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Abstract: In this paper, a distributed multiple target tracking protocol (DMTTP) is proposed for target counting
and trajectory estimation in two-dimensional binary sensor networks under the ideal sensing model. We first
propose to formulate the minimum target number problem as a minimum clique partition problem and then
investigate the performance limit of binary sensor networks in counting multiple targets in a two-dimensional
sensing field. In DMTTP, a positive clique must be maintained in time for target counting. Consequently, we
present two strategies to solve the two puzzles raised in the use of spatiotemporal information. For the target
trajectory estimation task, an algorithm, operating under the ideal sensing range, is proposed. Our algorithm is
designed to be light to decrease the load of each sensor so as to increase the efficiency of the sensor network.
Keywords: Binary Sensing, Clique Partition, Distributed Algorithms, Sensor Networks, Target Counting, Target
Tracking

1. Introduction
The applications of target tracking include many kinds of location-based services, such as pursuit evasion
games, indoor or outdoor surveillance, search and rescue, and even disaster response system, along with being
able to help many kinds of spatial-temporal data collection. Nowadays, using sensor networks to track targets is
an important issue that has been extensively studied. To keep the efficiency and reliability of a sensor network
system, there are a lot of sensor nodes with limited resources required to be deployed in a monitoring field.
In this paper, we adopt the binary sensor, a kind of sensor that produces only one bit information to represent
the presence or absence of a target in the sensing range. Since it only provides very restricted monitoring
information, the communication overhead can be reduced, and we can deal easily with the sensor fault and
communication noise. The limited information available, however, poses challenges on utility of such kind of
sensor.
In this paper, we begin by studying the performance limit of target counting in a two-dimensional binary sensor
network by modeling the minimum target number problem as a minimum clique partition problem. We then find
that spatial information is too rough to be suitable for target counting. To address this problem, we adopt
spatiotemporal information and propose an idea of maintaining each positive clique in time. This can work well
except in the situation where targets move closely, which will raise two puzzles.
Consequently, we develop a Distributed Multiple Target Tracking Protocol (denoted by DMTTP) using
spatiotemporal information, which is feasible for target counting and trajectory estimation. For the target counting
task, DMTTP, which contains two strategies used to solve the aforementioned two puzzles, is designed to be
executed by only communicating with neighboring sensors whose sensing ranges overlap. For target trajectory
estimation, we use the average distance between any two triggers 1 or in any sampling time interval as the result of
distance estimation of the target trajectory. In particular, DMTTP is designed to be adaptive in a sensor network
with ideal sensing range (commonly-used deterministic disk sensing model). Moreover, DMTTP is designed to
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be light to decrease the load of each sensor so as to increase the efficiency of the sensor network.
For evaluation of the proposed protocol, DMTTP, we show through extensive simulations that our pithy
algorithms can yield more accurate estimations than two competing methods [11], [13], which are based on particle
filter.

2. Related Work
Generally, targets can be classified in two categories, according to their shapes. Different types of targets need
specific methods for efficient tracking. The first category is the continuous object, such as diffused poison gas or
biochemical and chemical liquids, which can spread through a very wide area. For this kind of object, with the
characteristic of diffusion, increasing size, changing shape and so on, some tracking approaches [1] [2] have been
presented. The second category is the individual object, such as intruders and vehicles, which is usually very small
in size, compared to the area where the sensor network is deployed. This kind of target can be further divided into
two types: single target and multiple targets.
In the literature, several prior works [3] [5] [6] extensively studied the problem of tracking an individual target
in the environment where multiple targets exist. Many kinds of sensing modules, such as acoustic and seismic
sensors [7], have been utilized for the tracking task. Some kinds of sensors can provide richer information and
wider sensing ranges. If sensor networks, however, are built based on dense deployment of disposable and lowcost sensor nodes [8], the aforementioned sensors may not be practical due to their high price. Therefore, target
tracking using binary sensors is considered a feasible direction.
As binary sensor networks are somewhat restricted in finding either the accurate number of targets or the exact
location of each target due to the very limited monitoring information provided, many researchers have devoted
time to solving these problems. Toward the target counting problem, Singh et al. [13] proposed determining the
lower bound on the target number in a one-dimensional field, which is known as the maximum independent set
problem, and provided a greedy algorithm to solve it. Moreover, Gandhi et al. [4] studied this problem under a
wide variety of binary sensing models. Toward the problem of target location, earlier works have dealt with single
target tracking [9][10]. In particular, the fundamental limit of spatial resolution in target tracking was proven in
[11]. Recently, the methods based on Kalman filter [12] and particle filter [13] have been popular for multiple
target tracking. These methods can effectively solve the nonlinear estimation problem but also incur considerable
computation overhead.

