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Abstract

In this paper, we study a novel “coverage by directional sensors” problem with tunable orientations on a set of

discrete targets. We propose a Maximum Coverage with Minimum Sensors (MCMS) problem in which coverage in

terms of the number of targets to be covered is maximized whereas the number of sensors to be activated is minimized.

We present its exact Integer Linear Programming (ILP) formulation and an approximate (but computationally efficient)

centralized greedy algorithm (CGA) solution. These centralized solutions are used as baselines for comparison. Then

we provide a distributed greedy algorithm (DGA) solution. By incorporating a measure of the sensors’ residual energy

into DGA, we further develop a Sensing Neighborhood Cooperative Sleeping (SNCS) protocol which performs

adaptive scheduling on a larger time scale. Finally we evaluate the proposed solutions and protocol in terms of

providing coverage and maximizing network lifetime through extensive simulations.

I. I NTRODUCTION

sensing coveragereflects how well the environment is monitored, and serves as a basis for applications such

as physical phenomenon monitoring and target tracking/detection. Due to the diversity of the sensor network

applications, the concept of sensing coverage is subject to a wide range of interpretations. Nevertheless, only

isotropic sensorshave been studied in the literature. For example, in barrier coverage (e.g., [1], [2]), the sensing

ability of sensors depends only on the distance from the point to the sensor. In area or point coverage (e.g., [3]–[8]),

sensing ability of sensors is abstracted as a circular region (or disk) and an event or target is detected in a binary

sense depending on whether it is inside such a sensing disk or not.

To the best of our knowledge, no research work on coverage by directional sensors, such as image or video

sensors, has been done in the community of wireless sensor networks. Intuitively, compared to the isotropic sensors,

directional sensors are obviously distinct from them in thatcoverage region of a directional sensor is determined

by both its location and orientation.It can be best illustrated by an example, shown in Fig. 1.

In this paper, we study the problem of coverage by directional sensors with tunable orientations under the random

deployment strategy. To compensate for the lack of exact positioning and improve the fault tolerance, nodes are

deployed in excess, and thus redundant sensors usually arise. Furthermore, sensors are usually powered by batteries

and it may not be possible to recharge or replace the batteries after deployment, especially in military applications.

In addition, target locations may change even after initial deployment, thus changing the optimal solution to the

coverage problem. In this paper, we develop solutions that maximize the number of targets to be covered while

minimizing the number of sensors to be activated at any instant. We also present solutions that include sleep

scheduling for nodes.
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Fig. 1. Two cases of four directional sensor nodes (black balls) deployed to cover six targets (red triangles) in a sensor field. [left] Case I: all

four nodes are active while two targets are uncovered. [right] Case II: three nodes are active with no targets uncovered; node 2 (small circle)

is in sleep mode to conserve energy.

II. RELATED WORK

There are two main threads of research, though dealing with the circular coverage by isotropic sensors, related

to our work.

The first thread has in common the idea of turning off the redundant nodes online according to an off-duty

eligibility rule derived based on geometric properties. Huang and Tseng [3] provide a solution on how nodes utilize

localized information to determine whether every point in its service area is covered by at leastk sensors, wherek

is a predefined value, and it can be easily incorporated into distributed protocols as the off-duty eligibility rule. Tian

and Nicolas [5] design a back-off based node scheduling scheme to guarantee the complete coverage, where the

off-duty eligibility rule is based on the concept of “sponsored area.” Wanget al. [6] first investigate the relationship

between coverage and connectivity and then utilize an off-duty eligibility rule based on the analysis of intersection

points by sensing disks to design the CCP which can dynamically configure the network to provide different degrees

of coverage as requested by applications. Zhang and Hou [7] also observe that coverage infers connectivity if the

transmission range is at least twice the sensing range. They proposed OGDC where the off-duty eligibility rule

is built upon the optimal conditions of minimizing sensing overlap and they show it can result in less working

nodes to maintain coverage and connectivity compared to CCP. Though the schemes along this line can be naturally

implemented in a distributed way, most of them (except OGDC) do not reveal the optimal performance that can be

achieved.

