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a b s t r a c t 

In wireless sensor networks, coverage is a fundamental issue affecting the quality of service. A coverage

hole may appear anywhere in the area being monitored at any time because of many reasons. Thus,

hole detection and healing have become major challenges towards achieving perfect coverage. This study

provides a novel algorithm using trees and graph theory to detect and describe the existing holes in the

region of interest. Simulation results show that the tree-based method can indicate the location, size,

and shape of coverage holes accurately. Based on the results for hole detection, a tree-based healing

method is also proposed. The method is divided into two phases, namely, hole dissection and optimal

patch position determination. Results obtained from the experimental evaluation reveal that the proposed

healing method can increase the coverage rate with only a few additional sensors compared to other

related methods.

© 2016 Elsevier B.V. All rights reserved.
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. Introduction

Wireless sensor networks (WSNs) have excellent capabilities

n monitoring physical environments. For this reason, WSNs have

een extensively applied in both the civil and military fields, such

s habitat monitoring, industrial diagnosis, ambient assisted living,

nd disaster recovery. In WSNs, sensor nodes are scattered across

egions of interest (ROIs) to detect events and collect information.

overing the ROI adequately and capturing events and information

fficiently are desirable. A complete coverage of the region guar-

ntees the achievement of such requirements. However, coverage

oles unavoidably appear in the ROI because of many reasons, such

s random deployment, sensor destruction, and energy exhaustion

f nodes [1] . The existence of coverage holes dramatically affects

he performance of WSNs. For example, coverage holes aggravate

he transmission burden of the boundary nodes of holes, which

eads to hole diffusion because the energy of nodes on hole bound-

ries will be consumed rapidly [2] . Therefore, coverage hole detec-

ion and healing are major issues in WSNs. 

The sensing range of any node in a WSN is commonly assumed

o be a disk, with which the sensor collects the information on the

urroundings [3, 4] , such as temperature, humidity, concentration,

nd radiation. Due to their nature, the values of such data change

n a continuous fashion. Therefore, their values on locations which
∗ Corresponding author. Tel.: + 8613880438385. 
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re close to sensor nodes can be derived from nearby nodes, even

hough these locations are not directly sensed by any node. For

nstance, if we obtain the temperature of the nodes on the bound-

ry of a hole, then the temperature of nearby points inside the

overage hole can also be derived [5] . In other words, the perfor-

ance damage induced by small coverage holes can be ignored in

SNs. However, conventional methods for coverage hole detection

nd healing always concentrate on how to achieve 100% sensing

overage, thereby incurring unnecessary consumption of resources.

In this study, we mainly focus on the issue of coverage hole

etection and healing in WSNs and ignore the effects of small cov-

rage holes on the overall performance of a network. On one hand,

overage hole detection is a fundamental problem in evaluating

he quality of services in WSNs. If the information about coverage

oles, such as positions, sizes, and shapes, is inaccurately detected,

hen we cannot provide relevant methods to patch the uncovered

egions. On the other hand, deploying only a few additional sen-

ors to reduce the uncovered areas as much as possible is desir-

ble. Therefore, determining the optimal patch positions for heal-

ng holes is another key issue in WSNs. The main contributions

f this study include: ( 1 ) We propose a tree-based method to de-

ect and describe the existing coverage holes in WSNs. The tree

an accurately indicate the locations, sizes, and shapes of cover-

ge holes. ( 2 ) On the basis of this tree description, we propose a

ethod to dissect a large hole into several smaller holes. We de-

ermine the optimal patch position of each small sub-coverage hole

o deploy additional sensors. Thus, multiple patch positions can be

http://dx.doi.org/10.1016/j.comnet.2016.04.005
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Table 1 

Comparisons of coverage hole detection methods. 

Proposed solution Distributed /Centralized Advantages Drawbacks 

Zhang [6] Distributed Positions of one-hop neighbors are needed Coverage hole described with boundary nodes 

Ma [7] Distributed Every hole inside the WSN can be found Requires the absolute location 

Hole described with boundary nodes 

Qiu [8] Distributed Detects holes without the requirement of accurate location Does not provide the global view of holes 

Hole described with boundary nodes 

Liu [9] Centralized Describes the sizes of holes accurately High computational complexity 

Bejerano [10] Distributed Provides accurate size estimations of holes. High computational complexity 

May fail in sparse WSN 

Kroller [11] Distributed No need about location information of sensor nodes Require a high density of nodes 

Saukh [12] Distributed Applies in both sparse and dense networks Do not provide the accurate boundaries of coverage holes 

Ghrist [13] , Yan [14] Distributed Constructs complexes to detect holes Miss several coverage holes 
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simultaneously determined at each round of iteration with low

complexity. 

