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Abstract 

When wireless sensor networks using spatial random deployment, disturbed 

three-dimensional topography of factors can lead to the generation of the coverage hole. 

In order to effectively detect the coverage holes in the target area, in this paper, we 

propose a method for detecting space coverage holes in sensor networks based on 

three-dimensional terrain correction. Firstly using Delaunay triangulation subdivides 

network coverage and calculates the Delaunay triangle circumscribed circle, secondly 

using the cluster grouping method to build the cover blind area boundary. Thirdly 

according to the principles of the terrain correction, we calculate the actual detection 

radius, after terrain correction ultimately, obtain minimum boundaries of coverage holes. 

Simulation results show that the detection method can effectively detect coverage holes 

under the three-dimensional terrain. For the undulating obviously terrain, it also has 

some adaptability. 
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1. Introduction 

Wireless sensor network (WSN) is composed of a large number of cheap micro-sensor 

nodes, randomly deployed in a monitored area, the network system is formed by wireless 

communication and self-organization [1]. Coverage performance is a key indicator to 

measure the quality of service in wireless sensor networks. Improving continuously 

coverage performance in recent years become a major research focus. Repairing coverage 

holes is one of the important research content. In the target area use randomly deployment 

of sensor nodes. Resulting in some monitored area have no sensor nodes, which appeared 

coverage holes, seriously affecting network performance. In addition, with running of the 

network, energy depletion of sensor network nodes will also lead to the formation of the 

coverage hole. Therefore, when the coverage holes appear in the network, they should be 

detected immediately. In order to maintain the integrity and reliability of wireless sensor 

networks [2]. 

For the current coverage holes of wireless sensor network, many researchers have 

proposed some solutions. Hwa Chun M et al. [3] in this paper a computational geometry 

approach based distributed hole detection protocol is designed to find out the coverage 

holes in a post deployment scenario. An efficient geometric method with proper 

theoretical basis is used to detect the coverage holes of the wireless sensor network. Dai, 

Chen and Zhou [4] proposed coverage hole detection algorithm based on Voronoi diagram 

in wireless sensor network. The location information of sensor nodes was used to build 

the Voronoi diagram for the monitored area. Then the distances between a sensor node 

and the vertex or edges of the corresponding Voronoi cell were calculated to decide the 

existence of coverage holes and identify the border nodes. Gao, Wang and Feng et al. [5] 

proposed a geometry-based distributed coverage holes discovery algorithm. The 
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algorithm judges existence of coverage blind spots under the guidance of relevant theory 

of geometric graphics. Xing, Duan and Fan [6] proposed a distributed WSNs coverage 

holes discovery algorithm based on polar coordinate, the algorithm uses polar coordinate 

to express relationship between nodes, through geometric algorithm to detect whether 

there is blind spot of coverage in WSNs. Li and Chen [7] proposed coverage holes 

detection algorithm in wireless sensor networks. The main idea of this algorithm is 

calculating boundary arcs and boundary nodes of coverage holes, according to coverage 

holes surrounded by boundary arcs. Above the several algorithms are all the coverage 

hole detection method on the two dimensional plane, it does not apply to the 

three-dimensional terrain. Liu and Fu [8] proposed a topographic correction algorithm 

based on the slope information in digital elevation maps to detect trap holes in rugged 

terrain by constructing directional perception model for the sensor nodes. However this 

method only applies to slope gently of undulating terrain, does not apply to fluctuate 

obviously on terrain three-dimensional. 

According to above theoretical research, this paper focuses on a more reliable three 

dimensional undulating terrain, proposed detection algorithm of coverage hole in WSN 

based on three-dimensional terrain correction. The algorithm can effectively detect the 

coverage holes in the target area. 

 

2. Formation of Coverage Holes 

In the research of wireless sensor networks, coverage is one of the basic problems. It 

affects the productivity and quality of WSN. The core of the coverage is the sensor nodes 

by collecting information to achieve the target area monitoring and perception. Through 

the rational deployment of sensor nodes in the network, at the request of guaranteed 

network quality of service, maximum area to be covered. Typically, the sensor nodes are 

randomly deployed in the target area. However this way is hard to a reasonable location 

of the plurality of sensor nodes, resulting in network coverage is not reasonable, 

eventually forming the perceived overlap and coverage holes [9]. As shown in Figure 1, a 

two-dimensional plane of covering research methods cannot be applied to three 

dimensional. After the random deployment of sensor nodes, since the characteristics of 

three dimensional undulating terrain, it can lead to the generation of the coverage hole 

[10]. 

