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Chapter 4
Real-Time Tracking for Moving Target
in WSN with Uncovered Holes

Huan Li, Zhefeng Sun and Kejie Lu

Abstract In many practical scenarios, tracking moving targets in the field is very
important but also challenging. To effectively track targets, a promising solution
is to deploy a target-tracking wireless sensor network (WSN), which has attracted
significant attention in the literature. In the past few years, most existing studies in
this area have been focused on improving the accuracy and energy efficiency based
on the assumption that the field is fully covered. However, this assumption may be
invalid because sensors may fail due to various reasons. In this chapter, we tackle
this important but largely overlooked problem. Specifically, we consider a WSN in
which there exist uncovered areas, a.k.a. holes, in the field, due to the failures of
sensors. We propose a novel signaling protocol where the main idea is to identify the
hole and boundary nodes at the same time during the tracking course when the target
moves into the hole. To quickly discover the boundary, we also propose to adopt
directional antenna to achieve wireless communication. Simulation results show that
the proposed approach can realize the real-time detection of a moving target when it
runs into and out of the hole, and at the same time, consume much less energy than
the omnidirectional antenna-based methods.

4.1 Introduction

Wireless sensor network (WSN) is a promising technology that can efficiently collect
information from the unattended field and thus can facilitate the interactions between
the physical world and human beings. One of the most important applications of
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76 H. Li et al.

WSNs is to check moving target continuously, in scenarios such as monitoring wild
animal and human detection and tracking.Unlike the centralized surveillance system,
the advantages of target-trackingWSN include higher accuracy and shorter detection
delay.

Typically, a target-tracking WSN consists of a set of sensor motes, each of which
can sense moving targets nearby and communicate with other motes using wireless
communication. In general, sensor motes are deployed with a certain density so as to
provide full coverage of the field. On the other hand, sincemotes are usually powered
by battery, to prolong the lifetime of WSN, a sensor shall be on the sleeping mode
until it is notified by neighbors that a moving target is about to enter its sensing field.

Despite the importance of these studies, in practical scenarios, sensors can fail
due to various reasons such as low battery, software bugs, natural disaster, etc. Con-
sequently, uncovered areas, a.k.a. holes, can occur dynamically over time. In the
literature, most existing studies on target-tracking WSN concentrate on improving
the accuracy and energy efficiency in a fully covered area [18, 40]. In this chapter,
we investigate how to keep tracking moving target in WSN with holes that are not
known in advance.

This problem is challenging because of a few reasons. First of all, the hole can
appear dynamically until a particular sensor identifies that one or more of its neigh-
bors cannot be waked up. Secondly, once a hole is detected the particular sensor must
initiate a procedure to quickly determine the border of the hole and activate sensors
around the hole so as not to miss the moving target, which is difficult. Here we note
that, although there are some studies on boundary detection [10, 12, 25], none of
them were designed to deal with our problem, in which we have the requirement to
detect moving target in real-time.

In this chapter, we address this challenging problem. In particular, our major
contributions are listed below.

• We apply directional antenna for target-tracking WSNs, which is different from
most studies in the literature. To the best of the authors’ knowledge, this is the
first study that uses directional antenna for continuous tracking moving target for
WSN with holes.

• We propose a novel prediction algorithm that can not only achieve continuous
tracking, but also minimize the energy consumption by automatically setting the
mode of boundary sensors. To realize real-time and accurate path prediction, we
also design a signaling protocol.

• We conducted extensive simulation experiments. The results show that the pro-
posed protocol can achieve the real-time detection of a moving target when it
runs into and out of the hole. Moreover, the energy consumption of the proposed
scheme is lower than that of schemes using omnidirectional antenna.

