) '6 ,
m.:
where C'(nT,) = (A, C™(nTs) + (1 — Ay, )C®) is the average

coverage area of the network at time nTs. Then the probability
that no sensor covers the p01nt Py, Pp,(0,nT;), at time nT}
is given by, Pp,(0,nT;) = e~ *¢(T:)_ The probability of the
single-sensing detection is thus given by,

Ph(nTy) = 1= Pp(0,nTy)=1—e 0T
- 1- e*)\(ﬂ’l"erQ)\m’r‘n'f)TS)

In k-sensing detection, the target is considered to be detected

if at least £ sensors detect it. Probability that the point F is

covered by at least k sensors at time n1} is given by,

PB (nTs) = 1— Pr(Pp is covered by k — 1 or less sensors)
k—1
= 1- Pp,(j,nTs)
=0

k—1 ()\(ﬂ,rz + 2>\mrijS))jefx(m2+2xmmmrs)

= 1_2

= it

|

Since allowing more nodes to be mobile is not desirable
in many applications due to energy constraints, it is required
to determine the minimum fraction of mobile nodes to be
deployed in order to achieve the desired performance during a
given time interval. The following theorem states the minimum
fraction of mobile nodes required to achieve a desired prob-
ability level within a desired time interval for single sensing
detection.

Theorem 2: (Minimum mobile node density required with
single sensing detection) Let np be the desired detection
probability to be achieved by the hybrid sensor network at
time ¢p. The minimum fraction of mobile nodes to be used
to achieve np at time tp with single-sensing detection model
is given by,

2
—log(1—np)—Amrr~ ifns<mp <

Amin — 2 P xroT, )
Infeasible, Otherwise,
where Ns = 1— efArrT? and n = 1_ e—k[wr +2|_ jrvT]

Proof: If the tolerable detection delay is tp, and the
desired detection probability is np, the minimum J,, is
characterized by,

min A\,

such that Pl (\‘tDJ Ts) 2 ND B

where P}, (LTDJTS) is given by (1). This leads to

A2

Am 2> —log(lt; 77D)_—
2| 2 JArvT
Note that (2) holds for a desired delay constraint, only if the

desired detection probability np satisfies the condition 7y <
np < ny where

s =1—e " 3)



and

n=1-— ef)\[ﬂ'r2+2LtT—LS)JM7TS], )
are the detection probabilities achieved by the network if all
nodes are stationary (\,, = 0), and if all nodes are allowed to
move (A, = 1), respectively. ]

In the case of k-sensing detection, the minimum fraction
of mobile nodes can be found by finding the minimum A,
which satisfies the following inequality:

“A(Er2 4 2amr R |oTy)
s

- kil (A(rr? + mmrL%JaTs)fe

j=0

i > np,
However, if the desired delay constraint is such that LfT—DJ <
507> the minimum fraction of mobile nodes can be found

by finding the minimum J,, which satisfies the following
inequality:

_log(fitk = 1) + Amfa(k —1)) _ —log(l —np) — Amr?

Am
22r | 2 9T, 2|2 Aoy

where fi(k — 1) = Zf;ol ()"’ﬁz)j and fo(k — 1) =
2| 2 0T, ‘

Tr2

k—1 (Arr2)?
Zj:l G-DT "

B. With random node mobility model 2 (random walk)

Now we consider that the mobile nodes follow 2-D random
walk mobility model at each time step n7 as shown in Fig.
1. In this paper we consider only the case r < u, since if the
step size is selected such that u < r, there are large overlaps
in the sensing areas at consecutive steps [3]. Thus it is more
desirable to select step size of the random walk such that p >
r, which results in a larger coverage area at each step of the
random walk. Since each mobile node performs independent
and identical random walks at each time step, and the sensing
range of each mobile node is identical, it can be seen that,
{C"(nTs)}kev,, are a set of independently and identically
distributed random sets where C}*(nT5) is the area covered
by the k-th mobile node by time nT. Denote C}*(nTy) =
C™(nTs) to be the average coverage area of the k-th mobile
node at time n75.