3. Our Findings in Target Counting
In this section, we first study the performance limit of target counting in a two-dimensional binary sensor
network using spatial information only. To make the discussions in this section more concise, we assume a kind
of ideal sensor is used. Each sensor’s sensing range is a circular disk. An ideal sensor will output 1 whenever a
target is within its sensing range; otherwise 0 is output. It should be noted that we currently focus on the ideal
sensing range (commonly-used deterministic disk sensing model), as described in Sec. 4.
Then, we propose to transfer the target tracking problem from the space domain to the spatiotemporal domain
in order to earn more information and make the problem more tractable. We investigate the conditions where
binary sensor networks can or cannot count the number of targets precisely. We address two puzzles in counting
targets when using spatiotemporal data. To resolve these puzzles, we develop a distributed multiple targets
tracking protocol (DMTTP), described in Section 4.

3.1. Performance Limit of Target Counting Using Spatial Information
Since the nature of a binary sensor only reveals the existence of nearby targets, but not the number of targets,
we assume at most one target appears in the sensing range of a binary sensor in our theoretic analyses. It is not
difficult to count targets when targets are distant enough from each other, e.g., 4 times of the radius of sensing
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range [13]. Nevertheless, once several targets move close together so that the sensing ranges of sensors, which
output 1, comprise a large and continuous region, counting targets accurately becomes a complex problem.
We describe our method starting from a basic idea on a binary sensor network with only spatial information
available.
Theorem 1. Consider a set of binary sensor nodes s1, s2, … ,sn with sensing range S1, S2,…, Sn, respectively. When
S1 ∩S2 ∩…∩Sn ≠  and all si’s (i=1,2,…,n) output 1, the number of targets in the region S1 ∪ S2 ∪ … ∪ Sn is
uncertain and at least 1.
We now understand from Theorem 1 that it is impossible to count targets exactly in binary sensor networks,
and it seems that this number can be extremely large. Hence, we turn to seek a lower bound on the number of
targets. We define a set of sensor nodes, which output 1 and the sensing ranges of any two of them overlap, as a
positive clique. The lower bound on the number of targets can be found according to Theorem 2.
Theorem 2. Given a binary sensor network deployed in a two-dimensional field, where a group of sensors output
1 at a certain time and uncertain numbers of targets are inside their sensing ranges, a lower bound on the number
of targets is the minimum number of positive clique partitions.
In [13], Singh et al. presented that the minimum number of targets can be bounded by the maximum set of
positively independent sensors, which are defined for any two sensors satisfying: (i) their outputs are 1, and (ii)
either their sensing ranges are disjointed or overlap but the overlap is covered by other sensors, which output 0.
We find that this estimation is not very accurate in some cases. One example is when more than three nodes which
output 1 are arranged as a cycle of odd order. In such a situation, the minimum number of positive clique partitions
is larger than the maximum number of positively independent sensors, which yields more accurate results in target
counting.
Based on the above observations, we seek a solution extended from Theorem 2 to explore the capability of a
binary sensor network in target counting in Theorem 3, without resorting to solving minimum clique partitions
that is known to be NP-hard.
Theorem 3. Consider a set of binary sensor nodes s1, s2, … ,sn, with sensing range S1, S2,…, Sn , respectively, and
each sensing radius is r. If the set of sensor nodes fully covers an area A, the maximum number of targets that can
be identified is A/πr2.
Now, we understand that the capability of target counting in a binary sensor network is affected by the sensing
range (i.e., r in Theorem 3) of each sensor, and the increase of density of sensor nodes cannot help in releasing
this limit. Moreover, the methods for counting targets based on spatial information alone, like minimum clique
partitions or maximum independent sets [13] [16][17], can only provide a very rough estimation. Such kind of
results is useless for estimating the target trajectory since we still cannot get the true number of targets. Even if
the correct number of targets can be obtained, it is also very difficult to obtain the actual location of each target.
Consequently, we propose a new scheme based on the use of spatiotemporal information.