The rest of the chapter is organized as follows. Section4.2 surveys the related
work. Section4.3 presents the system models and problem statement. Section4.4
introduces the real-time tracking protocol. Section4.5 discusses the performance
evaluation. Finally, Sect. 4.6 concludes the chapter and points out the future work.
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4 Real-Time Tracking for Moving Target in WSN with Uncovered Holes 77

4.2 Related Work

4.2.1 Target Tracking in WSN

Technical advances in micro-sensing, wireless communications, and microelectro-
mechanical systemshave enabled the development ofwireless sensor network (WSN)
to bridge the interaction gap between the physical world and human beings. A sensor
network is composed of a large number of sensor nodes (also called motes) that are
deployed inside the phenomenon to realize a wide range of applications, including
remote environmental monitoring, real-time tracking, precision agriculture, etc. [13].
In WSN, the main components of a mote include microcontroller, transceiver, exter-
nal memory, power source, and some sensors. Each individual mote is capable of
performing someprocessing, gathering sensory information and communicatingwith
other nodes via wireless transmission in the network.

Tracking moving target is one of the most important applications in WSNs. Dif-
ferent from the centralized monitoring system, the advantages of applying WSN in
these applications are distinguished, since it catches with the physical world in real-
time and thus can satisfy the quality of service, e.g., the demand of high accuracy of
path detection [5, 18]. In [42], the position and the velocity are both considered in
the state of the target in Cartesian coordinates, and a new approach, which is based on
the combination of Kalman filter and maximum likelihood estimator, is investigated
to avoid the instability problem and thus can offer superior tracking performances.
In [46], the authors proposed to extract an ordered list from unreliable sensor read-
ings to estimate the movement trace and developed a multidimensional smoothing
scheme to enhance tracking accuracy.

In addition to accuracy objective, some other issues such as real-time and energy
are also studied.With regard to real-time tracking, FindingHuMo [9] proposes a real-
time user tracking system for smart environments, in which individual targets can
be fast identified by investigating binary motion data stream. Earlier work has also
investigated how to guarantee real-time communications in wireless sensor network
[20, 21] or robot sensing systems [22]. Some special scenarios, such as how to track
a single target in WSN that includes sensor motes with controlled mobility, have
been studied in [27].

While in traditional WSN, static sensor motes are the de facto nodes used in
the infrastructure for investigated areas of interest, some researchers considered the
tracking problem in a distributed heterogeneous WSN that includes cameras [37]
and multi-sensor mobile robots [32]. For instance, multi-agent surveillance systems
have been proposed for tracking and monitoring in [26, 32, 33]. Different from other
discussions that focused on a specific algorithm or protocol design, the multi-agent
system was proposed to provide robot-assisted system that can exploit a distributed
control architecture to enable the network to autonomously accomplish general-
purpose and complex monitoring tasks. Moreover, some other artificial intelligence
(AI) techniques, such as machine learning algorithms (e.g., a support vector machine
(SVM) classifier in [38, 39]) have been introduced to realize the high-accuracy
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78 H. Li et al.

tracking. These works provided a new way of thinking for tracking task using WSN,
however, the proposed methods are normally too complicated for real-time scenarios
in practice.

4.2.2 Hole Detection and Boundary Discovery

As defined in [35], a boundary separates two regions of interest in a phenomenon,
which can be visualized as an edge if there is a sharp change in the field value between
the two regions, or alternatively, as a contour with a field value f = τ separating
two regions with field values f > τ and f < τ . Under this condition, holes can be
defined as the area not covered by the sensing area of any nodes as τ = 0. This is
different from the definition in [5], where a hole refers to a target that is covered by
less than three sensors. In this chapter, we adopt the first definition.

