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k-Angle Object Coverage Problem
in a Wireless Sensor Network
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Abstract— One of the fundamental issues in sensor networks is
the coverage problem, which reflects how well a field is monitored
or tracked by sensors. Various versions of this problem have been
studied, such as object, area, barrier, and hole coverage problems.
In this paper, we define a new k-angle object coverage problem in
a wireless sensor network. Each sensor can only cover a limited
angle and range, but can freely rotate to any direction to cover
a particular angle. Given a set of sensors and a set of objects at
known locations, the goal is to use the least number of sensors
to k-angle-cover the largest number of objects such that each
object is monitored by at least k sensors satisfying some angle
constraint. We propose centralized and distributed polynomial-
time algorithms to solve this problem. Simulation results show
that our algorithms can be effective in maximizing coverage
of objects. A prototype system is developed to demonstrate the
usefulness of angle coverage.

Index Terms— Coverage problem, pervasive computing, sensor
network, video surveillance, wireless network.

I. INTRODUCTION

AWIRELESS SENSOR NETWORK (WSN) consists of
many inexpensive wireless nodes, each capable of col-

lecting, storing, and processing environmental information,
and communicating with neighboring nodes. Recently, MAC
protocols [1], [2], routing and transport protocols [3], [4], and
localization technologies [5]–[7] have been studied for WSNs.

One fundamental issue in WSNs is the coverage problem,
which reflects how well a field or targets are monitored or
tracked by sensors. Two related problems have been studied
in computational geometry. The art gallery problem [8] tries
to determine the minimum number of rotatable cameras to
monitor an environment. The circle covering problem [9]
intends to use the minimum number of unit disks to fully
cover a rectangle. The area coverage problem in WSNs is
dealt by [10] as a decision problem. The object coverage
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problem is studied in [11]. References [12]–[16] deal with both
coverage and connectivity simultaneously. Energy-conserving
coverage issues are addressed in [17]–[22]. Recently, solutions
for barrier coverage [23], [24] and hole coverage [25] are
proposed.

Only few works [26]–[29] investigate the coverage problem
with directional sensors that only can cover a sector area
(as opposed to omnidirectional sensors). Reference [26]
proposes to divide the original circular covering region
into eight sectors, each to be covered by one directional
sensor. A Maximum Coverage with Minimum Sensors (MCMS)
problem is defined to maximize the number of objects that are
1-covered and an integer linear programming (ILP)
formulation and a greedy heuristic are proposed. Several
camera-coverage problems are addressed with some
exponential-time algorithms are presented in [27]. In [28],
a selecting and orienting d-sensors for k-coverage problem
is modeled and a greedy algorithm to select and orient the
minimal number of directional sensors to k-cover a set of
targets is proposed. Reference [29] models the sensing field by
a set of points, on which directional sensors can be deployed.
Given a subset of critical points, the work shows how to
deploy the minimum number of sensors to cover all critical
points by integer linear programming. However, once sensors
are deployed, they can not rotate anymore. All these works
deal with directional sensors to extend the traditional coverage
problems; however, the angle(s) from which an object is
covered is still not well elaborated (refer to Fig. 1 and Fig. 2).

In this work, we define a new k-angle object coverage
problem, where k is an integer. In contrast to previous studies,
where sensors are assumed to be able to cover 360 degrees,
we assume that each sensor can only monitor a specific
angle within a limited range. Practically, one may imagine
using video sensors for surveillance purposes. Such sensors
are rotatable but can only cover a limited angle at a time.
Further, to clearly monitor an object, we enforce that it
must be simultaneously monitored by at least k sensors from
multiple angles satisfying certain angle constraints (to be
defined later). Several new applications may be triggered by
this problem (see Section II). Given a set of sensors and a
set of objects, our goal is to use the minimum number of
sensors to k-angle cover the maximum number of objects.
We propose two heuristics. The first scheme tries to fix the
set of sensors that benefit the coverage levels of the most
objects first. The second one evaluates the contribution of
each sensor when facing each angle. Then the one which
can help increase the coverage levels of the highest-covered
objects is selected first. After all objects are k-angle-covered,
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Fig. 1. Example of angle coverage.