Let us assume that the sensing region can be viewed as a
virtual square lattice having a total of ~ b—z square sites where
w = U7 is the lattice side length. The k-th mobile node is
assumed to be at the center of a site. If the mobile node starts
to move at time ¢ = 0, the expected number of distinct sites
visited by time nTs, E{G(nTs)} can be approximated by [3],
[17],

mnTs

2 2\ T2 a2 22
E{Gwz%(l_(g) B w)),

I

where ¢ = 1.8456.... The average area covered by a mobile
node at time nTs, C™(nTs) is then given by the following
theorem.

Theorem 3: (Minimum average coverage area of a mobile
node) Assuming that p > 7, the minimum average area
covered by any single mobile node at time n7} is given by,

Crin(nT) = 7+ (E{GOT.)} — 1) 2rp
- E{COT)} - - )

where (z)" equals to z if z > 0, and equals to zero otherwise.
Proof:

Assuming g > 7, when there is E{G(nTs)} number of
distinct sites visited at time n7T,, there should be at least
E{G(nTs)} — 1 number of steps to ensure that each point
is connected to at least one lattice point (see Fig. 3). Then
the minimum coverage area results if these lattice points are
located such that eacl% transition is orthogonal to the previous
transition (That is, then the maximum amount of overlappin
will occur with the minimum number of transitions). Figure

shows the realization of random walk when 4 distingct sites are
visited with minimum number of (3) transitions. Fig. 3(a) is

corresponding to » < &, where there is no overlapping of the
sensing range while Fig. 3(b) corresponds to & < r < p where

there is overlapping of sensing range, between two consecutive
steps. Based on geometric simplifications, in both cases as

shown in Fig. 3, the minimum coverage area can be shown
as,

Cl.(nTs) = wr° 4+ (B{G(nTs)} — 1) 2roT,
- EGmT)} 2t - D,
which completes the proof.
|
Then lower bounds for the detection probability in single-
sensor and k-sensor detections can be shown as,
PL(nTy) > 1 — e ACmin(nT2), (6)
and
k—1 (Aémin(nTs))j e~ ACmin (nTs)

Ph(nTe) >1— > ‘
=0 J:

respectively, with Cpin (nTs) = A C™, (nTs)+ (1=, )72

where C7. (nT5) is given by (5).

Let np be the desired detection probability lower bound to
be achieved by the hybrid sensor network at time ¢p. The
minimum fraction of mobile nodes A" that should be used
in order to achieve this probability bound, within the desired
time is stated in the following theorem:

Theorem 4: (Minimum fraction of mobile nodes required
to achieve a desired probability at a given time) With single-
sensing detection, if the desired detection probability lower
bound, 7p, is to be achieved within a time interval tp, the
minimum fraction of mobile nodes that should be deployed in
the hybrid network with single-sensing detection is given by

Amin _ —log(1 —np) — Amr?

Y (GL(LSR IT)2r0T, — Go (LR IT) (1 = $)r2) '

for > r where Gi([£]Ts) = (E{G(|£]T:)}

s

Go([ 2 ]Ts) = (E{G(L2]T5)} - 2).
Proof: The proof follows directly from (6) and (5). ™

—1) and

V. SIMULATION RESULTS
A. With node mobility model 1

We verify the analytical results obtained in this paper via
extensive Monte-Carlo simulations. The dimension of the
sensing area is assumed to be b = 1000m, such that area
is 1000 x 1000m?2. Mobile node speed is set to o = 1m/s.
Initially a total of N = 500 sensor nodes are deployed
independently and uniformly in the sensing field. A fraction of
500 total nodes, is directed to move according to the random
mobility model 1 as described in subsection III-A. Note that
with these assumed parameters, it can be shown that the
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Fig. 4. Detection probability with single-sensing detection Vs desired delay
constraint with mobility model 1: » = 20m

average time a mobile node takes to leave the sensing region
with the mobility model 1 is, 473.31655s.

Figure 4 shows the time varying detection probability of
the hybrid sensor network for single-sensing detection when
the fraction of mobile nodes deployed is varied for a given
sensing range for each node. In Fig. 4, we assume that
r = 20m. From Fig. 4, we can see the derived analytical
results almost exactly match with the simulation results. In
Fig. 4, the results are shown for the region before nodes leave
the sensing region. Although figures are not included it can be
shown that (details are given in [18]), as the time increases,
the detection probability saturates at a constant value. This
phenomenon essentially reflects the detection probability cor-
responding to the maximum area that can be covered with the
given fraction of mobile nodes before they leave the sensing
region. It is also seen from Fig. 4 that by adding a small
fraction of mobile nodes will boost the detection performance
significantly compared to the stationary configuration, and the
rate of performance improvement eventually decreases as A,
increases. Also when the desired delay constraint is relatively
large, a higher detection probability can be achieved with a
relatively small fraction of mobile nodes, since then the mobile
nodes have covered, on average a larger area of the sensing
field.