With regard to boundary discovery inWSN, several problems have been discussed
in the literature, including field estimation, localized estimation, and adaptive esti-
mation. Field estimation is to sample the entire field and query for the points on
boundary. For instance, in [24], contour maps are generated at the sink by gathering
information from the whole network. Localized estimation is to identify which sen-
sors lie on the boundary. In [11, 12], the authors examined the problem of tracking
dynamic boundaries occurring in natural phenomena using a network of range sen-
sors. In this work, a low energy algorithm, which combines the spatial estimation
and temporal estimation techniques, has shown good performance in the estimation
accuracy, compared to similar periodic update techniques to track boundarieswithout
requiring a priori knowledge about the dynamics. In [36], mobile agents were pro-
posed to optimally approximate the boundary with a polygon, in order to monitor an
environmental boundary. The mobile sensors rely only on sensed local information
to position some interpolation points that lead to an approximating polygon.

According to our survey, no existing studies have investigated the mobile tar-
get tracking under the hole detection scenario. Moreover, most previous algorithms
focus on the improvement of the boundary detection’s accuracy and the reduction
of calculation time. Besides, how to utilize directional antenna to save energy is not
considered in existing studies.

4.2.3 Directional Antenna in WSN

Compared to omnidirectional antenna, directional antenna has several advantages,
especially in the energy consumption and reduction of collisions among multiple
sensor nodes. InWSN, topics on using directional antenna include capacity improve-
ment, medium access control (MAC) design, routing protocol, coverage study, loca-
tion discovery, etc.
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4 Real-Time Tracking for Moving Target in WSN with Uncovered Holes 79

As an earlier research on MAC protocol with directional antenna, the authors
of [45] designed MAC protocols for static WSNs to reduce power consumption
at the sensor nodes. Besides the fundamental problems of the MAC layer, other
issues such as location discovery [29], prediction of delay performance [14], the
deafness/hidden-terminal/exposed terminal problems [1], and neighbor discovery
with a little amount of energy consumption [28] have also been investigated in recent
research. A pioneering work of a theoretical analysis on how to improve the capacity
of ad hoc wireless networks using directional antennas is presented in [43].

With regard to routing protocol, single-recipient wireless environment, which
corresponds to the important case of directional antennas, has been investigated
from the theoretical perspective in [31], and heuristic algorithms were proposed to
maximize the network lifetime. Performance of dynamic source routing (DSR) using
directional antennas was evaluated in [8]. In addition, ORRP [6] andMORRP [3] are
lightweight-but-scalable routing protocols utilizing directional communications to
relax information requirements. As a pilot study of coverage with directional antenna
in WSN [44] proposes a set of optimal patterns to achieve full coverage and global
connectivity under two different antenna models.

In summary, most existing studies of WSN with directional antenna are on cov-
erage, MAC protocol, and routing scheme. How to utilize directional antenna for
continuous moving target tracking in WSN with uncovered holes is still an open
issue, which is studied in this paper. Specifically, we consider that the antenna of
each sensor can switch between omnidirectional and directional transmissionmodes,
which can be realized by using smart antenna [17].1

4.3 System Models and Problem Statement

In this section, we discuss the system models, including the transmission model,
network model, and energy model, as well as the problem. To facilitate further
discussions, we list important notations in Table4.1.

4.3.1 The Transmission Model

Inwireless networks, the transmission rangeof a node is generally used to describe the
farthest distance where the strength of received signal is sufficiently large. As dis-
cussed in [16], the path loss in the wireless channel can be modeled as a power
law function of the distance between the transmitter and the receiver. In theoretical

1 Some prototypes of smart antenna that can switch modes can be found in [23, 30].
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Table 4.1 Summary of
notation

Notation Meaning

Vs Voltage

Is Electric current

ts Time spent in sensing

ETk Energy consumed in transmitting k bits data

ERk Energy consumed in receiving k bits data

Eelec Transmitters electric circuit consumed energy

ks The number of bits sent

kr The number of bits received

εamp Power amplifier consumed energy

r Communication range

λ Path loss

Angle Directional antenna’s angle

analysis, the free space model (d2 attenuation) is used for a shorter distance, while
the two-ray ground model (d4 attenuation) gives a more accurate prediction at a
longer distance [34].