Fig. 2. (3, π/2)-angle-covered example.

the redundant sensors can enter low-power mode to save
energy.

Section II formally defines the k-angle object coverage
problem. Our solutions and some extensions are presented in
Section III and Section IV, respectively. Section V presents
our simulation results. Section VI presents our implemental
experiences. Finally, Section VII concludes this work.

II. PROBLEM STATEMENT

We are given a set of n sensors, S = {s1, s2, . . . , sn}, and a
set of m objects, O = {o1, o2, . . . , om}, in a two-dimensional
area A. Sensors’ and objects’ locations are all known in
advance. The location and sensing range of si , i = 1, . . . , n,
are denoted by (xi , yi ) and ri , respectively. Sensors, valid
ranges are directional and each sensor can be rotated to any
particular direction to cover an angle range of 2θ . Specially,
each si can rotate to any direction αi ∈ [0, 2π) and cover the
angle between αi − θ and αi + θ within a distance of ri . For
example, in Fig. 1(a), object o j is covered by si , but ok is not.

When monitoring an object, we usually desire to observe
it from multiple angles so as to clearly capture its behavior.
Fig. 1(b) shows two ways to monitor an object from three
angles. Scenario S1 is more favorable because we can extract
more complete features of the object from different directions.
In contrast, S2 provides observations that are likely duplicated.

Definition 1: Given any si ∈ S and any o j ∈ O, the
distance between si and o j is denoted by dis(si , o j ), the vector
from the location of si to the location o j is denoted by −−→si o j ,
and the direction of −−→si o j is denoted by dir(−−→si o j ). Given the
current direction αi of si , we say that o j is angle-covered by
si if dis(si , o j ) ≤ ri and −θ ≤ dir(−−→si o j ) − αi ≤ θ .

Definition 2: The angle formed by sensor si , object o j ,
sensor sk is denoted by � si o j sk . Given an integer k and an
angle of separation ω, we say that an object o j is (k, ω)-angle-
covered if there is a sequence of k sensors sx1, sx2 , . . . , sxk

each angle-covering o j and � sx p o j sx p+1 ≥ ω for p = 1...k
(for simplicity we regard sxk+1 as sx1 ).

Fig. 2(a) shows an example, where o j is (3, π
2 )-angle-

covered by sensors sx1 , sx2 , and sx3 . Since ω = 90°, it is
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guaranteed that no angle larger than 360° − 2ω = 180° of the
object is not covered by any sensor. In Fig. 2(b), if the man
is facing toward the south, S1 can still get clear views of his
face. However, in this case, S2 can not get clear views of his
face. It is hard to prove the following lemma, which indicates
the largest angle that may not be covered under our constraint.

Lemma 1: If an object o j is (k, ω)-angle-covered, then
there is no angle larger than 2π − (k − 1)ω of the object
that is not covered by any sensor.

Definition 3: Given k, θ , ω, S, and O, the (k, ω)-Angle
Object Coverage Problem is to use the minimum number of
sensors by tuning their directions to (k, ω)-angle-cover the
maximum number of objects.

The (k, ω)-angle object coverage problem may have many
applications. Examples include multi-camera video surveil-
lance and motion capture [30]–[32]. Multi-lateration localiza-
tion, such as those based on the angle-of-arrival model, is also
related to this issue when there are multiple objects and sensors
[7], [33]. Another possibility is vehicle-tracking applications.

Theorem 1: The (k, ω)-angle object coverage problem is
NP-complete.

Proof: We prove its NP-completeness property by show-
ing its special case of θ = 2π and ω = 0° to be NP-complete.
For any given number of sensors, the problem of deriving the
maximum number of objects to be covered with the minimum
number of sensors can be treated as the Maximum Coverage
Problem [34], which is known to be NP-complete.

III. PROPOSED SOLUTIONS

We propose a framework, which tries to fix sensors’
directions one-by-one in a greedy way depending on their
“contributions” to coverage. We then propose two contribution
functions when pointing a sensor to a particular direction. The
first contribution function favors sensors making more total
contributions to objects’ coverage, while the second favors
sensors adding more contributions to objects with higher
coverage levels. The framework is outlined as follows:

1) Initially, we assume that all sensors’ states are
undecided.

