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ABSTRACT 

Providing a global coverage in wireless sensor networks with least possible numbers of sensor nodes has 

an important effect on the quality of a service and collection of information. Following a local approach, 

a set of nodes are first randomly distributed in the desired region, and then are moved or new nodes 

added iteratively until the existing holes are covered. In this study, a local approach is proposed, which 

improves an existing (tree-based) method for detecting coverage holes and adding new nodes. The 

advantage of the proposed approach is that the coverage holes are covered using the existing overlapping 

nodes as much as possible. It means, when a coverage hole is detected, the existing nodes with an 

overlapping coverage are detected and moved in order to cover the hole; new nodes are added only when 

required. The experimental results show the efficiency of the proposed method in terms of the number 

of nodes as well as the number of iterations and time complexity. 
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1. Introduction 

     Wireless sensor networks are composed of a set of 

inexpensive and small sensor nodes. Each sensor node has a 

limited capability in the measurement of phenomena, 

storage, processing, and communication (Akbarzadeh et al., 

2013) variety ofainwidely usedare. These networks

and habitatincluding environmentalapplications,

monitoring, tracking moving objects, transportation, 

humidity controltemperature andmonitoring,structural  

( et al., 2015Argany ) created ahavenetworksThese.

dramatic transformation in traditional data collection 

methods and established a bridge between the physical world 

and the world of virtual information (Wang et al., 2006).  

     The effective positioning of wireless sensor networks is 

one of the basic and effective parameters in their optimal 

efficiency (Akbarzadeh et al., 2013). In other words, the 

effective coverage of a wireless sensor network depends on 

the optimum position of each sensor node within the region 

of interest (Afghantoloee et al., 2016). Several parameters 

the coverage ofdirectly affect fornetwork,the sensor

example, the connections and interactions between the 

sensor nodes in the network, the communication between the 

sensors and the environmental parameters, and the 

communication of the environmental parameters with each 

other (Argany et al., 2015). Coverage holes may affect the 

overall performance of wireless sensor networks, such as 

reducing data reliability, general network topology changes, 

and loss of communication links (Corke et al., 2007). Thus, 

identifying and improving the coverage holes is one of the 

most important challenges in wireless sensor networks.  

     Several optimization methods have been proposed to 

identify and reduce the holes as well as to increase the 

network coverage (Doodman et al., 2014). In general, 

existing methods for positioning sensors with the aim of 
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increasing a network coverage are divided into two 

categories of global methods and local methods. Considering 

the coverage problem as an optimization problem, global 

methods seek to determine the optimal determination of a 

function with the aim of determining the number and position 

of sensors in the entire target area (Karimipour et al., 2013). 

In contrast, local methods, which are mostly geometric 

approaches, consider an initial random distribution of the 

nodes in the area of interest and by moving portable sensors 

in the network, seek to improve the position of the nodes to 

increase the total coverage.  

     The need for random distribution of sensor nodes in some 

applications causes the arrangement and positioning of 

sensors in a network to be out of control and may result in a 

large gap between the nodes and the occurrence of coverage 

holes and loss of information in some locations. Sometimes 

the overlapped space of areas covered by sensors is due to a 

very small increase in the distance between the nodes, which 

makes some sensors measure similar and repeatable data and 

send it to the processor unit. This would increases energy 

consumption, extend the volume of calculations, and reduce 

the network lifetime without increasing the efficiency of the 

wireless sensor network. Therefore, in addition to detecting 

and reducing the existing holes in the region, the issue of 

reducing the overlapping sensors in the network is equally 

important in order to increase the efficiency and lifetime of 

the network and reduce the cost of setting up and network 

management.  

     This study proposes a local approach to improve the 

efficiency of an existing (tree-based) method for detecting 

and healing coverage holes. In a former research, we 

improved the efficiency of the tree-based method by 

combining it with a gravity-based method, because, for some 

configurations of nodes, the tree-based method is unable to 

determine an appropriate position for new nodes to be added. 