The remainder of the paper is organized as follows:

Section 2 summarizes the related work on the detection, de-

scription, and healing of coverage hole. Section 3 provides the

preliminaries used in the study. Section 4 describes in detail the

tree-based coverage hole detection method. In Section 5 , we pro-

pose a hole healing method based on trees. Section 6 includes the

simulations conducted to assess the performance of the proposed

method. Finally, Section 7 concludes the paper. 

2. Related work 

Given that coverage is one of the important issues in WSNs, a

large number of studies on detecting and healing coverage holes

have been previously conducted. 

The most common method to detect and describe coverage

holes is by directly determining the boundary nodes of the holes.

If boundary nodes are recognized, the coverage holes contained by

the boundary nodes can be detected. Zhang et al. , proposed a lo-

calized method for detecting the boundary nodes of coverage holes

through the Voronoi and neighbor-embracing polygons [6] . This

method can be extended to monitor irregular ROIs, but to imple-

ment it, each node needs the position information of its one-hop

neighbors. Ma et al. , provided a geometry-based distributed hole

detection algorithm to determine the coverage holes in a post-

deployment scenario and used the boundary nodes to describe

the coverage holes [7] . In their method, each sensor node knows

its absolute location information. Qiu et al. , proposed a Delaunay-

based coordinate-free mechanism to detect coverage holes, and the

boundary nodes were used to indicate the locations of holes [8] .

However, this method cannot provide the global view of holes. The

preceding works used the boundary nodes to describe the coverage

holes. This is a common approach in hole detection. However, this

kind of methods has a drawback: the coverage hole, which is sur-

rounded by the boundary nodes, does not describe accurately the

uncovered region. The estimated sizes of the coverage holes are

always larger than the actual sizes of the corresponding coverage

holes. Furthermore, in several cases, the coverage holes surrounded

by boundary nodes may contain several sensor nodes inside them-

selves, which will be discussed in the subsequent section. 

Many existing approaches utilize the intersections of the sens-

ing disks of sensors to detect and heal coverage holes. In this type

of approaches, the intersections of the sensing disks of the bound-

ary nodes of holes are calculated. The unions of such intersection

points are used to describe the holes. For example, Liu et al. , used

the intersections of sensing disks to determine the locations and

sizes of holes and employed a greedy method to patch the holes

[9] . Yigal introduced the concept of the cycling segment sequence,

which was used to construct a localized and efficient algorithm

for coverage hole detection [10] . This algorithm is also based on
he intersections of sensing borders. The coverage hole description

sing the intersections of sensing disks can provide accurate size

stimations of holes. However, the coverage hole description us-

ng the intersections requires burdensome computation and esti-

ation. This method may be impossible to implement locally in

ensors and may also be ineffective in determining coverage holes

n sparse deployments of sensor nodes. In sparse deployments, iso-

ated sensors, whose coverage regions do not intersect with any

ther sensors, may appear. Thus, the isolated sensors cannot work

ith other nodes to determine the boundary of coverage holes. 

The topological properties of WSNs are also adopted in sev-

ral studies to detect and describe the coverage holes. Kroller et

l. , presented an algorithm to search for several types of patterns,

o-called flowers, which were further extended and merged in the

ugmenting phase of the algorithm to form a boundary of the net-

ork [11] . Saukh et al. , provided a solution for boundary recogni-

ion that approximates the boundary of the sensor network by de-

ermining the majority of the inner nodes through geometric con-

tructions [12] . However, these types of methods require a high

ensity of nodes. These methods may also fail to recognize the

oundaries of holes accurately. Ghrist et al. , introduced the nerve

omplex and the Rips complex to indicate hole locations. They

sed homology to describe the detected coverage holes [13] . Yan

t al. , proved that coverage holes can be detected through the

se of the Cech and Rips complexes. Therefore, they proposed a

omology-based distributed method to determine coverage holes

14] . Topology-based methods have an evident advantage: no ac-

urate location information of sensor nodes is needed. However,

hese methods may miss several coverage holes. As shown in the

iterature [14] , a homology-based algorithm can only detect non-

riangular holes with the probability of 99% and cannot detect tri-

ngular holes. 

Table 1 summarizes the main advantages and drawbacks of

he aforementioned coverage hole detection methods. To avoid the

rawbacks, we present a distributed method to detect all types of

overage holes and provide a tree-based description method to de-

ermine the locations and sizes of coverage holes accurately. 