The second thread deals with the sensing coverage as a discrete problem in which nodes are usually organized

in a power-aware way offline. Megrian and Potkonjak [9] present several ILP formulations and strategies to reduce

overall energy consumption while maintaining guaranteed 0/1 coverage. Slijepcevic and Potkonjak [4] propose the

SET K-COVER problem to maximize the numberK of disjoint set covers which can be activated successively

along the time, where a set cover is defined as a set of nodes that can completely cover the monitored area. Abrams

et al. [10] present three approximation algorithms (i.e., randomized, distributed and centralized algorithms) for a

variation of the SETK-COVER problem. Cardei and Du [8] propose the Maximum Disjoint Set Cover problem

which shares the same notion as [4] in a different scenario where a set of targets with known locations need

to be covered. By further relaxing the constraint of disjoint set covers, i.e. that one node can be in multiple set

covers, Cardeiet al. [11] improve the network lifetime. Although it is valuable to derive the optimal scheduling
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Fig. 2. Angular sensing model of a directional sensor node in a two-dimensional plane.

by mathematical programming techniques and related approximate or heuristic algorithms, most of the solutions

(except the distributed greedy algorithm in [10]) are impractical to be realized in wireless sensor networks since

they do not scale.

Our work differs from the prior work in several ways.First, the desired configuration of directional sensors and

orientations at any instant is formulated as the MCMS problem, which can be solved exactly by an ILP formulation in

a small scale and approximately by CGA in a large scale as the baselines. Second, we also provide the distributed

solution (i.e., DGA) for the MCMS problem; moreover, the SNCS protocol can maintain sensing coverage and

prolong the network lifetime simultaneously even on a large time scale with varying network conditions. Finally,

our proposed framework to deal with coverage by directional sensors with tunable orientations can treat the coverage

by isotropic sensors as a special case (we show comparisons against OGDC for this case in the results section).

III. T HE MCMS PROBLEM STATEMENT

Please note that, throughout the rest of the paper, unless otherwise mentioned, “sensor” refers to a directional

sensor, as defined in the following section.

A. The Sensing Model of A Directional Sensor

Unlike an isotropic sensor, a directional sensor has a finite angle of view and thus can not sense the whole circular

area. Hence, by a simple geometrical abstraction, its sensing region can be viewed as a sector in a two-dimensional

plane which is shown in Fig. 2.

The following parameters completely characterize the sensing sector of a directional sensor node (please refer

to Fig. 2). (x, y): the Cartesian coordinates that denote the location of the sensor in a two-dimensional plane;θ:

the field of view (FOV), describing the maximum angle of sensing achieved by directional sensor;Rs: maximum

sensing range of the sensor, beyond which a target will not be detected in a binary detection sense;~d: a unit vector

which cuts the sensing sector into half. This parameter defines the orientation of the directional sensor (i.e., the

direction it is looking).

B. Target In Sector (TIS) Test

To make the problem tractable, we assume that a directional sensor can only take a finite set of orientations.

For instance, in the example shown in Fig. 3, a directional sensor withπ
4 of FOV can pick eight orientations with
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Fig. 3. A finite set of orientations for a directional sensor (black ball) covering targets (red triangles). The shadowed area is the current sensing

sector of the directional sensor. A directional sensor can only choose one active sector at any time instant.

mutually disjoint sensing sectors which can be combined to generate the full circular view of an isotropic sensor.

With each choice of orientation, a certain subset of targets are covered by the directional sensor. The relationship

between a directional sensor, its orientation and a target can be determined by a Target in Sector (TIS) test.

The TIS test can be described as follows. Consider a targetk located at~tk and a directional sensori located at

~li. In order to determine whether the targetk can be sensed by the directional sensori with the j-th orientation,

we follow the following steps: (1) calculate the distance vector~vik pointing from the directional sensori to the

targetk, ~vik = ~tk −~li. (2) Check whether the resulting distance vector is within the FOV of the directional sensor

i by performing the inner product operation~dT
ij ·~vik ≥‖ ~vik ‖2 cos( θ

2 ) with equality when the targetk is along the

two edges of nodei sensing sector. (3) Verify whether or not targetk is within the sensing range of the directional

sensori or not by checking‖ ~vik ‖2≤ Rs with equality when the targetk is on the arc of the sensing sector of

the directional sensori. (4) If both (2) and (3) hold, the result of the TIS test is true (i.e., nodei covers the target

k if it sets its orientation toj); otherwise, it is false.

Let Φij denote the set of targets that are covered by sensori when its orientation isj. Then we can determine

all the setsΦij∀i, j, by running the TIS test for everyi, j.

C. Maximum Coverage with Minimum Sensors (MCMS) Problem

Under the random deployment strategy, not all targets are covered by the initial deployment. Further, all sensors

are active. Our goal is to change the initial orientations in order to cover as many targets as possible while activating

as few sensors as possible, at any time instant. We call this the MCMS problem. The MCMS problem can be formally

stated as follows:

Given: A set of targetsS = {s1, s2, . . . , sm} to be covered; a set ofn homogenous directional sensors, each of

which hasp possible orientations, randomly deployed in a two-dimensional plane. Hence, a collection of subsets

F = {Φij , 1 ≤ i ≤ n, 1 ≤ j ≤ p}) can be generated based on TIS test, where each elementΦij is a subset ofS.