Therefore, for a certain local region, one of these methods 

are used based on the configuration of the existing nodes 

(Ghanbari et al., 2019). The current research tries to improve 

the efficiency of the combined methods by considering the 

idea that coverage holes may be covered using the existing 

overlapping nodes. For this, when a coverage hole is detected 

and the positions of new sensors are determined using the 

tree-based method, nearby existing nodes with an 

overlapping coverage are detected and moved in a way to 

cover the hole; new nodes are added only when required. 

This paper is structured as follows: Section 2 provides 

a literature review on the problem of wireless sensor 

networks coverage. In section 3, the tree-based method is 

described to determine the position of new sensors in the 

network, and some configurations in which this method fails 

are described. Section 4 presents the details of the proposed 

combined methods to improve the coverage of the wireless 

sensor network. In section 5, the efficiency of the proposed 

method in terms of the number of nodes as well as the 

number of iterations and time complexity is evaluated for 

several case studies. Finally, section 6 concludes the paper 

and presents future guidelines. 

2. Related work 

     In wireless sensor networks, identification of coverage 

holes and network boundaries is a very important priority. 

Typically, the existing approaches are divided into (1) 

geometrical, (2) Statistical, and (3) topological categories. 

Geometric methods use the coordinates of sensor nodes and 

standard geometric structures (such as Delaunay 

Triangulation and Voronoi diagram) to identify the holes (Li 

et al., 2016). For example, Fang et al. (2006) proposed a 

simple and distributed algorithm to identify and construct the 

paths around the holes based on the location of nodes. Gosh 

et al. (2004) used a Voronoi diagram for a definitive 

estimation of the amount of holes contained in a network. Li 

et al. (2015) used Delaunay triangulation to improve 

coverage holes. Among the studies that followed statistical 

approaches, one can refer to the study of Fekete et al. (2004), 

which proposed an algorithm for identification of inner and 

boundary nodes based on the average low degree of nodes 

located on the boundary than the nodes in network. The 

topological properties of wireless sensor networks have also 

been used in several studies to identify and describe coverage 

holes (Li et al., 2016).  For example, Kanno et al. (2009) 

developed a maximal simplified complex to show the 

existence and boundary of coverage holes. Yan et al. (2012) 

proposed a homology-based distribution algorithm to 

identify triangular coverage holes.  

     Having detected the coverage holes, the sensor nodes 

must be displaced to improve the detected holes. Generally, 

the existing approaches for optimizing the location of sensors 

are divided into two types of global and local approaches. 

Local approaches consider the coverage issue as an 

optimization problem and seek to determine the optimal 

determination of a function to determine the number and 

position of sensors over an entire target area (Karimipour et 

al., 2013). For example, Ferentinos et al. (2007) used a 

genetic algorithm loaded with a flexible and self-organized 

wireless sensor network. They showed that the design of the 

wireless sensor network fulfills all the specific requirements 

of the program using the genetic algorithm and convinces the 

constraints of connections and energy consumption to 

increase the network lifetime. Romoozi et al. (2012) used a 

genetic algorithm for efficiently positioning the sensors 

within the wireless sensor network and showed that 

intelligent algorithms could increase the network lifetime by 

finding optimal positions for sensor nodes. Akbarzadeh et al. 

(2010) used an evolutionary strategy of a covariance matrix 

in a topographic-aware sensor deployment. They encoded 
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the position and orientation of each sensor, and ultimately the 

population of people evolved through a race generation. In 

contrast, local methods consider an initial random 

distribution of nodes in the study area and by moving 

portable sensors in the network, seek to improve the position 

of the nodes in order to increase the total coverage. For 

example, Cortes et al. (2004) used a gradient algorithm to 

control the coverage and perform an optimal measurement in 

a sensor network.  

3. Formation of Coverage Holes 

     The first step in solving the coverage problem in a 

wireless sensor network is detecting the uncovered regions. 