Given the same transmission power, the transmission range of directional antenna
can be larger than that of the omnidirectional antenna. In general, omnidirectional
antenna radiates and receives signals equally well in all directions (i.e., for a trans-
mitters/receiver, the radiated signal has the same strength in all directions), while
directional antennas focus the radio frequency (RF) power to particular directions.
Consequently, if directional antenna is used, the signal strength on certain directions
will be higher, which can be measured in gain [4].2

Besides the transmission range, the performance of the transmission is also
affected by application scenarios. For instance, omnidirectional antenna can be more
efficient if the receivers of a message are around the sender of the message. On the
other hand, if the receivers are all located in one direction, then directional antenna
is more efficient. Moreover, using directional antenna may facilitate spatial reuse
of frequency channel because it can reduce interference. For example, in Fig. 4.1,
the communication between nodes S and D forbids the transmission from E to F.
If directional antenna is used in such a scenario, both transmissions can occur at the
same time, as shown in Fig. 4.2.

In this work, we consider to use both omnidirectional and directional antenna
in target-tracking WSN for tracking the moving objects. Particularly, we assume
that each sensor mote can switch between the omnidirectional and directional
transmission modes according to the system demand.

2 The gain is measured in decibels over either a dipole (dBd) or a theoretical construct called an
isotropic radiator (dBi). The isotropic radiator is a spherical signal source that radiates equally well
in all directions.
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4 Real-Time Tracking for Moving Target in WSN with Uncovered Holes 81

E

F

Fig. 4.1 Scenario using omni-antenna

E

F

Fig. 4.2 Scenario using directional-antenna

4.3.2 The Network Model

In this work, we assume that all sensor nodes are stationary and deployed unattended
in remote field. They are the same in terms of processing capacities, energy budget,
and the maximum transmission range. We also assume that each sensor node can
realize its location byGPS or other localization algorithms (Note that, how to achieve
this is out of the scope of this work).

AWSN is represented by a graph G(V, E), where V is the set of sensor nodes and
E stands for the set of communication edges. Two nodes can communicate with each
other only if their Euclidean distance is less than the maximum transmission distance
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82 H. Li et al.

given by the system settings. We let RT be the transmission range and RS denote the
sensing distance. We assume that RT = 3RS, which is based on [41], where it has
been proved that the transmission range must be at least twice the sensing range to
achieve a complete coverage of a convex area according to the relationship between
coverage and connectivity.

4.3.3 The Energy Model

The energy consumed in a sensor node includes the following processes: micro
controller processing, radio transmission and receiving, transition process, sensing,
sensor logging, and actuation [2]. In this work, we only consider the energy depletion
due to sensing and communication procedure because they dominate the system
energy consumption. As in previous work [47], the sensing energy is the product of
voltage, electric current, and time used to sense the environment, so the total sensing
energy consumption for the entire sensor network is described in Eq. (4.1), where N
refers to the number of nodes in the network.

N∑

i=1

ESensing(i) =
N∑

i=1

(Vs ∗ Is ∗ ts(i)) = Vs ∗ Is ∗
N∑

i=1

ts(i). (4.1)

According to [15], the energy consumption (Ecomm) for a communication process
is represented in Eq. (4.2).

⎧
⎨

⎩

Ecomm = ET x + ERx

ET x = Eelec ∗ ks + εamp ∗ ks ∗ rλ

ERx = Eelec ∗ kr.
(4.2)

If the transmission range is fixed, Eelec and rλ are constant, so we can set
rλ = M ∗ Eelec, where M is a constant. Thus, the total communication energy
consumption is the sum of all the energy consumed in processes of transmission and
reception, as follows:

N∑

i = 1

Ecomm(i) =
N∑

i = 1

(ET x (i) + ERx (i))

= Eelec ∗ (

N∑

i = 1

ks(i) +
N∑

i = 1

kr(i) +
N∑

i = 1

(εamp(i) ∗ ks(i) ∗ M)).

