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Abstract: Based on the feature that Voronoi grid is capable of dividing plane domain into simple geometry 
gatherings and on the theory of parallel collecting, this paper puts forward the approximately minimum 
connecting and covering algorithm (ACA-RH) for wireless sensor network partitioned by regular hexagons 
(grids) to construct the minimum connecting coverage set, in which sink nodes divide information collecting 
area into regular hexagons, and the sensors decide to work or sleep by calculating its distance to the center of the 
grid it belongs to. Theoretical analysis and simulation show that ACA-RH has better performance in time 
complexity, and it requires less grids, compared with SCR-CADS and So&Ye algorithms.  
Copyright © 2014 IFSA Publishing, S. L. 
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1. Introduction 
 

The Sensor network has been widely used for its 
integration of sensing, data processing, positioning 
and communication functions [1, 2], thereby related 
researches on the Sensor network composed by the 
large-scale sensor monitoring node have aroused 
great attention of scholars [3, 4]. This paper carries 
out discussion respectively from several aspects, 
including development of sensors to monitor nodes, 
automatic networking and dissemination of wireless 
communication network (ZigBee, GSM, CDMA), 
and their reverse control for sensor network node, 
storage of wireless sensor network data to large 
databases, abnormal data mining from massive data, 

and intelligent decision of massive data management. 
However, how to determine the integrity of the data 
collection area is the basis of entire research [5-10]. 
The working environment of information gathering 
nodes (sensor nodes) is generally poor, so it is 
different for people to get near. Moreover, the node 
battery has limited power and it is impossible to 
replace it. Therefore, how to construct approximately 
minimum set of connecting and covering to enable 
the node to activate the dormancy mechanism, 
thereby extending the network lifetime, is of great 
significance [11]. 

As Voronoi grid is capable of dividing plane 
domain into simple geometry gatherings, it has been 
widely used in researches about the coverage 
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problem of sensor network. Based on the feature of 
Voronoi grid, Meguerdichiant solve the coverage 
problems of the At Least path or At Best path in the 
sensor network in 2001, which mainly indicates that 
the least sensor nodes are required to complete the 
task for the information collecting area. Then quite a 
few scientists conducted researches on this basis. In 
2005, So & Ye proposed a kind of algorithm to solve 
the k-coverage problem in two-dimensional space 
based on Voronoi grid. Its time complexity is 

( )nno log , and the optimal value is achieved at the 

time complexity [12]. However, as this algorithm is a 
centralized solution algorithm, it is necessary to solve 
the inflection point (Corners) of information 
collecting region. While for the complex region, a 
complex calculation is required to solve its inflection, 
so a large amount of additional computational cluster 
is required. In literature [13], a distributed algorithm 
SCR-CADS (Surface Coverage Relay Connected 
Area Dominating Set) was proposed, where a node 
could determine whether to be active or to be asleep 
only by obtaining the location information of its 
neighbor node, so it has good scalability, which is 
suitable for large-scale sensor network. Against the 
relationship between coverage and connectivity, it 
presents a necessary and sufficient condition for the 
situation that the coverage set CS is equivalent to its 
coverage set CCS, that is, when the communication 
radius of the node is greater than or equal to the twice 
of its sensing radius, a good application can be 
achieved. However, in many practical situations, the 
above condition is apparently too harsh. 

Based on characteristics of Voronoi grid (Voronoi 
grid is capable of dividing plane domain into simple 
geometry gatherings), this paper proposes the 
approximate minimum set of connecting and 
covering arithmetic for sensor network partitioned by 
regular hexagons (ACA-RH). This new approach is 
put forward integrated with the centralized algorithm 
of literature [12] and the distributed algorithm of 
literature [13]. First, the Sink node conducts 
hexagonal grid subdivision for the information 
collected area to construct the position of sensor node 
and that of each regular hexagon grid and to 
determine whether to work or sleep, thereby 
constructing approximately minimum connecting 
coverage set. The theoretical analysis and simulation 
results show that the ACA-RH algorithm can 
effectively reduce the computational complexity of 
the network and the number of nodes required by 
information collection area. Compared with the 
algorithm proposed by So & Ye, ACA-RH could 
make correct judgment within the ( )23 to +  time 

complexity; Compared with SCR-CADS algorithm, 
the number of required nodes is only its 2/3. 
 