A considerable amount of methods partition an entire study 

area to a set of primitive smaller regions (e.g. triangles), and 

then check each primitive region (triangle) to see if it is fully 

covered by the existing sensors. Finally, the adjacent 

primitive regions that are not fully covered may be joint to 

form a coverage hole. Li  et al. (2015) proposed a more 

efficient Delaunay-based method to integrate the uncovered 

regions (triangles) and form a coverage hole. They assume 

that if the entire circumcircle of a triangle is covered by an 

existing sensor, then the entire triangle is also covered by that 

sensor. However, the failure of this condition does not 

necessarily mean that the triangle is not fully covered (Figure 

1). They proposed the following procedure to detect un-fully 

covered triangles:  

     Assume a triangle that consists of three sensor nodes Si, 

Sj, and Sk and whose center of circumcircle is Oc (Figure 2). 

Suppose SiSj is the longest edge of this triangle. The 

perpendicular bisector of SiSk intersects SiSj at Oi, and the 

perpendicular bisector of SjSk intersects SiSj at Oj. SkOk is 

perpendicular to SiSj at Ok. Then: 

 If SkOi>Rs or SkOj>Rs, then the triangle contains one 

connected uncovered area. 

 If SkOi>Rs, SkOj>Rs and SkOk≤Rs, there are two 

disconnected uncovered areas. 

 Otherwise, the triangle is fully covered. 

 

Figure 1. If the entire circumcircle of a triangle is not covered by 

an existing sensor, the triangle may contain uncovered areas or not 

(Li et al., 2015). 

     After detecting the triangles with uncovered areas, they 

are merged to form the coverage holes. To do this, two 

triangles with a common edge can be merged if one of the 

following conditions is satisfied (Li et al., 2016): 

 

Figure 2. Detecting a coverage hole in a triangle (Li et al., 2015). 

1. The common edge is longer than twice the sensing 

radius. 

2. The centres of circumcircles of both triangles locate 

in one side of the common edge. 

4. Tree-Based Method 

     This section presents the details of the tree-based method 

(Li et al., 2016) in order to identify optimal locations for 

recovering identified coverage holes in a region. The steps 

below will refer to the tree-based method described in detail 

in (Li et al., 2016).  

 

 

(a) (b) 

Figure 3. (a) The procedure of tree-based method to construct 

the trees and detect the roots (different trees are shown in different 

colors); (b) The proposed positions for adding new sensor nodes 

(i.e., centers of colored root circles) 

     As the name suggests, this method follows a tree process. 

The approach is geometric and is based on the Delaunay 

triangulation of the sensors. After triangulating the sensors 

and determining the coverage holes (described in more 

details below), each hole is dealt using the circumcircles of 

those Delaunay triangles that form each hole: the largest 

circumcircle is considered as the root of a tree. Then, the 

neighboring triangles of the root are considered and the 

radius of their circumcircles are compared with the radius of 

the root. Each circumcircle with a smaller radius is added as 

a branch to the tree, and the above process is repeated for the 

neighbors of that branch as long as there are no neighbors 

with a smaller radius. Otherwise (i.e., if the radius of the 

neighboring circumcircle is larger than that of the root 

circumcircle), the circumcircle itself plays the role of the root 

of a new tree, and all the above steps are repeated. This 

process continues until all the circumcircle are surveyed. 
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Now, the root centers are considered as the positions of 

sensors to be added to the network (Li et al., 2016). Figure 3 

illustrates this procedure.  

     The advantage of the tree-based method is taking the 

shape of the hole into account when determining the position 

of new sensors, because as stated, the position of new sensors 

are a function of the shapes of the holes. Moreover, this 

method adds several new sensors at the same time to cover 

the hole, and thus it has a good performance for large holes. 

However, there is no relationship between the position of 

new sensors, i.e., some new sensors may be placed near to 

each other, which causes an overlapping coverage issue. This 

situation mostly occurs when the ratio of the area of the hole 

to the area of the region covered by a sensor is small. It is 

especially important if the density of the sensors located on 

the boundary of a hole is high (Figure 4) – which results in 

increasing the number of roots that are close to each other. 

 

(a)  (b) 

Figure 4. (a) A coverage hole; (b) Newly added nodes (black 

squares) using the tree-base method 

     In the following section, a combined approach is 

proposed, which uses another method for such configuration 

of nodes and leads to alleviating this problem. On the other 

hand, in the proposed approach, coverage holes are covered 

using the existing overlapping nodes as much as possible. It 

means that when a coverage hole is detected, nearby nodes 

with an overlapping coverage are moved in order to cover the 

hole; new nodes are added only when required (i.e., when 

nearby nodes do not overlap). 