(4.3)
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4 Real-Time Tracking for Moving Target in WSN with Uncovered Holes 83

Here we note that, for directional antenna, the amplifier energy consumption is
proportional to the angle [7].

εamp ∝ Angle (4.4)

Combining Eqs. (4.3) and (4.4), we have the following expression for energy
consumption, as illustrated in Eq. (4.5):

N∑

i = 1

Ecomm(i) =
N∑

i=1

Ecomm(i) ∝ (

N∑

i=1

ks(i) +
N∑

i=1

kr(i)

+
N∑

i=1

(Angle(i) ∗ ks(i) ∗ M ′)) (4.5)

4.3.4 Problem Statement

In a randomly deployed WSN, when a sensor node is active in packet transmis-
sion, reception, and sensing, the energy consumption for those activities is much
higher than the consumption when the node is on the sleeping mode. Therefore, after
the nodes are deployed and self-organize the network, on-demand cooperation and
notification are useful to reduce the energy consumption and thus can significantly
prolong the lifetime of WSN.

In the domain of long-term real-time target tracking, the termof on-demandmeans
that, if a mobile target is located in the sensing area of some sensor nodes, these
sensor nodes shall be notified in time to start sensing and shall keep sensingwhenever
necessarywith the help of neighboring nodes’ cooperation. For such applications, any
attempt to save energy in the target tracking process shall be based on the guarantee
of sensing accuracy. Specifically, accuracy means that the related nodes must keep
sensing and record the results whenever the target is in its sensing range.

In this study, we consider a scenario that some fields are not covered by any
sensing nodes, as shown in Fig. 4.3. These specific uncovered fields are called holes

Fig. 4.3 Mobile target’s tracking in the area where hole exists
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in this work. In such scenarios, suppose a moving target is walking/running across a
big hole (The diameter of the hole is much larger than the sensing range.) in a field
with a predictable average speed, our first problem is how to detect that the target
has entered the hole in real-time and initiate a signaling protocol to notify the nodes
along the border of the hole to keep tracking.

When the target is in the hole, the reduction of energy consumption is of great
importance in order to prolong the network lifetime. However, in order to catch up the
target, it is required to keep some sensor nodes awake to achieve necessary tracking
accuracy. Hence, the trade-off between accuracy and energy efficiency is another
important problem to be solved.

To facilitate further discussion, we suppose that each sensor node knows its posi-
tion and its one-hop neighbors’ information. In summary, the problem is: how the
nodes can cooperate with one another to discover the hole accurately and detect the
mobile target in time before it enters the hole and after it runs out of the hole. For this
problem, there are two possible objectives: (1) to minimize the energy consumption
in the communication and sensing processes; and (2) to guarantee the accuracy in
real-time detection.

4.4 Real-Time Mobile Target Detection Protocol

In this section, we elaborate on the aforementioned problem and discuss how to
design a protocol to guarantee a real-time and low-energy consumption detection of
the mobile target when it runs into and out of the hole. Specifically, we investigate
three subproblems: (1) detection of the hole, (2) boundary node discovery, and (3)
convergence of the protocol. To simplify the discussions, we assume that the design
is based on a lossless channel.

4.4.1 Overview

Suppose the nodes keep sensing with the interval of �t until the target moves out
of their sensing coverage area. At the moment when the node cannot catch the
moving target, we can prove that the target must be in the neighbors’ sensing area.
So once the target moves out of the sight of the current sensing nodes, these nodes
will immediately send a start-sensing packet to all its neighbors at a pre-calculated
direction (The direction can be predicted by previously received sensing signals
sent from its former neighbors.), and wait for the replies. If no sensed-ACK (ACK:
acknowledgement) is received, the senders are considered to be on the boundary and
the target has entered the hole; otherwise, the target does not enter the hole and the
sensing procedure continues as in normal condition. The overview of the protocol is
presented in the following algorithms (i.e., Algorithms 1–3).
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4 Real-Time Tracking for Moving Target in WSN with Uncovered Holes 85