Problem: Find a subcollectionZ of F , with the constraint that at most oneΦij can be chosen for the samei, to

maximize the cardinality of the union of chosen
⋃

(i,j) Φij (i.e., the number of covered targets) while minimizing
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the cardinality ofZ = {Φij , (i, j) is chosen} (i.e., the number of activated directional sensors).

The following theorem shows the complexity of the MCMS problem.

Theorem 3.1:The MCMS problem isNP-complete.

IV. CENTRALIZED SOLUTIONS OF THEMCMS PROBLEM

A. ILP Formulation

The parameters used for the formulation can be summarized as follows.n: the number of directional sensors;

m: the number of targets;p: the number of orientations available for each directional sensor.

The variables in the ILP are as follows.ψk: a binary variable that has value one if targetk is covered by any

directional sensor, and zero otherwise;χij : a binary variable that has value one if the directional sensori uses the

orientationj, and zero otherwise;ξk: an integer variable that counts the number of directional sensors covering the

targetk. Γ: an integer variable that denotes the total number of targets being covered.Λ: an integer variable that

denotes the total number of directional sensors that are activated.

Under the random deployment, for each directional sensori, there is an incidence matrixAi
(m×p) where each of

its elementsai
kj can be derived based on TIS test:

ai
kj =





1 k ∈ Φij

0 otherwise
(1)

Therefore,ξk can be expressed as:

ξk =
n∑

i=1

p∑

j=1

ai
kjχij (2)

Now the ILP for the MCMS problem can be states as:

max
m∑

k=1

ψk − ρ(
n∑

i=1

p∑

j=1

χij) (3)

subject to:

ξk

n
≤ ψk ≤ ξk ∀k = 1 . . .m (4)

p∑

j=1

χij ≤ 1 ∀i = 1 . . . n (5)

ψk = 0 or 1 ∀k = 1 . . . m (6)

χij = 0 or 1 ∀i = 1 . . . n, ∀j = 1 . . . p (7)
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The objective function in equation (3) maximizes the number of targets to be covered and imposes a penalty by

multiplying the number of sensors to be activated by a penalty coefficientρ whose value must be small enough

(ρ ¿ 1) to guarantee uniqueness of the solution. In addition, there are (m + n · p) variables and (2m + n + n · p)

constraints for the ILP. Equation (4) represents a set of inequalities to indicate that whether any targetk is covered

or not: if none of the directional sensor covers targetk, i.e., ξk = 0, thenψk = 0 to follow the right inequality; if

targetk is covered by any direction sensor, i.e.,ξk > 0, sinceξk is bounded byn, the total number of deployed

sensors,ξk

n is a real number less than one, thenψk = 1 to follow the left inequality. Equation (5) guarantees that

one directional sensor has at most one orientation depending on whether it is activated or not.

B. Centralized Greedy Algorithm (CGA)

Although the solution of the ILP formulation provides the optimal solution for the MCMS problem, it is not

scalable for large problem instances. Thus, we also present here a polynomial time algorithm for solving the MCMS

problem.

The basic idea is based on the greedy principle and can be described as follows: we first constructF , a collection

of sets{Φij , 1 ≤ i ≤ n, 1 ≤ j ≤ p}, based on targets, directional sensors and all their possible orientations by TIS

tests as an instance of the problem. CGA runs in loops, where initially, all nodes are inactive (i.e., not selected). In

each loop, for each sensori that has not yet been activated, the number of additional targets that would change from

uncovered to covered for each possible orientation is calculated. Then, the inactive sensor and its orientation that

maximizes the number of newly covered targets is activated. Any ties are broken by selecting one of the choices

at random. If there are no more targets to be covered or no more unselected directional sensors remaining, the

algorithm terminates; otherwise, directional sensors will be activated iteratively according to the above greedy rule.

For CGA, in the worst case, to perform the TIS test for all nodes requiresmnp steps; followed in each loop to

choose a desired(i, j), the running time is bounded byO(np). Since there are at mostn loops, the time complexity

of CGA is O((m + n)np) in the worst case.

V. A D ISTRIBUTED SOLUTION FOR THEMCMS PROBLEM

In DGA, without global information available in a centralized location, we assume that each sensor make its

decision independently based on the perfect local information, such as locations and orientations, gathered from the

neighborhood confined by its maximum sensing rangeRs via wireless communication. Moreover, every sensor has

a unique variable, which we call “priority”. The priority needs to be unique only among its neighborhoods. Each

sensor is in one of two states;activeor inactivestate.