2) For each undecided sensor si , we compute si ’s contri-
bution when fixing its direction αi to a particular angle
in [0, 2π), denoted by contr(si , αi ).

3) Let contr(si , αi ) be the largest contribution among all
undecided si and its αi . Then we point si toward αi and
change si ’s state to fixed.

4) Go back to step 2 to determine more sensors’ directions,
until any of the following conditions is met: (1) all
sensors are fixed, (2) all objects are already (k, ω)-angle-
covered, and (3) no undecided sensors can make any
further contribution to any object’s coverage level. If
any condition is true, the algorithm is terminated and
all remaining undecided sensors can be put to the sleep
mode.

There are three issues to be addressed in the above pro-
cedure. First, the contribution function is yet to be defined.
Second, each αi ∈ [0, 2π) has infinite possibilities to be tested.
We will show that only finite possibilities need to be evaluated.

Third, the object’s coverage level should be calculated. These
will be addressed below.

A. Contribution Functions

We propose two ways to define the contribution func-
tion. Let o j .level be the current angle-coverage level of o j

contributed by those fixed sensors, and o j .level ′ be the new
angle-coverage level of o j after fixing si to direction αi . The
first contribution function simply sums up the increments of
all objects’ coverage levels

contr1(si , αi ) =
∑

∀o j

(o j .level ′ − o j .level).

For the second contribution function, let rk and r ′
k be the

numbers of objects that are (k, ω)- or more than (k, ω)-
angle-covered before and after, respectively, si becomes fixed.
Also, let r j and r ′

j , j = 1, . . . , k − 1, be the numbers
of objects that are exactly ( j, ω)-angle-covered before and
after, respectively, si becomes fixed. The second contribution
function is a vector of length k:

contr2(si , αi ) = [r ′
k − rk , r ′

k−1 − rk−1, . . . , r ′
1 − r1].

We use lexicographic ordering to compare two length-k vec-
tors. We say that [v ′

k, v
′
k−1, . . . , v

′
1] > [vk, vk−1, . . . , v1] if

v ′
k > vk or there is an integer i < k such that v ′

k = vk ,. . .,
v ′

i+1 = vi+1, and v ′
i > vi .

Intuitively, contr1() simply adds all increments of coverage
levels together to compare two sensors’ contributions. On the
contrary, contr2() gives higher priority to those that make
objects closer to the goal of becoming (k, ω)-angle-covered.
The latter could be more favorable when we are short of
sensors.

B. Enumerating Sensors’ Directions

Our scheme relies on computing each undecided sensor’s
contribution when fixing its direction in [0, 2π). Below, we
show that there are only a finite number of possibilities to
be enumerated. Consider any si and αi . Let O ′ be the set of
objects such that each o j ∈ O ′ satisfies dis(si , o j ) ≤ ri . For
each o j ∈ O ′, consider the angle between dir(−−→sio j ) and the
x axis. We sort objects in O ′, according to these angles, in an
ascending order, into a list o1, o2, . . . , op, where p = |O ′|.

Then we enumerate the possible values of αi as follows.
Initially, we tune αi to dir(−→sio1) + θ . This is the largest
possible αi such that o1 is angle-covered. Then we gradually
enter an iterative process by gradually rotating αi . In each
iteration, let ox , ox+1, . . . , oy be the sub-list of o1, o2, . . . , op

that are currently angle-covered by si . Then we rotate αi in
the counterclockwise direction by an amount θ ′ such that
the list of objects that are angle-covered by si becomes
ox+1, ox+2, . . . , oy or ox , ox+1, . . . , oy+1. It is not hard to see
that

θ ′ = min{dir(−−−→siox+1 − (αi − θ)), dir(−−−→si oy+1 − (αi + θ))}.
Then we rotate αi to αi + θ ′ and complete this iteration.
This causes either ox leaving or oy+1 entering si ’s current
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angle-covered list. The process is repeated until αi returns to
its initial direction, dir(−→si o1) + θ .