 

2. The Basic Concepts and Theoretical 
Basis 

 

The topology of monitoring sensor nodes of the 
Sensor network can be defined as a planar undirected 

graph ( )EvG , , where “V”, “E” respectively refers to 

the collection of nodes and links. For any node vi ∈ , 
the current node energy is referred to as ( )iE , the 

current coverage radius of the node i is denoted as r, 
and the communication radius is “R”; The query 
energy of node (monitoring energy) is denoted  
as )(ie . 

Definition 1 (Cover): assume that 
{ },,,2,1 nsssS ……=  is an arbitrary collection of “n” 

sensor nodes deployed in the two-dimensional space 
“R2”. For any position point in the information 
collection area G, there is at least one sensor node 

Ssi ∈  and iDi ∈  and then “S” covers the 

information collection area “G”. 
Definition 2 (Cover Disk): for any position point 

“O” in “G”, there exists the sensor node “s”, the 
coverage area of “s” is called the cover disk of “s”; 

Definition 3 (Cover Set): if any position in the 
information collection area ”G” can be covered by 
one or more nodes in “S”, “S” covers “G”.  

Definition 4 (Connected Cover Set): under the 
condition of definition 3, if all the nodes in “S” can 
be used to achieve communication, “S” is the 
connected cover set of “G”. 

Definition 5 (Minimal Connecting Cover Set): 
under the condition of definition 4, if the number of 
all the nodes in { }nsssS …= ,2,1  is the minimal, “S” 

is the minimal connecting set of “G”.   
Definition 6 (Grid Partition of Regular Hexagon): 

for a given information collecting area “G” with the 
maximum length “L”, the maximum width W and 
the length of each side of regular hexagon “r”, the 
region “G” can be divided into 

( 4 ) /1.5 ( 4 ) / 2l r r w r r+ × +        regular hexagons, 

as is shown in Fig. 1. 

x    is the upward integer value of “ x ”. 

 
 

 
 

Fig. 1. Regular hexagon grid subdivision. 
 
 

Definition 7 (Node Numbering): when the base 
station (Sink) node conducts regular hexagon grid 
subdivision for the information collecting area “G”, 
it will send the position of the subdivided regular 
hexagonal grids to all the nodes, and sort the nodes in 
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the same grid as a cluster { }1 2 ,, , ,w w w wnS s s s= … . 

And the nodes in w will be numbered.  
 
 

3. The Determination of Minimal 
Connecting Cover Set 

 

Theorem 1: When the sensor node "s" is in the 
center of a regular hexagon, the cover disk of "s" is 
capable of covering the entire regular hexagon, as is 
shown in Fig. 2. 
 
 

 
 

Fig. 2. Cover disk. 
 
 

Proof: the assumption indicates that the coverage 
radius of "s" is “r” and the covering region is a disk 
with "s" as the dot, and "r" as the radius. The center 
of “w” coincides with "s", while the side length is 
“r”. Therefore, “w” is the largest inscribed hexagon 
of "s". 6 vertices of "s" are totally on the 
circumference of "s", and “w” area is completely in 
"s", thereby the Theorem 1 works. 

Decision theorem 1: When the sensor node exists 
in the center point of every hexagon, this node is 
regarded as Active, other nodes in the same cluster 
are regarded as Asleep. If there are several nodes in 
the center point, the one with the smallest number is 
regarded as Active.   

Decision theorem 1 shows that the theorem 1 is 
apparently able to completely cover the “W” grid. 

Theorem 2 (built-in coordinate system): when 
there is no sensor node in the center point of "w", 
build coordinate system with the parallel diagonal 
line of "w" as X axis, the horizontal diagonal line of 
"w" as Y axis, and number the quadrant. The top 
right part is the first quadrant, bottom right is the 
second quadrant, bottom left is third quadrant and the 
top left is the fourth quadrant, as is shown in Fig. 3: 
 
 

 
 

Fig. 3. Built-in coordinate system. 
 