Figure 5 shows the detection probabilities for single-sensing
and 2-sensing detection models of the hybrid sensor network
when the fraction of mobile nodes is increasing, for a given

). 5<r<p

Minimum possible coverage area after completing 4 distinct steps

------- +
sl PR h e > ]
,—"‘>__
08 ’,,—">— ﬁ_’.—"_"
2 __,—'O
07h L

>
T
\
A

Detection probability
o
\
\
\
\
\
\
<@
\
\

S 50
=

~ - - analytical, single-sensing, r=30m
D simulated, single-sensing, r=30m
analyticalsingle-sensing, r=20m

031 % simulated, single-sensing r=20m | |
¢ simulated, 2-sensing, r=30m
- - analytical, 2-sensing, r=30m
analytical, 2-sensing, r=20m
O simulated, 2-sensing, r=20m

n

04 L L L L I . . .
07 08 09 1

0.4 0.6
Fraction of mobile nodes, A |

Fig. 5. Detection probability Vs fraction of mobile nodes in the network for
single-sensing and 2-sensing detection models for mobility model 1; Desired
detection delay is tp = 60s.

desired delay constraint. In Fig. 5 we let the delay constraint
tp = 60s and plots are corresponding to varying sensing
ranges (for » = 20m and r = 30m). From Fig 3, the trade-off
between sensing range of each node and the fraction of mobile
nodes needed to achieve a desired probability at a desired
delay constraint is shown. It can also be seen that the detection
probability is nearly-linearly increasing, when the fraction of
mobile nodes is increasing, for a given sensing range around
the considered delay constraint (i.e. around relatively lower
delay constraints).

In Fig. 6, the minimum fraction of mobile nodes required
to achieve a desired performance level within a desired delay
constraint is shown for » = 20m and r = 30m with
single sensing detection. It is seen that when the desired
delay constraint is small, the minimum fraction of mobile
nodes is increasing to achieve a desired performance level.
Moreover, the impact of the mobile node density on the
detection performance is more significant when the sensing
range of the nodes is small, which is the most practical
scenario in many sensor networks. In other words, it can be
seen from Fig. 6 that when the sensing range is increasing, the
variation of the required fractions of mobile nodes to achieve
different detection thresholds, is less compared to that with
lower sensing ranges.
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B. With node mobility model 2

To see the performance of the derived detection probability
lower bound, we perform Monte-Carlo simulations to obtain
the exact detection probability with random walk mobility
model. Figure 7 shows the analytical detection probability
lower bound and the exact detection probability vs the fraction
of mobile nodes, with random walk mobility model after
completing n = 20 steps. In Fig. 7, we let the step sizes of
the random walk to be ; = +/2r and 1 = 2r where 7 is set to
r = 20m. From Fig. 7, it can be seen that the derived lower
bound is a good match for the exact detection probability.
Moreover, when the step size of the random walk is selected
relatively larger compared to the sensing radius of the node,
it can be seen that the derived lower bound becomes a very
good approximation for the exact detection probability. For
a given sensing range, selecting a larger step size compared
to the sensing range is more desirable in performing 2-D
random walk, since then the overlapping of sensing coverage
at consecutive steps is reduced.

VI. CONCLUSION

In this paper, we considered the problem of target detection
in a hybrid sensor network consisting of both static and mobile
nodes and derived analytical expressions that are important
in designing such sensor networks. Static node locations and

initial locations of mobile nodes are assumed to be indepen-
dently and identically distributed in the sensing region. Nodes
are assumed to move randomly and independently searching
for targets. Detection probabilities for single-sensing and k-
sensing detection models were derived for the hybrid sensor
network. Since deploying mobile nodes is not as cost effective
as deploying static nodes, we characterized the minimum
fraction of mobile nodes to be combined with static nodes in
order to meet the desired system performance within a desired
delay constraint after initial deployment. The analytical results
derived in this paper help to select design parameters in hybrid
sensor networks for on-demand application requirements.
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