Several studies simply focused on the solutions of coverage hole

ealing. Wu et al. , proposed an iterative Delaunay triangulation-

ased method to eliminate existing coverage holes [15] . In their

ethod, an optimal patch position was obtained in each iteration.

 viable solution involves enhancing several sensors with mobile

apability; then, the mobile sensors are relocated to heal the holes.

or instance, Shen et al. , partitioned the area of a WSN into a num-

er of grids and developed a method to move the sensors to the

esired grids, thereby meeting the optimization requirements [16] .

ang et al. , provided a bidding protocol for mobile sensor deploy-

ent to achieve a balance between sensor coverage and sensor

ost [4] . This protocol chooses the farthest Voronoi vertex from

ensors as the target location of the additional sensor. Wang et al. ,

roposed a deterministic method to achieve a multilevel coverage
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Table 2 

Comparisons of coverage enhancing and hole healing methods. 

Proposed solution Distributed /Centralized Advantages Drawbacks 

Wu [15] Centralized Suitable in the environments with obstacles Only one patch position is obtained; 

Computational complexity is 

O( n 2 log( n )) 

Shen [16] Centralized Provides generic framework for sensor redeployment ROI should be partitioned into several 

grids 

Wang [4] Distributed Designs bidding protocols to balance cost and coverage Requires a global computation 

Wang [17] Centralized Uses probabilistic sensor model for the sensor placement Applied in deterministic sensor 

deployment 

Mahboubi [18] Distributed Increases coverage of a field with different coverage priorities High message complexity 

Liu [19] Distributed The connectivity of the WSN is guaranteed Only applied in grid coverage 

Senouci [20] Distributed Estimates and enhances coverage with little cost A high node density is required. 
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Fig. 1. Overlapped area of two disks. 
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f the ROI by solving the k -coverage sensor deployment problem

17] . Mahboubi et al. , utilized a multiplicatively-weighted Voronoi

iagram to reduce the sizes of coverage holes by instructing the

ensors to move in the correct direction [18] . This diagram highly

elies on the communications among nodes. Liu presented an algo-

ithm based on ant colony optimization with three classes of ant

ransitions to solve the grid coverage of WSN with minimum cost

nd guaranteed connectivity [19] . Senouci proposed a distributed

irtual forces-based local healing approach in a mobile WSN [20] .

n the method, in order to generate the virtual forces, a high node

ensity is required. 

The main advantages and drawbacks of the aforementioned

ealing methods are summarized in Table 2 . Although there are a

umber of distributed healing methods have been proposed, the

ptimal patch positions of additional sensors cannot be always

btained, because the nodes make decisions based on the local

nformation. Therefore, the distributed methods always utilize a

reat number of sensors to heal the holes. Centralized methods

ould find the optimal candidate locations of additional sensors.

owever, such methods always find only one patch positions at

ach round of computation, which leads to unnecessary compu-

ations. In this paper, we report a novel healing method based on

rees. This novel method does not require partitioning of the ROI.

he proposed healing method can also determine multiple optimal

atch positions simultaneously at each round of iteration with low

omplexity. 

. Preliminaries 

.1. Assumptions 

We assume that sensors are randomly deployed in a 2D ROI. We

onsider the coverage holes inside the sensor network rather than

he big outer holes. The determination of boundary holes heavily

elies on the absolute coordinate of sensor nodes. However, in this

aper, we assume that each sensor node can only obtain the rela-

ive positions of its neighboring nodes. Also, we assume that there

s no error in position determination of neighboring nodes. How-

ver, the errors of the neighboring nodes localization always exist

n practice. The errors in relative position and angle determination

ead to the following two unpleasant scenarios: ( 1 ) several covered

egions are mislabeled as coverage holes, whereas ( 2 ) several un-

overed regions are mistaken as sensed regions. In this study, we

se the lower bound of the irregular sensing range to represent

he sensing radius of nodes. The sensing range of nodes in prac-

ice is slightly greater than the value used in the sensing model.

herefore, if the error of neighboring node estimation is within a

mall range, then the missed uncovered regions are likely to be de-

ected by the nodes in practice. Therefore, we provide a conserva-

ive estimation of coverage in consideration of mislabeled coverage
oles. This method is preferred in many applications, particularly

n security-critical applications. 

.2. Sensing model 

A disk is commonly used to represent the sensing range of

 sensor node. The sensing capability is uneven in different di-

ections around a sensor node [21] ; for this reason, several re-

earchers use probabilistic models [22] and irregular polygons

23] to indicate the sensing range of nodes. Given that we can de-

ermine the lower bound of the irregular sensing range [24] , any

vent within the bound is also detected with probability of 1. 

.3. Delaunay triangulation 

We construct a Delaunay triangulation to discover the topo-

ogical properties of a WSN. Delaunay triangulation is an impor-

ant data structure in computational geometry, which satisfies the

mpty circle property. That is, for each side in Delaunay triangu-

ation, we can determine a circle passing through the endpoints

f the side without enclosing other points [15] . In this study, we

dopt a distributed and localized coordinate-free method to con-

truct the Delaunay triangulation [8] , which relies on the relative

ositions and angles of neighboring nodes. 