To simplify the description of the algorithm, we say a target is acquired by a sensor if the target was not

covered by any higher priority sensor. Initially, each sensor is in theactive state, assigns itself a priority, and has

a random initial orientation. Each sensor starts to collect its neighborhood information, i.e., priorities, locations

and orientations. Upon receiving such information, each sensor makes its decision independently as follows. It

will calculate, for each of its possible orientations, the number of acquired targets. There are two cases: (a) If the
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maximum number of acquired targets is positive (i.e., not zero), it will choose the orientation corresponding to

the maximum number (random choice in case of a tie). If a sensori has to switch to a new orientation, it sends

out a new message to inform its neighborhood. (b) If the maximum number of acquired targets is zero, the sensor

activates a transition timer, with durationTw. The timer is canceled if new information from its neighborhood

arrives and changes the maximum number of acquired targets to a non-zero value. Otherwise the transition timer

expires, and the sensor transitions fromactive to inactivestate. Notice that the sensor does not switch toinactive

state immediately in order to allow the decisions of its neighborhood to stabilize.

In DGA, since sensors make their local decisions based on gathered neighborhood information, two concerns

may arise: (a) whether the algorithm terminate within a finite time and (b) whether, when the algorithm terminates,

there exists any target which is left uncovered because of a “misunderstanding,” where one sensor assumes the

other sensor has covered the target, while it actually has not. We call such a target a “hidden” target. The following

two theorems answer the above two questions.

Theorem 5.1:DGA terminates in finite time.

Theorem 5.2:DGA guarantees no “hidden” targets.

Theorem 5.3:The worst case message complexity of DGA isO(n2).

VI. SENSING NEIGHBORHOODCOOPERATIVESLEEPING PROTOCOL

Assuming static priorities of sensors, DGA runs once and terminates, providing a solution to the MCMS problem.

Since the objective of the MCMS problem is minimizing the number of active sensors, DGA provides an energy-

efficient configuration in the network. However, without dynamic energy balancing consideration among sensors,

thoseactivesensors set by DGA will ultimately deplete their batteries. Therefore, we extend DGA so as to perform

dynamic scheduling among sensors depending on the amount of residual energy. The new protocol is called the

Sensing Neighborhood Cooperative Sleeping (SNCS) protocol.

The SNCS protocol works as follows. Each node continuously alternates between two phases; scheduling and

sensing. In each scheduling phase, all sensors set their states to beactiveat the beginning and then perform DGA

described above. At the end of the scheduling phase, as a result of running DGA, each sensor will be in one of

two states; active or inactive. Theactive sensors will continue to be active in the followed sensing phase with its

sensing and communication units turned on; whereas theinactive sensors will go to sleep immediately with its

sensing and communication units turned off. In addition, theseinactive sensors will reset themselves to beactive

state until the next scheduling phase.

In the scheduling phase of SNCS protocol, we assign the residual energy of a sensor as its priority in the DGA.

Notice that the residual energy of sensors depends on their behaviors (i.e., transmit, receive, idle or sleep) and

dynamically changes along the time, to maintain an unchanged order of priorities among sensors during one-time

DGA execution to guarantee its termination, priorities are set to be the instantaneous value of residual energy of

sensors only once in every scheduling phase. Moreover, to satisfy the uniqueness property of priorities in DGA, the

residual energy of sensors are expected to be different. Even if the equalities appear, since we assume that sensors
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can not be located at the same coordinations in the two-dimensional plane, we can further incorporate the sensors’

geographic location information to ensure the uniqueness of the priorities.

Assigning the value of residual energy to the priority variables in DGA is essential for the SNCS protocol to

achieve a trade-off between coverage and network lifetime. In each scheduling phase, residual energy of sensors act

as priorities in DGA to solve the MCMS problem. The sensors which have higher priorities (i.e., residual energy)

are more likely to be selected to beactive by the DGA to contribute to coverage, while the sensors with lower

residual energy are more likely to go to sleep so as to conserve their energy. Sinceactive sensors have larger

energy dissipation rates than that ofinactive sensors in the following sensing phase(s), thoseactive sensors will,

after a certain time, have less residual energy than that ofinactivesensors. As a result, theseinactivesensors may

be turned toactiveby DGA when the residual energy of the neighboring active sensors depletes to a level that is

lower than that of the inactive sensors. Thus, by using the residual energies of nodes as the priorities in the SNCS

protocol, the SNCS protocol dynamically changes the states of the sensors (betweenactive and inactive) so as to

achieve energy balancing across the network while providing a solution to the MCMS problem.