Coverage 
holes

Three dimensional 
terrain surface

Two dimensional 
plane

 

Figure 1. Section Diagram of Coverage Hole 

Projection of sensor nodes achieve full coverage on a two dimensional plane. However, 

sensor nodes can only be placed on the ground surface. Then coverage holes still exist on 

the surface of the three-dimensional terrain. 
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3. Coverage Hole Detection Algorithm and Terrain Correction 

Sensor nodes are randomly deployed in the target area, it will have coverage holes. We 

construct the Delaunay triangulation of the WSN, and compute the circumcircle of the 

Delaunay triangle. Assuming the radius of sensor node is r. The radius of the circumcircle 

is R. The length of common side of two Delaunay triangles is d. Detection algorithm is 

calculated as follows: 

Step 1 Construct the Delaunay triangulation of the WSN. 

Step 2 Compute the circumcircle of the Delaunay triangle. Compare radius of sensor 

node and circumcircle. If R>r, then there must be some coverage holes, store this 

Delaunay triangle and circumcircle, otherwise abandon it. 

Step 3 Calculate the length d of common side of two adjacent Delaunay triangles. If 

d>2r or the common side is not intersect the line segment between the centers of 

circumcircle of the two triangles, then cluster the circumcircle of the two triangles into 

one coverage hole group. And every group will have coverage holes. 

Step 4 Plot the boundaries of coverage holes of every group by minimum polygon 

method. 

Step 5 By determination principle of false boundary nodes in Figure 8, we remove the 

false boundary nodes from the corresponding boundary nodes group. we do the 

verification for each boundary nodes group until no false boundary nodes. In this way, we 

can obtain a precisely boundary of every group. 

Step 6 Because of the characteristics of three-dimensional undulating terrain, the actual 

coverage area will be smaller. After terrain correction, coverage area of sensor nodes is 

elliptic on two-dimensional plane. Using slope and aspect to calculate actual radius, and 

obtain the corrected boundary by coverage hole detection algorithm. 

 

4. Network Model and Measurement 
 

4.1. Establishing the Unit Ball Perception Model 

we assume the target area is a convex surface S in three dimensional space. In the 

Cartesian coordinate system, S can be expressed as a single value function ),( yxhz  . If 

and only if the function is cz   where c is a constant, S is a plane. A sensor is  is 

placed on S. If the coordinates of is  satisfy the equation of S, then expressed as Ssi  . 

This paper use a unit ball perception model. We assume that each sensor has the same 

perception radius r in three dimensional space. Sensors can perceive and detect events 

within its own perception range. Therefore perception area forms a ball of radius r 

centered at is  in three dimensional space. Two dimensional plane of unit ball model is 

shown as Figure 2. 

 

Figure 2. Two Dimensional Plane of Unit Ball Model 

4.2. Sensor Deployment Model 

Sensor nodes are randomly deployed in the target area [11]. We consider the 

deployment of surface Poisson point distribution model. Assume n sensor nodes are 

distributed uniformly, area of the target region S . Then we can get the parameter of 

the Poisson distribution [12]. 

 

Si    r 
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The probability that there are m sensors lie in a set G is calculated as follows: 
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4.3. Definition of Slope and Aspect 

Slope is the degree of terrain surface steepness. Usually the ratio of vertical height and 

horizontal distance called the slope. Aspect is slope surface normal line in the direction of 

the projection on a horizontal plane. It is also the fastest decline in the elevation direction. 

The actual coverage of single sensor node on the three dimensional surfaces can be 

equivalent to the plane. As shown in Figure 3., slope and aspect represented by AB line 

segment in the Cartesian coordinate system. 
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Figure 3. Slope and Aspect 

Where P on the three-dimensional convex curved surface. The normal line of AB line 

segment is PQ. The q is the projection of Q in the XY plane. The Oq is projection of PQ 

in the XY plane. The α is the angle between Z axis and PQ. So slope can be expressed as 

I=tan α. Aspect βis the angle between Oq and OB. The slope in the βdirection can be 

expressed as tan γ.  

Through GIS software extracting elevation data and slope information from the DEM 

[13]. On the surface ),( yxhz  , ),( yxp  the direction of the gradient is calculated as 

follows:  

                          j
y

f
i

x

f 









y)f(x,  grad                   (3) 

Where 
x

f




 and 

y

f




 respectively the partial derivative of the x and y directions. The 

i and j are the unit vectors.  