.4. Area union of two intersecting disks 

The area union of two intersected disks equals the area sum

f two disks minus the area of the intersected part. As shown in

ig. 1 , disk O i intersected with disk O j . R i and R j are the radii of the

wo disks respectively. d ij is the distance between the centers of

he two disks. The area union S ij of the two disks can be computed

s follows: 

 ih = 

d 2 
i j 

+ R 

2 
i 

− R 

2 
j 

2 d i j 

, d jh = 

d 2 
i j 

+ R 

2 
j 
− R 

2 
i 

2 d i j 

, (1) 
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Fig. 2. Results of hole detection through empty circles. 
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θi = arccos 
d ih 
R i 

, θ j = arccos 
d jh 

R j 

, (2)

S i j = πR 

2 
i + πR 

2 
j − 2 � (R 

2 
i θi − R i d ih sin θi + R 

2 
j θ j − R j d jh sin θ j ) . 

(3)

4. Tree-based coverage hole detection 

In this section, we propose a novel tree-based method to de-

tect and localize coverage holes in a WSN. The proposed method

consists of four phases, as follows: ( 1 ) Detection of coverage holes:

every node detects whether coverage holes exist around it based

on a hole detection algorithm. ( 3 ) Merging of coverage holes: a

merging method of holes is provided to present the global view

of a coverage hole by indicating the location, and shape of an iso-

lated coverage hole. ( 2 ) Size estimation of local coverage holes: we

use the inscribed empty circles (IECs) defined in Section 4.3 to es-

timate the size of every local coverage hole. (4) Tree description:

an isolated coverage hole is described as a tree. 

4.1. Detection of coverage holes 

In this phase, we introduce empty circles to detect the uncov-

ered regions in the region of interest. The empty circles are de-

fined as the circum-circles of the Delaunay triangles. Based on the

properties of Delaunay triangulation, no other nodes exist inside

an empty circle. Thus, we can definitely determine an empty cir-

cle with a radius greater than R s if an uncovered region exists.
1  If the ith and jth Delaunay triangles have a commo

2   lij the length of the common side Sij;

3   If lij > 2Rs

4 The empty circles generated from the ith and jth
5    same coverage hole;

6   Else if lij > 2Rs and the centers of the two empty c

7 The two empty circles are classified as the sam

8   End If

9  End If

Fig. 3. Procedure of cove
e compare the radius R e of each empty circle with the sensing

adius R s of the sensors. If R e > R s , uncovered regions must ex-

st in the empty circle. Therefore, the problem of hole detection

witches to the problem of determining the empty circles with

adius greater than R s . If we can determine all the empty circles

ith R e > R s , then the coverage hole in the ROI is exhaustively

dentified. 

We use an example to illustrate the process of coverage hole

etection, which is shown in Fig. 2 . All the empty circles with radii

reater than R s are plotted, which are shown as green circles in

ig. 2 . If an uncovered region exists, at least one empty circle with

 e > R s exists. In Fig. 2 , all the empty circles with R e > R s are

etected, whereas the uncovered regions in the ROI are assuredly

ontained in the empty circles. 

.2. Merging of coverage holes 

The empty circles can show the locations of coverage holes lo-

ally. However, the isolated empty circles cannot provide the global

iew of coverage hole shapes. In this stage, we propose a method

o merge the isolated empty circles, which are classified as belong-

ng to the same coverage hole. Any two isolated empty circles that

re generated from a pair of neighboring Delaunay triangles have

 common side. If the length of the common side is greater than

 R s , then the two isolated empty circles are classified as the same

overage hole. When the length of the common side is less than

 R s and the centers of the isolated empty circles are located at

he same part of the common side, the local coverage holes in-

icated by the two neighboring empty circles can be merged into

ne. Otherwise, the two local coverage holes are classified as dif-

erent holes. We provide the pseudocode of the hole merging pro-

ess, as shown in Fig. 3. 

.3. Size estimation of a local coverage hole 

Although the empty circles can reveal the uncovered regions in

he ROI, they are not the same as the coverage holes. Several areas

n the empty circles with R e > R s are sensed by the sensor nodes,

uch as the gray areas in the green empty circles in Fig. 2 . There-

ore, the sizes of empty circles are larger than the corresponding

overage holes. In this study, we introduce the IECs to estimate the

izes of coverage holes. An IEC is concentric with its correspond-

ng empty circle, and its radius R ie =R e −R s , where R e > R s . Thus,

he IEC contains some of the uncovered region in a coverage hole.