Clearly, the above process has a finite number of iterations,
and generates a finite number of possible αi s.

C. Computing Objects’ Coverage Levels

In Section III-A, we need to compute the current angle-
coverage level o j .level of o j contributed by those fixed
sensors. Here we show how to calculate this in polynomial
time. We first present a structure for determining from a given
set the optimal subset of sensors that can provide the highest
angle-coverage level of an object.

Optimal Structure: Consider an object o j and a set of
sensors C = {si1 , si2 , . . . , sip }, in which each sensor angle-
covers o j . Since not every sensor in C can contribute to o j ’s
angle-coverage level, the purpose is to identify the exact and
largest subset C ′ ⊆ C which gives the highest angle-coverage
level of o j . Given an optimal C ′, let us assume, without loss
of generality, that si1 is an element in C ′. Then we rotate
the vector −−→o j si1 in the counterclockwise direction using o j

as the center, until the first sensor in C ′ is encountered. Let
this sensor be sx . Apparently, � sx o j si1 ≥ ω. Similarly, we can
rotate −−→o j si1 again in the same way, until the first sensor sy ∈ C
is encountered such that � syo j si1 ≥ ω. Since the search space
C is a superset of C ′, we have � syo j si1 ≤ � sx o j si1 . Then the
set C ′′ = (C ′ − {sx }) ∪ {sy} is also an optimal set leading to
the (same) highest angle-coverage level of o j .

Essentially, the above optimal structure indicates that if we
know a sensor in C that could constitute an optimal solution
to the angle-coverage determination problem, then from that
sensor we can easily find the next sensor that can join into the
solution, which is ensured to be optimal, by greedily scanning
in the counterclockwise direction until the first sensor with
an angle no less than ω from the previous sensor is found.
Therefore, a simple scheme as follows is guaranteed to find
an optimal solution.

1) For each sensor sx ∈ C , let C ′ = {sx} and try to enlarge
C ′ as follows.

a) Repeatedly rotate the vector −−→o j sx in the counter-
clockwise direction using o j as the center. When-
ever a new sensor is found whose angle from the
previous sensor is at least ω, add it to C ′. This is
repeated until all sensors are exhausted or a sensor
whose angle to the first sensor sx is less than ω is
encountered.

2) The above step will construct |C| sets. The one with the
largest cardinality is an optimal solution that leads to
the highest angle-coverage level to o j .

IV. SOME EXTENSIONS

In this section, we present two simple extensions to our
scheme. The first one tries to make our scheme a distributed
protocol. The second one tries to further reduce the number of
active nodes. In the distributed protocol, we assume that some
of the nodes are instructed to start the protocol. On hearing any
neighboring node starting this protocol (by hearing any packets

discussed below), a node will also start this protocol. For ease
of presentation, we also assume that all nodes’ transmission
ranges and sensing ranges are uniform, and the former is at
least two times the latter. (This assumption can be relaxed if
a node can collect its neighborhood information via multi-hop
communication.) The following protocol is presented using
any si as the subject.

1) Initially, si ’s state is undecided.
2) Then si collects objects that can be angle-covered

by itself and communicates with its (one-hop) neigh-
bors whose states are fixed and collect their current
directions. From these information, si calculates its
contribution function contr(si , αi ) when fixing its direc-
tion toward αi . (Either contr1(si , αi ) or contr2(si , αi )
defined earlier can be plugged into the contribution
function.)

3) Then si periodically broadcasts a
BID(si , α, contr(si , αi )) packet to its (one-hop)
neighbors with a preset period for a preset interval of
�Tbid .

4) For any other node which receives si ’s BID, if its state is
undecided, it will also run the above step 2 to decide its
contribution function. If its contribution is higher than
si ’s, it will run step 3 to broadcast its BID; otherwise,
it will keep silent for an interval of �Twait and then
re-run step 3.

5) For si , if it receives any BID with a higher contribution
after sending out its own BID, it will keep silent for an
interval of �Twait and then re-run step 3. Otherwise,
after �Tbid , it will fix its direction at αi decided in step
2 and change its state to fixed.