 

Theorem 3 (critical region): draw six circles 
whose center is the 6 vertices of the subdivided 
hexagon "w" respectively and whose radius are "r". 

Their intersection area is the key region, as is shown 
in the shadow of Fig. 4: 
 
 

 
 

Fig. 4. Key region. 
 
 

Decision theorem 2: when the sensor node exists 
in the key area, the node with the smallest number in 
the key area is regarded as Active and the remaining 
nodes in this quadrant are regarded as Asleep.  

Proof: assume that there exists a key area "S" in a 
certain quadrant of hexagonal grid "w", the peripheral 
distance of any position in "S" to the trapezoid in this 
quadrant is smaller or equal to "r", so any position 
node in "S" with sensor node is able to completely 
cover the trapezoid in this quadrant. Therefore, it can 
be inferred that theorem 2 could completely cover the 
quadrant of “W” grid. The whole proving process is 
as shown in Fig. 5. The shadow part is a critical area, 
and the trapezoid “ABCO” is the fourth quadrant of 
hexagon grid "w". 
 
 

 
 

Fig. 5. Decision of theorem 2. 
 
 

Decision theorem 2 is functional when decision 
theorem 1 cannot work. 

Theorem 4 (adjacent critical area): there exists 
critical area A in a certain quadrant of the subdivided 
regular hexagon "w". With the built-cross coordinate 
dot as the center, there also exists critical area “B” or 
“C” in the region obtained by moving it left or right 
60 degrees. “A” and “B” or “A” and “C” are 
mutually adjacent critical regions, as is shown  
in Fig. 6. 
 
 

 
 

Fig. 6. Adjacent critical area. 
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Decision theorem 3: if there are adjacent areas 
“B” and “C” around a key area “A”, change the key 
area A from being "active" to being "asleep". 

Proof: As is seen from Fig. 5, the sum of covering 
disc of active nodes within the area of key areas “B” 
and “C” is able to completely cover this quadrant, 
i.e. cover the covering disk of Active nodes within 
the key area “A”. 

Decision theorem 3 is founded on the basis of 
decision theorem 2. 

Decision theorem 4: in the subdivided regular 
hexagon grid w, if there is no critical area in a certain 
quadrant. Draw a straight line from its vertex to the 
center of "w" to divide the quadrant into two areas. 
Respectively select the node with the smallest 
number from these two areas and set it as Active, as 
is shown in Fig. 7.   
 
 

 
 

Fig. 7. Clarification of Decision theorem 4. 
 
 

Decision theorem 4 is founded on the basis of 
decision theorem 1, 2 and 3. 

Theorem 5 (sensitive area): if there are no sensor 
nodes in area “1” or area “2” as is shown in Fig. 8, 
the area which gets to that area's side with distance 
“R” is called sensitive area. 
 
 

 
 

Fig. 8. Sensitive area. 
 
 

Decision theorem 5: set all the nodes in sensitive 
area active. 

Decision theorem 6: there is node “A” and “C” 
in sensitive area, and the distance between “A” and 
“C” is less than "r", and if there is node 

{ }nbbbB ,,2,1 …=  within “A” and “C”, and “A”, 

“B” , “C” are in a line, then set node “B” asleep. 
Proof: It can be seen from Fig. 9 that the area of 

the regular hexagon covered by the Node “B” is 
totally covered by the sum of areas of the regular 
hexagon covered by the Node “A” and “C”.   

 
 

Fig. 9. Clarification of decision theorem 6. 
 
 

Above decision theorem 1 to 6 is to guarantee 
area “G” is completely covered, and the following 
decision theorem is to guarantee all the active nodes 
construe a minimum connecting coverage of  
area “G”. 

Decision theorem 7: after completion of decision 
theorem, sink nodes find connecting set by minimum 
path algorithm. When connected component “A” and 
“B” cannot reach into each other, try to find 
connected component { }ncccC ,,2,1 …=  to connect 

“A” and “B” by distance measurement and set “C” 
as node Relay. 
 