n Fig. 2 , the red circles represent the IECs. We use the union of

ECs, which are classified as a coverage hole, to indicate the size

f the hole. The detailed process of size estimation is shown as

 pseudocode in Fig. 4 . We use an example to illustrate the pro-

ess of coverage hole merging and size estimation, as shown in

ig. 5 

Fig. 5 shows a part of a typical coverage hole. The gray disks

ndicate the sensing ranges of sensors, whereas the blank circles

epresent the IECs. The dotted lines are the Delaunay triangles
n side Sij

 Delaunay triangles are classified as the 

ircles are located at the same side of Sij

e coverage hole;

rage hole merging. 
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1  A coverage hole contains n IECs;

2  The size of coverage hole S is initiated as 0;
3  For i = 1 to n
4 For j = i + 1 to n
5     The distance dij between the centers of the ith IEC and the jth IEC is computed;

6 Riei is the radius of the ith IEC;

7 Riej is the radius of the jth IEC;
8     If dij < Riei + Riej
9     The area union Sij of the ith IEC and the jth IEC is computed with the method shown in Section 3.4.

10    Else

11    The area union Sij of the two IECs is 2 2

iei iejR R
12    End If

13 S = S + Sij
14   End For

15  End For

Fig. 4. Procedure of hole size estimation. 
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Fig. 5. Isolated IECs merging into the same coverage hole. 
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Fig. 6. A coverage hole described with a tree. 
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ormed by the sensors. We use the symbol ”�” to denote a tri-

ngle. For example, the triangle formed by s 1 , s 2 and s 3 is denoted

s �s 1 s 2 s 3 . Given that �s 4 s 5 s 6 and �s 4 s 5 s 3 are neighbors and the

ength of the common side s 4 s 5 is greater than 2 R s , IECs c 1 and c 2 
re classified as the same coverage hole. In the same manner, we

an infer that IECs c 3 and c 4 are also contained in the same hole.

or IECs c 4 and c 5 , the common side of �s 5 s 7 s 8 and �s 7 s 8 s 9 is less

han 2 R s . However, the centers of the two IECs are located at the

eft part of the common side. Thus, c 5 is also a part of the cover-

ge hole. However, c 3 and c 6 are classified as two different cover-

ge holes because the centers of IECs c 3 and c 6 are located in two

ifferent parts of the common side of the neighboring Delaunay

riangles �s 3 s 5 s 7 and �s 10 s 3 s 7 , which are less than 2 R s . Therefore,

wo isolated coverage holes, namely, { c 1 , c 2 , c 3 , c 4 , c 5 } and { c 6 }, are

btained by using the proposed method. 

.4. Tree description 

After coverage hole merging, we can obtain all the isolated

oles, which are indicated by the groups of IECs. For each isolated

overage hole, we use line segments to connect the centers of each
air of IECs, which are inside the hole. In most cases where no

ensors are isolated from the others, a group of line segments that

re contained in a hole is similar to a tree, as shown in Fig. 6 .

f we can recognize a separated tree, the corresponding coverage

ole that contains the tree can be exclusively determined. We can

se trees to describe the corresponding coverage holes. Thus, the

roposed coverage hole detection method is called tree-based hole

etection method (THD). 

. Coverage hole healing based on trees 

In this section, we propose a tree-dissect based coverage hole

ealing method (THH), which is based on the results on coverage

ole detection of the previous section. We initially dissect a large

overage hole into sub-holes and determine multiple locations that

re the positions far away from sensor nodes, in the large hole.

hen, we deploy the additional sensor nodes on the positions of

he locations in each sub-hole. The majority of the existing meth-

ds can obtain only one optimal position to be repaired in a hole

9, 25] . By contrast, our proposed healing method can find several

atch positions simultaneously at each round of iteration, and de-

loy additional sensors on such positions simultaneously to repair

overage holes. 
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a b

Fig. 7. (a) A convex hole; (b) a non-convex hole. 
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Fig. 8. Results of hole dissection. 
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5.1. Coverage hole dissection 

In general, the additional sensors should be dispatched at the

centers of the coverage holes to overlap with the sensed area as

little as possible. However, the shapes of the coverage holes are al-

ways irregular. In several extreme cases, the geometric center of

a coverage hole may be located in the sensed regions. Thus, de-

ploying the sensors at the centers of holes cannot always achieve

satisfying results. For example, if the shape of the coverage hole is

convex, then the sensor should be deployed at the center of the

hole, as shown in Fig. 7 (a). However, if the shape of the coverage

hole is non-convex, then the sensors should be deployed at the

centers of two convex parts, as shown in Fig. 7 (b). 

Therefore, the aim of coverage hole healing suggests that dis-

secting a non-convex hole into several small convex holes is de-

sirable. Hole dissection intends to obtain multiple locations that

should be repaired simultaneously. First, we provide a definition

that will be used in the description of the dissection method. 