Algorithm 1: Sensing-process
0.1 repeat
0.2 Sensing the targets;
0.3 until cannot sense the target anymore;
0.4 send out start-sensing signal at one direction to its one-hop neighbors;
0.5 wait for replies for a given interval;
0.6 if received ACK(sensed) then
0.7 Stop sensors; return // The neighbors have sensed the target
0.8 else /* start Hole-detection process */
0.9 broadcasts hole-detection signal to its one-hop neighbors;

Algorithm 2: Hole-detection (hole-detection)
1.1 if it is the first time receiving hole-detection then /* upon receipt of

hole-detection */
1.2 if (boundary-discovery( hole-detection) == TRUE) then
1.3 broadcasts hole-detection signal to its one-hop neighbors;
1.4 start Sensors till the target caught or received target-catch-up signal;
1.5 else
1.6 Stop sensors; Return Sleep

1.7 else /* have received the signal before */
1.8 Return

Algorithm 3: Boundary-discovery (hole-detection)

2.1 calculate the direction;
2.2 broadcast boundary-discovery signal to neighbors on that direction;
2.3 wait for the ACKs;
2.4 calculate the number of the received ACKs (#ACK);
2.5 if #ACK

#neighbors � Threshold then
2.6 return (TRUE);
2.7 else
2.8 return(FALSE);

4.4.2 Detection of the Hole

At the initial stage, the nodes that first detect the existence of the hole will broadcast
a hole-detection query signal to the nodes in all directions, and then initiate the
boundary detection process (see the next section). Once the node can tell that it is
on the boundary, it will then continue to send out hole-detection signal to the next
nodes on some directions using direction antenna and start sensing process till the
target-catch-up signal feedbacked/propagated to it, which indicates that the target
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Fig. 4.4 Hole detection signaling process

has moved out of the hole and has been successfully detected by some sensing nodes
on the boundary, the whole hole-detection process can thus stop.

Except for the initial stage, to save energy, we design an efficient scheme to utilize
direction antenna to transmit the signal to the neighboring nodes on the boundary.
The problem is how to calculate the angle so that all nodes on the boundary can be
covered. In this study,we apply a simple scheme, as illustrated inFig. 4.4. Particularly,
the receiver will choose a direction that is the same as the direction from the sender
to the receiver. With this direction, the receiver will select 180◦ in total from the
sum of the angle of clockwise and counterclockwise directions (each covering 90◦).
Note here, we use a relative large angle to make sure that all boundary nodes can
be covered for the signaling propagation. In fact, to save the energy, the angle can
be smaller and more adaptive to the scenario if the algorithm can predict the speed
and the shape of the hole in more precise manners, which will be investigated in our
future work.

4.4.3 Boundary Node Discovery

Although one node may receive several hole-detection signals from different nodes
from one direction, for simplicity, upon receipt of the first signal, this node will send
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Fig. 4.5 Boundary discovery process

out boundary-discovery query packet right away to the nodes in all directions at
initial stage or some directions for the following steps, and then wait for the ACKs
from those that received this packet. Other detection signals will be ignored because
the first one already contains the proximity of the curve.

Suppose the underlying protocol is CSMA-based MAC layer protocol [19], it
will not guarantee that all ACKs can reach the sender without collision. To solve
this problem, we introduce a threshold to help proceed with the boundary discovery
process. That is: if #ACK

#neighbors ≤ Threshold, this node will be identified as a boundary
node. For any identified boundary node, it (1) starts hole-detection signal to some
direction as discussed before; and (2) starts sensing target procedure. Otherwise, this
node is not on the boundary, and it will stop involving in the hole detection process.
Note here, #neighbors refers to the number of active neighbors on the direction
that can be obtained using regular neighboring discovering process, and Threshold
is an empirical value that may be affected by the property of physical/MAC layer
protocols.