 
4. Performance Analysis and Simulation 
 
4.1. Performance Analysis 
 

1) Numerical analysis of n value of regular  
n-polygons  

For the regular polygon grid partition of an 
information collecting area, 2 conditions should be 
satisfied to obtain the minimum number of partition 
grid: 1) large number of regular polygon sides (the 
larger number of sides is conductive for it is easy to 
be closer to the area of the circumcircle); 2) seamless 
splicing of polygon (when the splicing is conducted 
for n regular polygons, the sum of their angles  
is 360°). 

Hypothesis 1: In the inscribed polygon, the larger 
number of sides is conductive for it is easy to be 
closer to the area of the circumcircle. Assume the 
radius of the circle is "r" and the number of regular 
polygon sides is "n", as is shown in Fig. 10.  
 
 

 
 

Fig. 10. Inscribe regular polygon in circular. 
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Fig. 10 indicates that to calculate the area of a 
regular polygon could be converted into calculating 
the area of n triangles. Formula (1) can be obtained 
 

 2 1cos 2s r AOBΔ = × ∠ ×  (1) 

 
According to formula (1), the area of feasible 

regular polygon is as shown in formula (2) 
 

 
nS n sΔ= ×  

= 2 1cos 2n r AOB× × ∠ ×  

= 2 360 1cos( ) 2nn r °× × ×  

(2) 

 
According to the conditions, formula (3) could  

be obtained 
 

 01 −− nn ss  (3) 
 

According to formula (2) (3), formula (4) could 
be obtained: 
 

2 2360 3601 1cos( ) ( 1) cos( )2 1 2n r n rn n
° °

× × × − − × × ×−
 

= 2 360 360
2 1 1[ (cos(360 / ) cos( )) cos( )]r

n nn n ° °°
− −× − + >0 

(4) 

 

When n is positive ∞, 360 / 0n° → , 
360 01n

°
→−

, and 360 360
1n n

° °

− , 

( ) ( )360 360
1Cos Cosn n

° °
> −

, therefore hypothesis 1 

could stand up apparently. 
Hypothesis 2: if the regular n-polygons could 

achieve seamless splicing, to subdivide a region 
regularly is feasible, as is shown in Fig. 11. 
 
 

 
 

Fig. 11. The seamless splicing of regular hexagon. 
 
 

Fig. 11 indicates that to calculate the angle of 
regular n-polygons could be converted into 
calculating the angle of triangle, as is shown in 
formula (5): 
 

 2ABC ABO∠ = × ∠  

＝
n

00 360180 −  (5) 

Based on Hypothesis 2 and the formula (5), 
formula (6) could be obtained 
 

 360(180 ) 360n x°° °− × =  

2
2

n
n x− =  

(6) 

 
In the above formula, n and x  are both positive 

integers. "n" value is {3,4,6}. 
Hypothesis 1 and Hypothesis 2 can justify that the 

minimum grid number can be achieved by using the 
regular hexagon to subdivide the information 
collection area.  

2) Analysis of the algorithm time complexity  
Literature [14] has demonstrated that for any 

given n position points in the two-dimensional space 
“R2”, the algorithm time complexity of Voronoi grid 
in “R2” is built as ( )nno log . Based on the above 

conclusion, the following is the estimation for the 
time complexity in ACA-RH algorithm: 

Step 1: subdivide the regular hexagon for the 
information gathering area. If there are sensor nodes 
in area "w", set its central node as Active and 
calculate its time complexity ( )1o . 

Step2: the setting time consumption of the node in 
critical region is ( )1o . 

Step3: the setting time consumption of the node in 
adjacent critical region is ( )1o . 

Step 4: the setting for the node in the sensitive 
area is relatively complex, and its computing time 

complexity is ( )2to . 

In summary, the computation time consumption 
of the algorithm ACA-RH is no more than 

 

)3()()1()1()1( 22 totoooo +=+++  

 
As “t” is far smaller than “n”,  
 

)log()3( 2 nnoto <+  

 
 
4.2. Simulation Experiment 
 

In order to evaluate the algorithm’s performance, 
“C#” language is used to design the simulation 
program in the windows environment. The energy 
required by node location perception is 1J. In the 
40*50 information collecting area, there are  
8000-20000 sensor nodes randomly distributed and 
assume the sensing radius of each node as 1. 