A boundary IEC is defined as follows: In a tree, the IECs that

are connected with only one other IEC are defined as boundary

IECs . For example, a coverage hole is represented by a tree, which

is illustrated in Fig. 6 . In Fig. 6 , the black bold lines indicate a tree

that can be used to describe a coverage hole. The vertices are the

centers of the IECs. The red vertices are the centers of boundary

IECs . 

Then, we can propose a method to dissect a large coverage hole

into several small holes. The steps of coverage hole dissection are

as follows: 

Step 1: For a complete tree, a list is made to store the IECs ac-

cording to their sizes. 

Step 2: The largest IEC is removed from the list and is set as

the origin to construct a new sub-tree. 

Step 3: The IECs that are adjacent to the origin are removed

from the list and added to the sub-tree and are set as the

boundary IECs . 

Step 4: If the radius of an IEC still in the list is smaller than that

of its corresponding adjacent boundary IEC , then the IEC is

removed from the list and added to the sub-tree and is set

as the new boundary IEC of the sub-tree. 

Step 5: Step 4 is repeated until no other IEC is added to the

tree. The construction of a sub-tree is completed. 

Step 6: Steps 2 to 5 are repeated until the list becomes empty. 

We also use an example shown in Fig. 8 to illustrate our pro-

posed method. First, we assign the largest IEC v 10 as the origin of a

new sub-tree. Then, we add the neighboring IECs v 9 , v 11 , and v 14 to

the sub-tree. All of the three IECs are set as boundary IEC s. Given

that the radius of IEC v 11 is greater than that of its neighboring

IEC v 12 , we add IEC v 12 to the sub-tree. In the same manner, the

IECs v 13 , v 15 , and v 8 , are also in the same sub-tree. Although IEC

v 8 is adjacent to IEC v 7 , the radius of IEC v 8 is less than that of IEC

v 7 . Since v 7 is the largest IEC remaining from the original list, IEC

v 7 is set as an origin of another sub-tree. The preceding process is

repeated. Then, we can dissect the coverage hole into three sub-
rees, namely, { v 10 , v 9 , v 11 , v 14 , v 12 , v 15 , v 8 , v 13 }, { v 7 , v 4 , v 5 , v 6 , v 3 },

nd { v 1 , v 2 }. 

.2. Optimal patch position determination 

As mentioned previously, IECs in a tree represent the size of

he corresponding hole. Deploying additional sensors at the cen-

er of the large IECs and avoiding overlap with the ranges of other

xisting sensors are desirable. Our proposed coverage hole dissec-

ion method ensures that any two largest IECs in two different sub-

rees are not adjacent to each other. Thus, the center of the largest

EC in each sub-tree can be regarded as the position that should be

atched. For the preceding example, we dissect the coverage hole

nto three sub-trees. IECs v 9 , v 7 , and v 2 are the largest IECs in the

orresponding sub-trees. Therefore, the additional sensors should

e preferentially deployed at the centers of these three IECs. We

se three different colors in filling the corresponding IECs to show

he results clearly, as shown in Fig. 9 . The optimal patch positions

f the additional sensors are not adjacent to each another, thereby

ncreasing the efficiency of coverage hole healing. After the addi-

ional sensors deployment, new hole trees are obtained. Then, we

epeat the above the process to deploy additional sensors on the

enters of the updated largest IECs. In several sub-trees, the radii

f the largest IEC are still small. If we indiscriminately deploy ad-

itional sensors on such positions, resource consumption for heal-

ng small coverage holes in the global view undoubtedly increases.

herefore, we set a threshold to avoid such cases: When the ra-

ius of an IEC is larger than the threshold, the IEC can be selected

o be the potential patch position; otherwise, the IEC cannot be
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Fig. 9. Results of optimal patch position determination. 
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elected. The threshold can be set as a constant or a variable that

orresponds to the purpose of the application. 

.3. Complexity analysis 

The computational complexity of Delaunay triangulation con-

truction is O ( bn ) [8] , where n is the number of sensors in the

etwork and b is the number of nearby sensors in each node. In

he coverage hole detection phase, the sensing radius of the nodes

s compared with the radius of the empty circle, which originated

rom the Delaunay triangles. Thus, the computational complexity

f this phase is O ( n ). In the hole merging phase, we should deter-

ine whether any two neighboring IECs have a common side and

ompute the length of the side. Since there are totally O ( b ) com-

on sides, the worst computational complexity of such process is

 ( bn ). In the size estimation phase, we should determine whether

ny two IECs in a coverage hole have overlapped regions. Since the

EC only needs to execute size estimation with its neighboring IECs,

he worst complexity of size estimation is O ( bn ). The complexity

f the tree description is O ( n ). Therefore, the total worst computa-
Fig. 10. (a) Coverage hole detection via bound
ional complexity of coverage hole detection is O ( bn ), if we assume

hat b << n . 