Still, nodes that need to determine if they are boundary nodes will also use direc-
tional antenna to send out the boundary-discovery packet instead of flooding to all
directions, as illustrated in Fig. 4.5. Here, we use the hole-detection signal to calculate
the 180◦ angle along the vector, to cover the area that faces toward the hole.

4.4.4 Convergence of the Protocol

The hole-detection signal may transit along the two directions of the hole. So if a
sensor node receives a hole-detection signal later again, it should check if it is from
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a different direction than the previous ones. Since the time for one-hop neighboring
transition is relatively much shorter than the signal transition from another direction,
we can easily design the timer to handle the neighboring case. Thus, we can draw
a conclusion if the signal is received from another direction the first time, that the
signaling protocol actually converges and no more signals need to be sent out.

In practice, the target may keep moving or stay for a while inside the hole and
will eventually move out. To handle the move-out event, in the protocol we use a
Stop signal to indicate the target-catch-up event on the reversed path of the hole
detection message. All sensing nodes that received this signal will stop sensing
process immediately. Although the state of the neighboring boundary nodes should
be maintained, the cost is very small because the number of these nodes is very
limited.

4.5 Performance Evaluation

In this section, we conduct extensive simulation to demonstrate the effectiveness
of the proposed real-time tracking protocol. We evaluate the performance in terms
of accuracy and energy efficiency using simulation testbed developed in NS3. We
compare the proposed directional transmission method to a flooding approach that
makes use of omnidirectional antenna to achieve the communication. The results in
each figure in this section is the average value of 25 trials, each having a new node
deployment in the network for a given path.

4.5.1 Experimental Settings

In the experiments, 450 sensor motes are randomly deployed and connected in a field
with length and width of 1,000m. According to the relationship between RS and RT
(i.e., RS = 1/3RT), the transmission range RT and sensing range RS are set to be
150 and 50m respectively, to ensure that the whole field is covered by theWSN. The
sensing interval �t is set to 0.1 s, and the total simulation time is 80 s for each trial.

In our experiments, we consider four differentmoving paths, as shown in Figs. 4.6,
4.7, 4.8 and 4.9, each of themcorresponds to one of the four distinct holes in Table4.2.

Table 4.2 Coordinate area of
failure nodes

Holes Coordinate representation of failure nodes

area1 {(x, y)|x ∈ [575, 800], y ∈ [135, 285]}
area2 {(x, y)|x ∈ [575, 800], y ∈ [135, 285]}
area3 {(x, y)|x ∈ [650, 750], y ∈ [500, 700]}
area4 {(x, y)|x ∈ [0, 200], y ∈ [800, 1, 000]}
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Fig. 4.6 Target starts at (900, 10), moving speed is 10m/s, turns around 4 times when it moves at
0, 100, 300 and 600m at the direction: up, left, up and left
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Fig. 4.7 Target starts at (900, 10), moving speed is 20m/s, turns around 4 times when it moves at
0, 200, 600 and 1,200m at the direction: up, left, up and left
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Fig. 4.8 Target starts at (500, 500), moving speed is 20m/s, turns around 5 times when it moves at
0, 200, 400, 800 and 1,200m at the direction: right, up, left, down and right
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Fig. 4.9 Target starts at (500, 500), moving speed is 20m/s, turns around 5 times when it moves at
0, 400, 800, 1,600 and 2,400m at the direction: right, up, left, down and right

The nodes within the given hole are assumed to be failed. Paths are chosen to evaluate
the impact ofmoving area, turning angle, smoothly running and sharp turn, and speed.

4.5.2 Accuracy Analysis

During the whole tracking period, each sensor mote can be either on the sensing state
or on the sleeping mode. If it is on the sensing state, for each sensing event there are
two possible results: caught the target or not. So at any moment, if we only consider
those sensor motes that are on the sensing state, we can define the catching ratio CR
as the ratio of motes that are actually catching the target during the state, which is
CR = #Caught/#Sensing_nodes.