6) Once becoming fixed, si will periodically broadcast a
WIN(si , α) packet with a preset period for a preset
interval of �Twin .

The second extension is based on the observation that
when our scheme terminates, some objects may remain under
(k − 1, ω)-angle-covered or over (k + 1, ω)-angle-covered,
which makes some sensors redundant. This is because of
the greedy nature of our scheme. If a sensor observes that
all objects that are angle-covered by itself are still under
(k − 1, ω)-angle-covered, it can simply go to sleep. Similarly,
if a sensor observes that all objects that are angle-covered by
itself are over (k + 1, ω)-angle-covered, it can go to sleep
too. These rules apply to both our centralized scheme and
distributed protocol.

V. SIMULATION RESULTS

We have simulated an environment with randomly deployed
sensors and objects. We look at performance as well as
complexity. In order to make comparisons, we also implement
an intuitive exhaustive search. This brute-force algorithm tries
to enumerate all possible combinations and select the best one.
Unless stated otherwise, the following discussions assume a
sensing field of 500 × 500 m2 with default values of θ = π

6 ,
r = 25 m, k = 3, and ω = π

6 . In each experiment, each case
is run at least 100 times.

Given m objects, we first investigate the ratio of
angle-covered objects versus the time complexity incurred
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Fig. 3. Ratio of (k, ω)-angle-covered objects (in lines) and time complexity
incurred (in bars) under different m.

in each scheme. We assume n = 10 sensors and k = 3.
Because the optimal solution has an exponentially increasing
time complexity, we limit the sensing field to 100 × 100 m2

with m = 5 ∼ 20 objects. Fig. 3 shows the ratio of objects
that are (k, ω)-angle-covered and the CPU time incurred. This
experiment is run on an Intel Q6600 2.4GHz CPU, with
DDR2-800 4GB memory, and a WD SATA2 250GB hard disk.
When m ≥ 12, the CPU time of the optimal method becomes
almost intolerable. The proposed methods incur relatively
much less time. However, the ratios of (k, ω)-angle-covered
objects of the optimal and the proposed methods are quite
close (about 5 ∼ 12% less covered objects. To understand
how our exhaustive search performs, first observe that its time
complexity is mainly determined by three components: (1)
sensors selection, (2) objects checking, and (3) angle checking.
For simplicity, let each sensor be able to turn to d discrete
directions. In the best case, the exhaustive search may luckily
find that using k sensors is sufficient to (k, ω)-angle-cover
all m objects. There are Cn

k ways to choose these sensors.
There are dk combinations to set these sensors’ angles. For
each setting, it takes O(m) time to verify if all m are covered.
So, the best-case time complexity is O(Cn

k ·dk ·m). In the worse
case, there are O(2n) ways to select sensors. The number of
angle combinations also raises to O(dn). So the worse-case
time complexity is O(2n · dn · m). Since the optimal method
is computationally untractable, we will ignore it in the rest of
our presentation.

In Fig. 4 and Fig. 5, we vary the number of sensors (n)
to observe the ratio of (k, ω)-angle-covered objects under
different k and ω, respectively. The number of objects (m)
is fixed at 100 or 500. In Fig. 4, ω = π

6 and k = 1 ∼ 6.
The performance of both contribution functions is quite close
when m is smaller. However, contr2() is better than contr1()
when m is larger. This is because contr2() works in a more
greedy way. Also, when k ≥ 5, the ratio of (k, ω)-angle-
covered objects decreases quickly. It means that these sensors
are insufficient to cover these objects. This is why we see
more significant improvement when k < 5 if we increase n.
When k ≥ 5, increasing n has less impact. In Fig. 5, we set
k = 3 and ω = 10° ∼ 90°. It is natural that a larger angle of
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separation ω causes a lower coverage ratio. This is especially
true when m = 500. When ω ≥ 60°, the ratios are quite low
because it is hard to find properly separated sensors, as shown
in Fig. 5.