5. The Proposed Approach 

     This section explained the proposed approach to heal the 

coverage holes of a wireless sensor network. 

5.1. Finding the Appropriate Positions for Adding New Sensors 

     As mentioned in the previous section, the tree-based 

method does not meet the expected performance if the ratio 

of the area of the hole to the area of the region covered by a 

sensor is small. Therefore, a combined method with a former 

research (Ghanbari et al., 2019) is proposed, in which this 

ratio is firstly computed, and the tree-based method is used 

only, if this ratio is bigger than a certain threshold. In other 

cases (i.e., smaller ratios), only one single sensor is added at 

the center of gravity of the hole, because there is a high 

chance that this single node will cover most of the hole and 

the rest will be covered by moving the neighbor nodes (as 

will be discussed later).  

     It should be noted that adding a single node in the center 

of gravity is not appropriate for large holes, because such 

large holes cannot be covered by one node and thus multiple 

sensors will be added iteratively, while the tree-based 

method will add all required nodes, simultaneously. 

Moreover, if the center of gravity is located out of the hole, 

this method will not improve the coverage (Figure 5). 

Therefore, depending on the configuration of the nodes that 

create the hole, a combination of tree-based and gravity-

based methods must be applied. 

 

 

Figure 5. Adding a node at the center of gravity may not improve 

the coverage 

 

5.2. Adding New Sensors to Cover the Coverage Holes 

     Having selected the position of new node(s), we search 

the existing nodes for possible overlapping nodes, in order to 

move them to cover the hole. According to Yao et al. (2009), 

the optimal distance (rc) between sensor nodes to prevent 

coverage holes and overlapping nodes is 3c sr r=  (Figure 

6), where rs is the sensing radius of the nodes. Therefore, if 

two sensors are closer to each other than 3sr their coverage 

regions overlap and thus one of them can be moved without 

causing new holes. In the following subsections, three 

strategies for moving overlapping nodes are proposed. 

 

Figure 6. The optimal distance between two sensor nodes to 

prevent coverage holes and overlapping nodes (Yao et al., 2009). 

5.2.1. Global Measurement of Distance 

     A simple strategy to select the appropriate overlapping 

sensor to be moved to the hole is to use the sensors with the 

most amount of overlaps. For this, after detecting the 

positions to add n new sensors using a tree- or gravity-based 
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method, the distance between all possible pair of sensors are 

computed and among which, the overlapping sensors are 

listed. Finally, n sensors with the most overlapping values 

are moved to the desired positions. 

     This strategy is very simple and globally eliminates the 

most overlapping values. Nevertheless, it has a significant 

computational overhead, as the distance between all pairs of 

nodes must be computed. 

5.2.2. Cellular Network with Semi-Global Computing 

In order to reduce the computation overhead that raises 

due to computing the distance between all sensor pairs, we 

place a grid on the study area, whose cell size is 2 3sr where 

rs is the sensor sensing radius. Then, the cells that contain 

more than one sensor are selected and one of their sensors (S) 

are moved to the nearest retrieval point if it satisfies both of 

the following conditions:  

1. There is a node in the cell whose distance to the 

sensor S is less than 3sr . 

2. Sensor S does not locate on the boundary of the cell.  

     Note that the first condition ensures that moving the 

sensor S does not cause a new coverage hole in the cell, and 

the second condition ensures that moving the sensor S does 

not cause a new coverage in one of the adjacent cells. 

Moreover, moving the sensor S to its nearest retrieval point 

reduces energy consumption due to the movement of 

candidate sensors.  

5.2.3. Cellular Network with Local Computing 

     This strategy goes further in reducing the computational 

overhead and energy consumption through finding a 

candidate sensor to move as needed. For a certain coverage 

hole H, we first find those cells in which the boundary 

sensors of the hole H are located (we refer to these cells as 

CS). Then, the following three-step strategy is applied to heal 

the hole (Figure 7):  

 

1. The sensor nodes located in the cells CS are 

evaluated against the conditions presented in section 

5.2.2. The sensors that satisfy these conditions are 

moved to the retrieval points.  

