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Abstract  

The coverage problem is a fundamental and important issue with regard to 
wireless sensor networks. To reduce the number of sensor nodes, mobile nodes 
can be used to mitigate the sweep coverage problem. In this paper, a sweep 
coverage mechanism is proposed to keep the patrol times of mobile nodes 
approximate to one another. In simulation, various moving speeds and waiting 
times of mobile nodes are considered. Simulation results attest to the feasibility 
of the proposed method. 
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1   Introduction 

In the past, substantial manpower and resources have been required to complete the 
task of monitoring wireless networks. Due to the development of wireless sensor 
nodes, the large number of sensor nodes deployed in the environment can be 
monitored to collect the required monitoring information. A situation involving the 
wireless communication capabilities of sensor nodes in a secure environment allows 
users to receive sensor nodes, gather information and reduce risk in high risk areas. 
These characteristics of sensor nodes are increasingly important to wireless sensor 
network research [1]. Among the important topics of sensor networks is the coverage 
problem. In the context of the wireless sensor network, coverage problem research 
can be divided into three categories: Blanket Coverage [2, 3, 4, 5], Barrier Coverage 
[6, 7], and Sweep Coverage [8]. This paper investigates sweep coverage and its ability 
to be used to detect a flashover. A flashover [9, 10] takes place in a space where 
combustible gas accumulates near the ceiling where the flammable gas and air 
mixture lead to a wide range of opportunities for volatile flammability. Personnel 
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within this space have a low chance of survival. The flashover can reach temperatures 
of 500 degrees Celsius and wooden buildings can reach 500 degrees Celsius within 
the short time of 330 s. So, if scanning coverage applies to this type of fire detection, 
at least in 330 s should be allowed to complete each scan within the monitoring area 
several times. 

This paper is based on the Two-phase Irregular Deployment Algorithm (TIDA) [5], 
and is aimed at designing a suitable Sweep Coverage mechanism. In [5], the entire 
sensing area will be divided into several sub-areas and each sub-area will be allotted a 
number of sensor nodes so that it is completely covered. In this paper, the locations of 
sensor nodes within a sub-area are called the patrol points. In a sub-area, a mobile 
node follows the order of arrival of all patrol points, and then forms a patrol path. It is 
obvious that if the sensor nodes are deployed within the patrol point, the entire sub-
region will have complete coverage, as shown in Fig. 1. Taking sub-area e as an 
example, the TIDA method requires the deploying of 5 sensor nodes to enable 
complete coverage. However, using the modified traveling salesman problem’s 
solution, a circular patrol path (1→2→3→4→5→1) can be obtained. A mobile node 
moving along the circular patrol path will be able to achieve sweep coverage of the 
sub-area. In Fig. 1, the whole sensing area needs 37 fixed sensor nodes to achieve 
blanket coverage; in contrast, only 9 mobile nodes are needed to achieve sweep 
coverage. If it is possible to further develop the hardware of the efficient mobile 
sensor nodes, then the sweep coverage method can effectively reduce the number of 
sensor nodes. 

In regular sensor node deployment strategy, the blanket coverage problem is easy 
to solve and it is possible to translate the solution to the sweep coverage problem. 
However, under an irregular sensor node deployment strategy, the patrol path of 
mobile nodes will be different. This situation will cause patrol time inconsistencies; as 
such, the quality and stability of the sweep coverage will be affected. To solve this 
problem, this paper offers a patrol point algorithm. By fine-tuning the adjacent sub-
region within the patrol path, each mobile node of the patrol time is approximately 
consistent and in-line with the detection requirements of fire flashover. 

 

 

Fig. 1: Patrol path of mobile node 



The remainder of this paper is organized into the following sections: Section 2 
introduces coverage-related literature, Section 3 introduces the Patrol Point Algorithm, 
and Section 4 simulates the proposed algorithm. Finally, a conclusion is given in 
Section 5. 

2   Related Works 

Deployment of sensor nodes can be divided into two categories: regular deployment 
and irregular deployment. Regular deployment is in accordance with a specific 
geometric shape such that deploying sensor nodes achieves the objective of covering 
a given monitoring area. In [11], the regular deployment method, such as hexagonal, 
square, star, and other regular deployment methods are shown. As such, a systematic 
planning of node deployment has the advantage of regular deployment. However, in 
an actual situation, there might be geographical limitations or obstacles blocking the 
line of detection such that the node cannot be deployed. 