In Fig. 6 and Fig. 7, we investigate the effect of m on the
ratio of covered objects under different k and ω, respectively.
In Fig. 6, ω = π

6 and k =1∼6. The coverage ratio highly
depends on the density of sensors. The value of k also
affects the coverage ratio; in particular, when k > 3, it drops
significantly. Also, when k is larger, contr2() has clearer
advantage over contr1(). This again shows that contr2() is
more favorable when we are short of sensors. In Fig. 7, we
set k = 3 and ω = 10° ∼ 90°. Increasing ω generally degrades
all schemes’ performances. The impact is less significant when
we change the value of m, but is more significant when
we change the value of n. For example, the curve of n =
1000 degrades much quicker from that of n = 500.

In Fig. 8, we set n = 1000, k = 3, ω = π
6 , and vary θ from

15° to 75°. We can see that the effect of increasing θ is minor
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when the density of objects is low (m = 100), but is more
significant when the density of objects is high (m = 500).
This is reasonable because a larger θ helps sensors to cover
more objects, especially when m is larger.

In Fig. 9, given m = 400 and 800 objects, we keep on
increasing the number of sensors until all objects are covered.
Initially, the curves rise fast and then are getting saturated
after exceeding 80% of coverage. Since sensors are randomly
added, after 80% coverage, adding more sensors has very
limited effect for both m = 400 and 800 and both contribution
functions.

In Fig. 10, using the same simulation parameters in
Fig. 3, we compare the ratio of (k, ω)-angle-covered
objects given by centralized and distributed methods under
different m. The result shows that the coverage ratio of the
distributed method loses 10%∼15% coverage as compared
with the centralized method. Because a sensor only obtains
its one-hop neighborhood information, this distributed
solution solved only be adopted when objects are mobile.
Function contr2(distributed) works slightly better than
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Fig. 9. Impact of adding more sensors for achieving 100% coverage.

contr1(distributed) when m is small, but the effect is more
significant when m is larger.

We summarize three points as follows: (1) Function
contr2() works slightly better than contr1() when sensors
are relatively sparser than objects. (2) Adding sensors and
increasing θ can improve the ratio of (k, ω)-angle-coverage
objects. (3) Parameter k is also an impact factor on the number
of needed sensors.

VI. PROTOTYPING EXPERIENCES

We have developed a small-scale prototype to demonstrate
the usefulness of angle coverage. The system architecture is
shown in Fig. 11. The prototype consists of some cameras,
some objects, some obstacles, and a monitoring server. To
avoid the complicated object recognition job, we use some
colored cubes as objects (to simulate human) and tape two toy
eyes on one side of the cube (to simulate a human face). In our
current prototype, four colors (blue, red, green, and yellow) are
used to distinguish different objects. Note that if more objects
are needed, we can use some unique color bars on each side of
a cube to represent its identity. With these simplifications, we
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Fig. 11. Our prototyping system architecture.

try to develop a prototype for angle coverage. We adopt the
DCS-5220 wireless Internet camera made by D-Link Inc. with
4x digital zoom capability and pan and tilt functions that can
cover 270 degrees horizontally and 90 degrees vertically. This
camera has a 1/4” CMOS sensor and a standard 4 mm lens
with 0.5 Lux @ F2.0. The video resolution is 30 fps with a
frame size 640 × 480. Each camera has one default monitoring
direction and eighteen rotatable angles. The configuration can
be done by sending HTTP commands via wired or wireless
links (here we adopt wired line). Besides, we use a white
background to reduce the color distortion problem.

The monitoring server collects videos from cameras and
runs the proposed contribution functions to orient each
camera’s direction. Our system uses colors to identify different
objects. On receiving the video stream from a camera, the
monitoring server uses the IBM Java Toolkit [35] to analyze
it. The following procedure will be executed for each video
stream received from each camera. The server first retrieves
images from the video stream and then analyzes them based
on the RGB color model to extract the RGB value of each
pixel. Then these RGB values are converted into the Hue,
Saturation, and Value (HSV) model, which is one of the most
common cylindrical-coordinate representations of points in an
RGB color model. We identify an object based on its hue value
that is the main property of a color. (We do not use a fixed

Fig. 12. Demonstration of using contr1() to control camera setting.