The direction of gradient mode is calculated as follows: 
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The slope G in the β direction can be calculated as follows: 

                              
Oq
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γG  tan                      (5) 

Using Eq. (4, 5), G is also defined as follows:     
                                 c o sIG                              

(6) 
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On the three-dimensional undulating terrain, the relationship between the actual radius 

r ' along the direction of β and the ideal radius r can be expressed as follows: 

                        c o srr'                                   (7) 

Using Eq. (5, 6, 7), the actual radius r ' is also calculated as follows: 

             ))cos(cos(arctan Irr'                              (8) 

 

4.4. Terrain Correction Principle 

Random deployed 50 sensor nodes in the area of 100×100 m [14]. The Figure 4 shows 

the 120-200 contours. 

 

Figure 4. Terrain Correction Principle 

According to sensor node coordinates calculate the slope and aspect angle of each node. 

Along the aspect direction of difference between two contours is the height difference 

h . The distance between the two contour lines is d . Then slope I can be calculated as 

follows: 

                                   
d

h
I




                           (9) 

Using Eq. (8) calculates the actual radius r '. Eventually calculated the elliptic 

projection of each sensor node on a two-dimensional plane. To achieve the purpose of 

terrain correction. 

 

4.5. Delaunay Triangulation 

Central point for sensor nodes as vertices, Delaunay Triangulation the target area. 

Assumed V is a finite point set on two-dimensional real numbers, e is a closed line 

segment. And E is the set of e. Then a triangulation ),( EVT   of V is a plane graph G. 

The plane graph G meets the three conditions: 

(1) Except the endpoint, edge of the plane G does not contain any other points in point 

set V. 

(2) Without intersecting edges. 

(3) All planes are triangles in plane graph G. And the collection of all the triangles is 

the convex hull of point set V. 

If there is a circle through a and b, and does not contain other points within the circle. 

Then ab edge is called Delaunay edge. If a triangulation T only contains Delaunay edge, 

then the triangulation called Delaunay triangulation[15]. 
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4.6. Circumcircle circumscribed circle 

The circumcircle of each Delaunay triangles does not include any vertex of other 

Delaunay triangles[16]. Assume that a, b, c are three sides of Delaunay triangle. S is the 

area of the triangle. (x, y) is the center of circumcircle. As shown in Figure 5. 

（x1,y1）

（x2,y2） （x3,y3）

R

a

b

c

（x,y）

 

Figure 5. Circumcircle 

Circumcircle radius R is expressed as: 

                               SabcR 4/                             

(10) 

Assuming that the coordinates of the three sides are (x1, y1), (x2, y2) and (x3, y3). So 

Circumcircle center coordinates (x, y) can be expressed as: 
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4.7. Boundary Nodes and False Boundary Nodes 

The nodes on the boundaries that encircle the coverage holes are defined as boundary 

nodes[17]. Generally, the nodes on the Delaunay triangles that lie on the boundaries of 

coverage holes can be regarded as boundary nodes. However, these boundaries exist false 

boundary node. As shown in Figure 6 and Figure 7, the Delaunay triangle with vertices S1, 

S2 and S3 is on the boundary of a coverage hole. 

 

S1 S2

S3

              

S1 S2

S3

 

Figure 6. Boundary Nodes         Figure 7. False Boundary Nodes 

In Figure 6, some region inside the triangle is not covered by any node, shown as the 

shaded area. Accordingly, S1, S2 and S3 are boundary nodes. However, in Figure 7, the 

coverage hole is located outside of the triangle, so S1, S2 are boundary nodes. The S3 in 

Figure 7 is not right on the boundary of the coverage hole, which is called false boundary 

node. 

Theorem 1. Consider a triangle formed by three nodes, S1, S2 and S3. The perception 

radius of nodes is r. The center cO  of circumcircle is outside the triangle. The radius of 
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circumcircle is R. As shown in Figure 8, the perpendicular bisector of S1S3 intersects 

S1S2 at O1, and the perpendicular bisector of S2S3 intersects S1S2 at O2, S3O3 is 

perpendicular to S1S2 at O3. If rOS >13  or rOS >23 , some coverage holes inside the 

321 SSS . If rOS >13 , rOS >23  and rOS 33 , then two separated coverage holes in 

the 321 SSS . 

For a Delaunay triangle whose center of circumcircle is outside the triangle and R>r, 

according to Theorem 1, we can estimate whether the triangle is fully covered by sensors. 

If there is no uncovered region inside the triangle, the node that is not on the longest side 

is a false boundary node of coverage holes. Otherwise, if the triangle contains some 

uncovered region, three nodes belong to the boundary nodes.  