Based on the definition of CR, we plot CR over time in Figs. 4.10, 4.11, 4.12 and
4.13, for different paths. From these results, we have several observations. First, for
each path when the target moves into the hole, both the proposed scheme and the
existing one can tell the existence of the hole and start the hole detection process
in real-time. Second, from the results of all paths, the algorithms can always catch
the target whenever the hole is on the moving path or at the turning-around point.
Finally, as the target starts to move into or out of the hole, in general, the CR when
using directional antenna becomes slightly lower than the one using omnidirectional
antenna. This is reasonable because the sensing angle for directional antenna is much
smaller than 360◦. On the other hand, it shows that in most cases, the results of using
directional antenna converged very quickly to 1. The only exception happens for the
third path, in which the target turns around more sharply than in other scenarios,
which may lead to more transmission collisions that cause the loss of catches.
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Fig. 4.10 Catching ratio for Path1
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Fig. 4.11 Catching ratio for Path2
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Fig. 4.12 Catching ratio for Path3
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Fig. 4.13 Catching ratio for Path4

4.5.3 Energy Analysis

According to the energy consumption models depicted in Eqs. (4.1) and (4.3),
the minimization of energy consumption can be obtained by the following three
objectives:

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

min(
N∑

i = 1
ks(i) +

N∑

i = 1
kr(i))

min(
N∑

i = 1
(angle(i) ∗ ks(i)))

min(
N∑

i = 1
ts(i))

(4.6)

In Figs. 4.14, 4.15 and 4.16, we compare the proposed scheme and the omni-
directional antenna-based scheme according to these three objectives, respectively.
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Fig. 4.14 Objective one
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Fig. 4.15 Objective two
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Fig. 4.16 Objective three

As shown in Fig. 4.14, the total number of bits sent and received in the approach
using omnidirectional antenna is 1.6–3.3 times as much as that of using directional
antenna. And the ratio is even larger (asmuch as 6) in Fig. 4.15when the transmission
angle is taken into consideration. Furthermore, the total sensing time (Fig. 4.16) of
the proposed scheme is less than that of using omnidirectional antenna, for all paths.

4.5.4 Real-Time Analysis

The performance evaluation for real-time target tracking can be measured by the
delay between the moment when the target is moving out of the hole and the moment
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Fig. 4.17 Real-time detection

it is detected by some boundary nodes. Still, we compare the proposed directional
antenna-based scheme to omnidirectional antenna based one. Figure4.17 illustrates
the results. As we can see, using directional antenna not only can converge, but also
can catch up the moving target with a shorter delay than that using omnidirectional
antenna.

In summary, the proposed directional antenna-based protocol outperforms that
using omnidirectional antenna for all different paths under different uncovered sce-
narios. This is because using direction antenna can efficiently achieve on-demand
sensing and tracking for a moving target that enters into/out the hole. Taking packet
transmission collision into consideration, the proposed scheme can avoid a large
number of unnecessary packet transmissions, so that it can track target in real-time
without scarifying accuracy.

4.6 Conclusions and Future Work

In this chapter, we have investigated continuous moving-target tracking inWSNwith
uncovered holes. On the one hand, we have introduced the idea of using directional
antenna, which breaks the omnidirectional antenna’s presumption in this field. On
the other hand, we have proposed a collaborative prediction algorithm and a signal
protocol to realize real-time and low-energy-consumption target tracking. To evaluate
the proposed scheme, we have conducted extensive simulation experiments to com-
pare the proposed scheme with the existing approach that utilizes omnidirectional
antenna. Simulation results demonstrate that our scheme can outperform the existing
one and guarantee both real-time detection and energy consumption reduction.

Although we have tackled the fundamental problem of using directional antenna
to make continuous tracking possible in WSN under holes, several issues remain
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to be considered. For example, how to handle the unreliable and lossy channel are
among the future work.
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