The healing of coverage holes has two stages, namely, ( 1 ) cover-

ge hole dissection and ( 2 ) optimal patch position determination.

he computational complexities of both coverage hole dissection

nd optimal patch position determination are O ( n ). Thus, the total

orst computational complexity of coverage hole healing is O ( n ). 

. Performance evaluation 

In this section, we execute simulations in MATLAB to assess

he performance of the tree-based coverage hole detection and

ealing method. We use the simulation setting previously de-

cribed in [14] : A total of 80 sensors are randomly deployed in a

00 m ×100 m rectangle ROI, and the sensing range of the sensor

odes is 10 m. Similar to the performance evaluation method in

7] , the sensing range also varies, which will be described in detail

n the subsequent section. 

.1. Results of coverage hole detection 

We compare the results of the proposed tree-based method

ith those of the boundary node detection of [7] . The coverage

oles in this method are described by the nodes on the boundaries

f holes. The simulation results are shown in Fig. 10 . Fig. 10 (a)

hows the results of the boundary node detection method. All of

he boundary nodes are denoted as red points. We connect bound-

ry nodes with blue lines in counterclockwise order to provide the

lobal view of holes. The regions bounded in the blue polygons

re the estimated coverage holes. Fig. 10 (b) shows the results of

ur proposed tree-based method. Each red curve comprised of ling

egments indicates an isolated coverage hole. The blue disks indi-

ate the sizes of the corresponding estimated coverage holes. Both

ethods can evidently detect all the holes in the regions. How-

ver, the boundary node detection method has severe flaws. For

nstance, two sensor nodes, denoted by red circles in Fig. 10 (a), are

ncluded in the estimated coverage holes. This observation contra-

icts the definition of coverage holes. In our proposed method, the

umber of coverage holes can be easily estimated, and each tree

s located in the uncovered region of the corresponding hole. From

his perspective, the performance of our coverage hole detection

ethod is better than that of the conventional boundary node de-

ection method. A tree is also a minimally connected graph. Thus,

f we use the trees to describe the properties of coverage holes, we
ary nodes; (b) hole detection via trees. 
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Fig. 11. Result of the proposed method in sparse deployments of nodes. 
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can save several resources of storing and transmitting. For an cov-

erage hole, if the boundary node detection method needs n nodes

and n edges to describe the hole, our proposed method only needs

n −2 nodes and n −3 edges to do the same job. 

From another perspective, the tree-based method can accu-

rately identify the real extend of the uncovered regions of holes

compared with the boundary node detection method. In Fig. 10 (a),

the regions bounded by the boundary nodes are regarded as the

sizes of the coverage holes, which are shown as red polygons.

In the tree-based method, the sizes of the coverage holes are

the unions of isolated IECs, which are shown as blue circles in

Fig. 10 (b). We can estimate the real sizes of coverage holes through

the Monte Carlo method. For the 100 m ×100 m ROI, 1,000,000

points are evenly distributed. If a point is located in the sensing

range of any sensor, then the point is regarded as a covered point;

otherwise, the point is regarded as an uncovered point. We can

use the ratio of the uncovered points to the total number of points

to indicate the sizes of the coverage holes. In this case, the real

size of coverage holes is approximately 16.5% of the ROI. In the

tree-based method, the estimated size of coverage holes is approx-

imately 13.2% of the ROI. The sizes of holes described by boundary

nodes occupy 73.3% of the ROI because the boundary nodes are

not located on the real boundaries of uncovered regions. The es-

timated coverage holes bounded by the boundary nodes contain a

large number of covered regions. The tree-based method uses the
Fig. 12. Coverage rate in differe
ECs to determine the sizes of coverage holes located in the un-

overed regions. Thus, our proposed method exhibits better perfor-

ance in size estimation of holes than the conventional boundary

ode detection method. 

In order to show the effectiveness of our proposed method,

e also present results for the sparse deployments. As shown in

ig. 11 , it can be observed that the location and shape of holes are

learly detected. Since two sensors are isolated from other nodes

n the network, there are loops in the graph. We can still use the

ur proposed THD and THH methods to detect and heal the holes.

herefore, in this paper, we regard this kind of hole tree as a spe-

ial case of trees. The sizes of holes described by boundary nodes

ccupy 93.3% of the ROI, and in our method, the estimated hole

ize is 56.6%. The real size of coverage hole is 61.2% of the ROI.

herefore, our proposed method could estimate the size of holes

ore accurately, when the sensors are sparsely deployed inside

SN. We also use different radii of the sensing ranges to verify

he effectiveness of our proposed method. We let the radius of the

ensing range change from 1 m to 10 m. We run 30 rounds of sim-

lations with random deployments of sensor nodes for each ra-

ius to obtain the average. The results of hole size estimation are

hown in Fig. 12 . The estimated uncovered regions decrease with

he increase of the radius. However, the hole sizes obtained by the

ree-based method is closer to the real sizes of the holes than that

f the boundary node detection method. 