S3

S1

S2

Oc

r

R

O1 O2

O3
 

Figure 8. Determination Principle of False Boundary Nodes 

 

5. Experimental Studies 
 

5.1. Surface Generation 

Thesis uses MATLAB 2012b simulation platform for simulation. In order to represent 

surface coverage performance, we use ),( yxhz   to represent the generated surface 

[18]. 

                   )100/sin()100/sin(100100 yCxCz                  

(13) 

where x , y   [0, 100] m, C = 1, 2, 3 to generate three surfaces with 1, 4, 9 peaks and 

valleys in [0, 100]×[0, 100] m. Figure 9 gives the contours of these surfaces. 

 

 

Figure 9. Contours of Three Surfaces 
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5.2. Simulation Results 

Assume the number of sensor nodes deployed randomly N = 50, the ideal detection 

radius of nodes r = 10 m, in the region [0, 100]×[0, 100] m. The circumcircle radius of 

each Delaunay triangle is R. Simulation parameters as shown in Table 1. Construct 

Delaunay triangulation of 50 sensor nodes, we can obtain a number of Delaunay triangles. 

As shown in Figure 10, Where the circular area represents the coverage area of the node. 

Table 1. Simulation Parameters 

Simulation parameters value 

Network range (m2) 100×100  

Number of sensor nodes   50 

Detection radius (m)   10 

Dispenser way random 

 

Figure 10. Delaunay Triangulation 

According to Delaunay triangle vertex coordinates, we can be determined circumcircle 

radius R and circumcircle center of each triangle. As shown in Figure 11, if R> r, the 

target area has coverage holes. 

 

Figure 11. Circumcircle of R> r 

According to coverage holes boundary detection algorithm, we cluster eligible 
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Delaunay triangles. Plot the boundaries of coverage holes of every group by minimum 

polygon method. As shown in Figure 12. 

 

Figure 12. Boundaries of Coverage Holes 

Removed the false boundary nodes, we can obtain the boundary nodes for every 

coverage hole precisely. Then we can obtain the improving boundaries. As shown in 

Figure 13. 

 

 

Figure 13. Improving Boundaries 

 

According to the degree of undulating terrain, as shown in Table 2, we set three terrain. 

After the three-dimensional undulating terrain correction, we can obtain coverage hole 

boundary precisely. 

Table 2. Terrain Parameters 

Terrain Type Terrain I Terrain II Terrain III 

Network range (m2) 100×100 100×100 100×100 

Peaks and valleys 1 4 9 

Number of sensor nodes 50 50 50 

 

In the situation of terrain I, II and III, after the terrain correction, the coverage hole 
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boundaries as shown in Figure 14, Figure 15 and Figure 16. 

 

 

Figure 14. Terrain I Correction 

    

Figure 15. Terrain II Correction        Figure 16. Terrain III Correction 

In the same area range and the same number of nodes, with the increase of the number 

of peaks and valleys, the terrain undulation degree is increasing. Comparing with terrain I, 

II and III, as terrain undulating degree increases, the area of coverage holes is increasing. 

Then boundaries of coverage holes are increasing. Finally the coverage rate of WSN is 

decreasing. The simulation results show that it also applies to undulating obviously 

terrain. 

In order to further evaluate the performance of three-dimensional terrain correction 

methods, under the same experimental conditions, compared with traditional correction 

method (Liu and Fu [8] proposed detection of trap coverage holes in WSNs based on 

topographic correction). The "flat" means the sensor node initial coverage rate, as shown 

in Figure 17. 
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Figure 17. Compared with the Traditional Method 

After terrain correction, the coverage rate of three-dimensional terrain correction and 

traditional correction are gradually decreased. Compared to traditional correction, the 

coverage rate of three-dimensional terrain correction is lower. It shows that 

three-dimensional terrain correction method can detect more coverage holes in the target 

area. Thus, three-dimensional terrain correction method is better for coverage hole 

detection than traditional correction. Three-dimensional terrain correction method is also 

more suitable for undulating obviously terrain. 

 

6. Conclusions 

For three-dimensional undulating terrain features, in this paper, we propose a detection 

method of coverage holes in wireless sensor networks based on three-dimensional terrain 

correction. Through the detection algorithm of coverage holes boundary, we obtain the 

coverage holes boundaries of the target area. Simulation results show that the boundaries 

of coverage holes become bigger. The results are also applicable to three-dimensional 

undulating obviously terrain. For the sensor nodes deployment of undulating terrain, it has 

reference value.  
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