VII. PERFORMANCEEVALUATION

We conduct four sets of experiments to study the performance of proposed solutions and protocol.

In the first experiment, we evaluate the affect of various parameters (m, n, p, Rs) on the solution of the MCMS

problem. First, givenm andn, we identify the effect of size of sensing sector only on ILP solutions under different

p and Rs. As expected, the coverage ratio (number of covered targets divided by the total number of targets)

increases/the number ofactivesensors decreases with the increase of the size of sensing sector which is determined

by both p and Rs. Note that this is true in most (but not all) cases, due to the integer nature of the solution.

Second, givenp, Rs and m, we compare solutions for the MCMS problem of ILP, CGA and DGA by changing

n. With the increase of sensors deployed, both the coverage ratio and active nodes for all three schemes increase

linearly until n approaches a certain value; upon passing such a value, the number of active nodes increases slowly

or even decrease whereas the coverage ratios continuously increase and then become saturated whenn is above

some threshold. To state the differences: for the coverage ratio, ILP always behaves the best among the other two

schemes and DGA tracks closely with that of CGA with alln values; for the number of sensors activated which is

a bit complicate aftern is more than some certain value stated above, DGA activates the largest number of sensors

in most of cases; while the curves depicting the number of active sensors by ILP and CGA may cross at some

points but ILP stabilizes at a lower value than that of CGA.

In the second experiment, we compare the performance of DGA with OGDC in [7] for the special case of

circular coverage. Though OGDC provides area coverage rather than target coverage, there are two reasons for

choosing OGDC for comparison. First, as mentioned in [12], by configuring the set of targets as a set of regular

grid points with a certain density, target coverage can be approximated as area coverage. Second, as stated in [7],

OGDC outperforms other existing distributed algorithms [13], [5], [6] in terms of the above interested performance

metrics. Our results show that, by appropriately configuring the density of targets as a set of regular grid points,
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the performance of DGA is comparable to that of OGDC. The reason is that to maximize the number of acquired

targets with a certain granularity in DGA is in the same spirt of minimizing the overlaps among sensing disks in

OGDC.

In the third experiment, we evaluate the performance of the SNCS protocol in terms of coverage and network

lifetime. Givenn, p Rs and a simplified energy consumption model, we consider different density of targets by

varyingm to examine the network lifetime, which is defined as the time until half of the sensors deplete their energy.

For anym, the curve of coverage ratio stabilizes at a high level for a relative long period and then drops sharply

toward some lower level. Moreover, with the increase ofm, both network lifetime and coverage ratio decrease. A

similar “cutoff” property is also observed in the curves of active ratio of sensors. However, unlike the trend for the

coverage ratio, the active ratio of sensors increases with the increase ofm.

In the fourth experiment, we reevaluate the performance of the SNCS protocol by relaxing the assumptions we

made before on acquiring perfect local neighborhood information. Specifically, we introduce the following: (a) the

sensors no longer know their exact location information (b) orientation errors are also introduced and (c) wireless

communications may result in corrupted messages. To study the impacts of the above three factors, we evaluate the

performance of the SNCS protocol under each of them independently and then compare the results with an ideal

scenario. In the first two cases, the coverage ratio decreases with the increase of localization errors while the ratio

of active sensors and network lifetime are insensitive to these errors, respectively. In the third case, the coverage

ratios are insensitive to packet loss ratio while the ratio of active sensors increases proportionally with such a class

of error.

VIII. C ONCLUSIONS

In this paper, we study the problem of coverage by directional sensors in randomly deployed wireless sensor

networks. To characterize the desired node and orientation configuration at any instant, we first propose the MCMS

problem, which is proved to beNP-complete. Then we present its exact solution by an ILP formulation and

approximate solution by CGA in a centralized fashion, respectively. Followed we provide the distributed solution

of the MCMS problem by DGA and show its properties. Furthermore, to maximize the network lifetime in a larger

time scale, we develop the SNCS protocol based on DGA with residual energy consideration of sensors to achieve

energy balancing across the network as well. Finally, we systematically evaluate the performance of proposed

solutions and protocol through extensive simulations.

To be noted, some components in our model may not be practical, such as the sensing region of a directional

sensor with a binary detection model. However, our proposed framework can be easily generalized to accommodate

other practical sensing and detection model of a sensor as long as we can measure the coverage and establish the

relationship between sensing regions of sensors and the objects (e.g., target, region and volume and so on) to be

covered.
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