Fig. 12 shows the variation of active node number 
of ACA-RH algorithm when the total number of the 
whole region is respectively 8000, 14000, and 20000. 
Moreover, the larger number of regional nodes 
represents larger number of Active nodes in the 
initial stage of algorithm’s operation, indicating that 
the larger number of nodes at the central position of 
the regular hexagon. With time lapses, the number of 
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Active nodes is turn smaller in the late period; 
finally, when a=20000, the number of Active nodes 
of the whole system is consistent with our theory.  

Fig. 13 refers to the variation in the software 
running time zone when achieving various decision 
theorems in the same area with different cover 
densities. The figure indicates that the four steps 
require the same time under different cover densities, 
while the last two steps require less time on the 
condition that the cover density is relatively high, 
which is consistent with the algorithm time 
complexity analysis. The higher cover density means 
the less sensitive region, coupled with the less time 
for the node judgment in the sensitive region. 
Besides, the node judgment in this region usually 
costs the longest time; therefore, the higher the cover 
density is, the less the time used to create the 
connecting cover set be.  
 
 

 
 

Fig. 12. The variation of Active node with different  
cover densities. 

 
 

 
 

Fig. 13. The variation of network creating time  
with different cover densities. 

 
 

Fig. 14 presents the energy consumption to create 
connecting cover set in the same area when the cover 
densities are not simultaneous. Specifically speaking, 
when the cover density is large, the energy 
consumption is also large at the initial stage and the 
situation reverses at the later stage. This is because 
all nodes are monitoring surrounding circumstances 
at the beginning, which leads to the large energy 
consumption. While, after the determination of 
several rounds, most of the nodes are Asleep, so the 
energy consumption is less. 

 
 

Fig. 14. The energy consumption to create network  
with different cover densities. 

 
 

Fig. 15 is the comparison of the number of nodes 
required by the partition of regular triangle, square 
and regular hexagon. As can be seen from the figure, 
the partition of regular hexagon requires the least 
number of Active nodes, followed by the square and 
regular triangle, which is consistent with the 
numerical analysis of n value of regular n-polygon.  
 
 

 
 

Fig. 15. Comparison of the number of nodes required  
by the partition of regular triangle, square  

and regular hexagon. 
 
 

To evaluate the performance of ACA-RH 
algorithm correctly, respectively compare the number 
and time consumption of the required Active nodes 
by using SCR-CADS and So&Ye algorithm, as is 
shown in Fig. 16 and Fig. 17. 
 
 

 
 

Fig. 16. The relationship between active node number and 
the network size. 
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Fig. 17. Comparison of the algorithm time consumption. 
 
 

Fig. 16 indicates that So & Ye algorithm requires 
that all the sensor nodes in the entire network be used 
to calculate Voronoi grid, and the utilization rate is 
100 %; SCR-CADS algorithm is a distributed 
algorithm by using the mechanism of dormancy and 
its utilization rate is 43 %; for the newly proposed 
ACA-RH algorithm, only the relevant sensor nodes 
(about 30 %) are used to conduct calculation. 
Obviously, the computational complexity of the new 
algorithm is much lower. 

Fig. 17 indicates that the time consumption of 
ACA-RH algorithm is far less than that of So & Ye's 
algorithm and SCR-CADS algorithm, which is in line 
with what has been presented in figure 6: only part of 
the sensor nodes are required to calculate Voronoi 
grid in VT-RCDA. Meanwhile, this result  
is also consistent with the complexity analysis  
of algorithm time. 
 
 

5. Conclusion 
 

Based on the characteristics of Voronoi grid, this 
paper proposes the approximately minimum 
connecting and covering arithmetic for Sensor 
network partitioned by regular hexagons, taking the 
advantages of the distributed algorithm. The Sink 
node in the new algorithm conducts regular hexagon 
grid partition for the information collecting area, and 
then compares the position of the sensor nodes and 
that of each regular hexagon grid to determine 
whether to work or sleep, thereby constructing the 
Approximately Minimal Connecting Cover Set. The 
theoretical analysis and simulation results show that 
the new algorithm owns better performance than the 
existing algorithms. 
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