2. If there are still unfilled retrieval points, the distance 

between the sensors in cells CS are computed with 

the sensors of their neighboring cells, and those 

sensors in the neighboring cells that satisfy the two 

conditions presented in section 5.2.2 are moved to 

these retrieval points. 

3. If there are still unfilled retrieval points, the sensors 

that locate on the neighboring cells of CS are 

checked with their own neighboring cells and the 

conditions presented in section 5.2.2 are checked. 

This process continues until all retrieval points are 

filled with overlapping sensors. 

 

 

 

Figure 7. The black polygon is a coverage hole, and green points 

are the retrieval points to be filled with new sensors. Red cells are 

boundary cells of the hole, and blue points are candidate sensor to 

move. 

6. Implementing and Evaluating the Results 

     This section presents the evaluation results of the 

proposed approach. The sample data set contains 110 sensor 

nodes randomly distributed in an area of 250m×250m 

(Figure 8). The sensing range of nodes is 25m. 

     Figure 9 represents the detected coverage holes using the 

method presented in section 3. Following the combined 

method (i.e., tree- and gravity-based methods), nine retrieval 

points were detected for adding new sensors. Figure 10 

shows the final state of the sensor network following 

different strategies described in previous sections. 

     In Figure 10(a), nine new sensors were added to the nine 

new suggested positions, while in Figures 10(b), 10(b) and 

10(c), the existing overlapping sensors were moved to the 

retrieval points using the three strategies described in 

sections 5.2.1 to 5.2.3, respectively. Moreover, Table 1 

evaluates the implementation results in terms of the number 

of final sensor nodes, the number of iterations, and time 

complexity. 

     The implementation results indicate that the combined 

method (i.e., tree- and gravity-based methods) reduces the 

number of final sensor nodes (more details in Ghanbari et al., 

2019). On the other hand, although moving the existing 

overlapping sensors will increase the time complexity, it 

significantly reduces the number of final sensor nodes, as 

well as the number of iterations. Finally, comparing the three 

moving-based strategies shows that the local method has the 

least time complexity. 

 

7. Conclusion and future guidelines 

Coverage holes are one of the most important challenges in 

wireless sensor networks, which greatly affect the 

performance quality of a network. Therefore, the design and 

implementation of algorithms to identify and cover the holes 

with a minimum node is critical to design the high-

performance wireless sensor networks and low start-up costs. 

In this study, a combined approach based on the tree-based 

method was proposed to identify the positions for healing 

existing holes in the network. 
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Figure 8. Initial position of 110 randomly distributed sensor nodes 

 

 

Figure 9. Detected coverage holes in the initial sensor network  

 

  
(a) (b) 

  
(c) (d) 

Figure 10. Final state of the sensor network (a) Adding new sensors using the combined method presented in section 5.1; (2) Global 

measurement of distance; (c) Cellular network with global computing; and (d) Cellular network with local computing. 

 

 

Table 1. Evaluation of the Implementation results 

 

 

 

 

 

  Method No. of final nodes  No. of iterations Time complexity 

Adding new 

sensors 

Tree-based method  123 4 7.47 

Combined method  119 4 7.12 

Moving existing 

overlapping 

sensors 

Global method 110 2 26.48 

Semi-global method 110 2 17.00 

Local method 110 2 11.16 
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This method is capable of identifying fewer retrieval points 

in less time than the tree- base method. Moreover, three 

strategies were suggested to move existing overlapping 

nodes in order to cover the identified coverage holes. The 

implementation results show the efficiency of the proposed 

approach. This has prevented excessive overlapping of 

sensors, which could lead to increasing the network 

utilization and a longer lifetime. However, the efficiency of 

the proposed approach depends on the number of sensor 

nodes and their sensing range, as well as the area size. 

In future, one should evaluate the impact of the 

proposed methods on the life time of the sensors and the 

wireless sensor network. 
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