3.2. Target Counting Using Spatiotemporal Information
To achieve actual target counting, rather than just estimating a range of number of targets, we propose to monitor
and modify all positive cliques on the go from analyzing the spatiotemporal information. Note that the assumption
that a target can trigger only one sensor at a time and a sensor cannot be triggered by more than one target
simultaneously, to our knowledge, is common for all the existing methods and is also made in this paper. When a
sensor gets a positive-edge trigger, it will be added into a certain positive clique. Any sensor getting a negativeedge trigger will be deleted from the positive clique that contains it. This idea tackles the cases with an arbitrary
number of targets moving randomly in a sensing field except when targets move closely (but not in the same
positive clique), which may cause two problems. They are described but somewhat simplified below. They can,
however, be extended to more complex problems involving arbitrary number of targets and sensors.
Problem 1. Consider two targets moving in a binary sensor network, as illustrated in Figure 1. At t0 (Figure1(a)),
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Sensors “a” and “c” detect Targets “1” and “2,” respectively, so that we have two positive cliques, {a} and {c}.
If Sensor “b” is triggered (Figure 1(b)), how do we ascertain which target is detected by “b”?

(a)
(b)
Fig. 1. Illustration of Problem 1.
Problem 2. Consider another scenario illustrated in Figure 2. Figure 2(a) shows that Sensor “a” detects Target
“1,” and both Sensors “b” and “c” detect Target “2” at t0. We now have {a} and {b,c} as positive cliques. Then,
Target “1” enters the overlap of sensing ranges of “a” and “b” at t1, as shown in Figure 2(b). At this time, positive
cliques are still maintained to be {a} and {b,c} because Sensor “b,” currently being triggered by Target “2,’’
cannot be triggered again. While at t2 Target “2” has left the sensing range of “b”, as shown in Figure 2(c), but
Sensor “b” cannot know which target (“1” or “2”) triggers it. Therefore, the positive cliques are still preserved
to be {a} and {b,c} although they should be {a,b} and {c} at t 2, instead.

(a)

(b)

(c)

Fig. 2. Illustration of Problem 2.

Problem 1 occurs when targets are moving toward each other. In a general case, we need to find a positive clique
and assign the newly triggered sensor to update it. In Figure 1(b), however, we can find two possible positive
cliques, which leads to ambiguity. On the other hand, Problem 2 occurs when one target tends to follow another
one. Since a sensor cannot be triggered while one target is within its sensing range, no new triggers occur and
cliques are kept unchanged, as shown in Figures 2(b), (c). We can see that the positive cliques will be false (either
the number of cliques or the range of a clique is erroneous), leading to erroneous target trajectory estimation, when
the two aforementioned problems occur. In addition, erroneous positive cliques will also cause inaccurate
estimation of positive cliques and, thus, lead to inaccurate estimation of targets.

4. Distributed Multiple Target Tracking Protocol
To realize target tracking in a binary sensor network, we design a distributed multiple target tracking protocol
(denoted by DMTTP). The following subsections describe DMTTP in depth. We first introduce the basic ideas
behind DMTTP. Then, we give an explanation of its operation when different events occur.

4.1. Basic Ideas for DMTTP
As we have mentioned in Section III.A, the number of positive cliques can be seen as the number of targets in
a binary sensor network. In order to count the number of targets as well as trace the targets, DMTTP needs to
maintain each positive clique in time. Consequently, we must solve the two problems described in Section III.B.
Note that the two problems and their corresponding strategies share the same setting.
To tackle Problem 1, we present a strategy which we call “detain suspect.” The initial condition at t0 is the same
as in Problem 1. At t1, Target “1” enters the sensing range of Sensor “b” (Figure 3(a)). Nevertheless, at this time
instant, which of the targets (Target 1 or Target 2) has actually entered the sensing range of “b” is unknown.
Therefore, “b” is temporarily detained instead of adding in either {a} or {c} for update at t 1. At t2, Target “2”
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enters the sensing range of Sensor “d” and “d” is triggered (Figure 3(b)). Since Sensor “d” can only be assigned
to the Positive clique {c} to become {c, d}, Sensor “b” can now be released and assigned to the Positive clique
{a} to become {a, b}.

(a)
(b)
Fig. 3. Strategy 1: Detain suspect.
To tackle Problem 2, we present a strategy called “illegal address and reapplying.” The initial condition at t 0 is
the same as Problem 2. Then, Target “1” enters the sensing range of Sensor “b” at t 1 (Figure4(a)) and Target “2”
leaves Sensor “b” at t2 (Figure 4(b)). At this moment in time, the positive cliques, {4a} and {b,c}, are, respectively,
reported just as what they were at t0. This fault can be fixed when Target “2” enters the sensing range of Sensor
“d” (Figure 4(c)). Since it is impossible for a positive clique to be {b,c,d} in Figure 4(c), we check every sensor
in {b,c,d} for a sensor that can be added in {a} for updating cliques. Finally, Sensor “b” is found and new positive
cliques of {a,b} and {c,d} are reapplied.