Fig. 13. Demonstration of using contr2() to control camera setting.

threshold since this will be too sensitive to light exposure.) In
our system, we set a threshold=2000 on the number of color
pixels to decide whether a camera can identify an object, i.e.,
if the number of color pixels of an image in a video frame
exceeds 2000, the camera will treat it as an object. In other
words, if an object is too far away from a camera, the camera
will not consider this object.

The system execution steps are outlined as follows:

1) Initially, we set all cameras’ default monitoring direc-
tions. Then we let cameras rotate their angles and report
their captured video streams at different angles.

2) For each undecided camera si , we compute si ’s contri-
bution on each particular angle αi and record its value
of contr(si , αi ) in the server. Note that we have to
check the angle-constrain ω for si and other decided
cameras covering the same objects while calculating si ’s
contribution.

3) Let contr(si , αi ) be the largest contribution among all
undecided si . We then point si toward αi . (In some cases,
we may get the same contribution value for different
cameras when computing contr1(). We break this tie by
comparing the amounts of color pixels observed by them
because more pixels mean that an object is closer to a
camera.

4) Go back to step 2 to determine more cameras’ directions,
until all cameras are fixed.

Our experimental environment consists of five cameras, four
objects, two obstacles, and one monitoring server and we set
(k, ω) = (4, π

4 ). Some interesting experimental results are
shown in Fig. 12 and Fig. 13. Fig. 12 shows that using contr1()



TSENG et al.: k-ANGLE OBJECT COVERAGE PROBLEM 3415

results in red and blue cubes being (2, π
4 )-angle-covered and

green and yellow cubes being (3, π
4 )-angle-covered by our

cameras. On the other hand, Fig. 13 shows that using contr2()
only results in two objects, Green and Yellow, being (5, π

4 )-
and (3, π

4 )-angle-covered by our cameras, respectively. The
main differences between Fig. 12 and Fig. 13 are due to the
limitations of cameras 3 and 4. Both cameras can choose to
track either the Green cube or the Blue and the Red cubes
simultaneously. Due to the property of contr1(), cameras 3 and
4 will try to cover more objects. On the contrary, contr2() tries
to achieve a high coverage level first. Also, in our previous
system [36], we find that light is an uncertain factor that may
drive into different experimental results, because light intensity
does affect the RGB value of each pixel. For this reason, we
use the HSV model to analyze video images instead of using
the RGB model. The difficulty to identify colors by using RGB
model is on setting a suitable threshold when the environmen-
tal light varies fast. In the HSV model, only the hue value is
influenced by the light but it can be solved easily by setting
its upper and lower bounds for RGB colors, respectively. So
before starting the experiment, an initial process is needed to
set the upper and lower bounds of hue value to filter out noise
to increase the accuracy of identifying result. In our test, the
upper and lower bound of the hue value of RGB colors are set
to (−4°, −12°), (112°, 79°), (238°, 149°), and (81°, 45°) for
red, green, blue, and yellow, respectively. The other values,
the lower bounds of saturation and value, are not affected
by the light intensity significantly, so they are usually tuned
once. In our experiment, we set S(red=29, green=7, blue=17,
yellow=24) and V(red=47, green=25, blue=34, yellow=56).
In addition, the operation time, including the time caused by
initial process (5∼10 seconds) and system execution system
(∼30 seconds), needs around 35∼40 seconds. In the system
execution, it needs two seconds to rotate a camera and capture
video frames, from each angle.

VII. CONCLUSION

In this paper, we have defined a new k-angle object coverage
problem in wireless sensor networks and proposed centralized
and distributed methods based on two different contribution
functions to solve this problem. The first contribution function
fixes sensors that can add the largest overall contributions
first while the second function fixes sensors that can add
the largest numbers of higher angle-covered objects first.
Extensive simulations have been conducted based on different
parameters. Finally, we have built a prototype to demonstrate
the feasibility of the proposed method applying to real applica-
tions. We believe that our work has built a fundamental basis
for the angle-coverage-related research. Future works include
studying the case with movable objects and prototyping more
real applications.
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