We also assess the performance of our tree-based hole detec-

ion method on the input topologies used in [26] . In these topolo-

ies, a large number of sensor nodes are deployed in the ROI.

he irregular shapes of coverage holes are artificially designed.

ig. 13 shows the results of the tree-based method. The red lines

re the trees, whereas the blue disks are the IECs that indicate the

izes of the coverage holes. The shapes and locations of the intri-

ate coverage holes are also detected. 

.2. Results of coverage hole healing 

In this section, we assess the performance of our proposed hole

ealing method, which is based on the results of the tree-based

etection and description method. For the hole detection results

hown in Fig. 10 , the covered area is approximately 83.5% of the

OI. In utilizing our healing method, 11 additional sensors should

e deployed in the ROI, and the coverage rate of the ROI increases

o 95.5%. The result of healing is shown in Fig. 14 . Small coverage

oles still exist in the ROI because the threshold is set as 0.5 m, as

iscussed in Section 5 . The farthest distance between any uncov-

red point and its nearest sensor is less than or equal to 10.5 m in

he simulation. As mentioned previously, the values of the contin-

ous parameters that should be measured can be derived easily at

he uncovered point 10.5 m away from the sensor when the values
nt radii of sensing ranges. 
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Fig. 13. Performance of the proposed method in irregularly shaped holes: (a) spiral shape, (b) star shape, and (c) cubical shape. 

Fig. 14. Results of coverage hole healing. 
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t the point 10 m away from the sensor are known. We can also

se the interpolation method to estimate the value. The criteria

f small hole identification may be different among WSNs because

f the differences in the applications and purposes of surveillance.

herefore, the threshold can be adjusted based on the purpose of

he applications. 
Fig. 15. Relationship between additio
We take the Delaunay triangulation-based [15] and the

oronoi-based [4] coverage hole healing methods as refer-

nces to evaluate the performance of our hole healing method.

ig. 15 shows the coverage improvements as the number of sensors

ncreases in the three methods. The coverage of the ROI increases

o 99% when 16 additional sensors are deployed in the proposed

ethod. With the same number of additional nodes, the Delau-

ay triangulation-based method increases the coverage to 97.63%,

nd the Voronoi-based method increases to 97.43%. Therefore, our

roposed method is a resource-saving method compared with the

ther two methods. We also observe that the performances of

he Voronoi-based method and the Delaunay triangulation-based

ethod are almost the same, and at the beginning of sensor in-

rease, coverage improvements in the two methods are better

han that in the proposed method. The reason is that Delaunay

riangulation-based methods always determine the center with the

argest radius as the best patch position, and the Voronoi-based

ethod always chooses the farthest Voronoi vertex as the location

f the additional sensor. However, overlaps between the sensing

anges of the additional sensors emerge with the increase in the

umber of sensors in the two methods. In our healing method, the

atch positions of the additional sensors are kept apart from each

ther as much as possible through the dissection of holes. 

Furthermore, since our healing method could find 7 patch loca-

ions of additional sensors in the first round of computation and 9

atch locations in the second round of computation, it can achieve

 97% coverage through only two rounds of computations. Com-

ared with our proposed method, only one patch position is ob-

ained in each round of computation in the other two methods.
nal sensors and coverage rate. 
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In other words, the other two methods need 16 rounds of com-

putations. Therefore, our proposed method exhibits a satisfactory

performance in healing coverage holes. 

7. Conclusions 

In this study, the problem of coverage hole detection and heal-

ing is considered. We introduce the concept of trees to detect, lo-

cate, and describe coverage holes. Based on the tree, we can de-

termine the location and shape of the corresponding coverage hole

and estimate its size. The tree-based method provides the global

view of holes clearly and estimates the size of holes more accu-

rately compared with the conventional boundary node detection

method. We also proposed a coverage hole healing method based

on the results of hole detection. The healing method is divided

into two phases, namely, hole dissection and optimal patch posi-

tion determination. These two phases ensure that the overlap be-

tween the sensing ranges of the additional sensors becomes as lit-

tle as possible. Compared with the Delaunay triangulation-based

and the Voronoi based methods, the proposed healing method can

increase the coverage rate efficiently with the same number of ad-

ditional sensors. Therefore, the proposed scheme serves as a useful

tool for detecting and healing coverage holes. Future studies should

address the coverage problem in directional sensor networks, such

as camera networks. 
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