(a)

(b)
(c)
Fig. 4. Strategy 2: Illegal address and reapplying.

4.2.Overview of DMTTP
Before we explain the DMTTP protocol, we first make the following assumptions.


Each sensor knows the neighbors whose sensing ranges overlap its own. It is not difficult to implement this
assumption since, for most sensor nodes, communication range is much wider than sensing range.



Targets are allowed to change their velocities and directions at any time. In addition, target sizes are assumed
to be negligible to make sure that a target cannot be located in two positive cliques at the same time.



The location of each sensor is known and stationary. This assumption can be reasonable since many prior
works [14][15] have studied the location problem in sensor networks. Note that in our method the location
information is only used in target trajectory estimation and is not necessary in target counting.

To attain the main purpose of maintaining every target address in time, the message containing three items,
which are LastTrigSenSN, TarAddr, and SpSenStr, needs to be updated and exchanged between sensors. It is used
for both target counting and trajectory estimation, and is stored in either Message Table or temp_Message Table
(in sensor’s memory). To increase tracking efficiency and decrease energy consumption, all processes in DMTTP
are finished by only communicating with neighbors.

4.3. Target Trajectory Estimation
In this section, we present a method with focus on the ideal sensing model, based on target address for estimating
target trajectory in a binary sensor network. In the ideal sensing model, if a target appears at a distance less than
or equal to r (the sensing range) from the sensor, it can be detected with 100% probability. This model has a sharp
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sensing boundary; thus, it can simplify the problem that needs to consider sensing range. Nevertheless, the sensing
range of a sensor is, in practice, not a perfect disk due to two factors, noise and power supply. To be more realistic,
a probabilistic sensing model, where the detection probability decays with increased distance, is feasible. In this
paper, we adopt an exponential model, which possesses the property that the detection probability of a target,
which appears at a distance larger than r, degrades according to an exponential distribution, and achieves 100%
probability when the target appears within a specific distance, r. In the following, the proposed target trajectory
estimation algorithm is described. For a sensor with an ideal sensing range, it is obvious that a target must locate
at a point within the sensing range of the sensor when the target triggers it. Since the neighbors of the triggered
sensor do not change their states, the range of the target’s location can be contracted into an arc A, which is given
as:

A  Bx   Ri , i  x' s neighbors
where Bx is the boundary of the sensing range of a triggered sensor x and Ri is the sensing range of a sensor i. The
range of A, however, is still too rough to accurately discover a target trajectory. Hence, we present a technique to
estimate the target location when a sensor is triggered.
Consider a target moving in a region, which contains the joint sensing ranges of two sensors, and crossing their
boundaries in turn. Depending on DMTTP, the information regarding which sensor is triggered by which target is
known.
We first compute the expected trajectory length between the arc A of the last triggered sensor and that of the
current one as:
de 

2

2

1

1

 

(( x1  r cos  )  ( x2  r cos  )) 2  (( y1  r sin  )  ( y2  r sin  )) 2
dd .
( 2  1 )  (2  1 )

(1)

Note that since the probabilities of overestimating or underestimating the true trajectory length are the same,
the greater the distance of movement of the target, the greater the accuracy of the estimation.
Subsequently, we compute the distance between a target and a sensor whose sensing range the target enters.
Since the target can enter from any point at any angle on the arc A of a sensor, we arbitrarily select a point p as the
entrance, and the target will locate at any point of a de-unit-radius ring centered at p inside the sensor’s sensing
range. Let ω be the incident angle bounded by ωmax, which is cos-1(d/2r). Then, given that se denotes the expected
distance between a sensor and a target inside its sensing range, we can attain:
4r 2  d e
de
( 2d e 
) .
 max
4
2

se 

Finally, we choose a point on A corresponding to the triggered sensor, which has a distance to another sensor
closer to se. This point is recognized as a target position at the moment when the target triggers a sensor.

5. Conclusion
We study the performance limit of binary sensor networks in counting multiple targets in a two-dimensional
sensing field using spatial information only. We propose a distributed multiple target tracking protocol (DMTTP)
to solve two challenging problems, caused by the use of spatiotemporal information, for target counting and
trajectory estimation, without resorting to solving minimum clique partitions that is NP-complete.
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