In irregular deployment, the nodes are randomly placed in the monitoring area. By 
adjusting the location of some nodes or placing some new nodes, full coverage can be 
achieved. Irregular deployment can be adjusted in accordance to environmental 
changes through the further deployment of additional sensor nodes. But such 
deployment entails high computational complexity and requires a large number of 
nodes to be used because an irregular deployment is likely to cause various sensing 
areas to overlap. With the similar sizes of sensing area, irregular deployment requires 
more nodes than a regular deployment scenario. 

The following will summarize irregular deployment research with regard to 
Blanket Coverage, Barrier Coverage and Sweep Coverage. 

2.1   Blanket Coverage 

The goal of blanket coverage [2] is to achieve a deployment of sensors that 
maximizes the total monitoring area. In [3], the monitoring area is divided into a 
number of sub-areas that can be covered by a sensor node. The sensor node’s 
positioning is called its grid point. Two greedy algorithms (MAX_AVG_COV and 
MAX_MIN_COV) were proposed to calculate the probability of correct and incorrect 
target detection, respectively, as if the node were placed on the grid point. Note that 
the probability is decided by the distance between sensor node and target. The 
objective is to ensure that every grid point is has a probability of at least threshold T. 

In [4], sensor nodes are divided into two categories: stationary sensor node and 
mobile sensor node. The mobile node is used to cover the monitoring area that is non- 
covered by stationary nodes. The monitoring area is divided into a number of cells 
and the average node density Nc within the cell is calculated. If the node density of 
cells is less than βNc, then this cell is identified as a non-covered area, where β is a 
parameter and 0 <β <1. A neighboring mobile node will then be asked to enter the 
non-covered area. In addition, if the sensor nodes run out of battery power resulting in 



a non-covered area, the nodes in the cell will send a Help Message to the mobile node 
to request assistance in covering the monitoring area. 

In [5], a two-phase irregular deployment algorithm (TIDA) was proposed. The first 
phase is responsible for the random deployment of sensor nodes. The second phase 
consists of three sub-tasks, namely: (1) Initialize Node Deployment where the sensing 
area is divided into several sub-areas and a controlled sensor node is deployed into the 
center of the sub-area where the sub-area has the lowest degree of coverage; (2) Non-
covered Area Improvement which fine-tunes the location of fully covered nodes with 
highest moving efficiency to improve coverage. If blanket coverage has been reached, 
then the fully covered node will be shut down to reduce the amount of nodes and stop 
the deployment algorithm; and (3) Overall Coverage Reinforcement where, according 
to the coverage limitations of sensor nodes, fine-tuning the location of all sensor 
nodes improves coverage. 

2.2   Barrier Coverage 

The goal of barrier coverage is to achieve a static arrangement of nodes which 
minimizes the probability of undetected penetration through the barrier. It deploys 
many sensor nodes to surround the monitoring area in order to form a detection 
defense line; any object passing the defense line will be detected by a node. In [6], 
divided barrier coverage of Open Belt Regions and Closed Belt Regions was used and 
an algorithm for detecting their vulnerabilities was proposed. [7] utilized mobile 
sensors that can be relocated after deployment to achieve barrier coverage. The 
energy-efficient relocation problem for barrier coverage was solved using a 
centralized barrier algorithm that computes the relocated positions based on knowing 
the initial positions of all sensors. 

2.3   Sweep Coverage 

The goal of sweep coverage is to achieve a monitoring task that uses one or more 
mobile sensor nodes which move to and fro continuously within a monitoring area to 
run a blanket detection scheme. Sweep Coverage with mobile sensors is an efficient 
scheme for many environments in surveillance applications with specified delay 
bounds (e.g., fire flashover). 

[8] showed that determining the minimum number of required sensors (min-sensor 
sweep-coverage problem) is NP-hard. So, a DSWEEP (Distributed Sweep Algorithm) 
was proposed to allow moving sensor nodes to exchange location information with 
each other and to allow nodes to dictate changes in existing moving paths. 

Surveying the above research, one can see the issue in different contexts and cover 
a variety of solutions which each having its own advantages and disadvantages. In 
this paper, a Patrol Point Algorithm (PPA) is proposed with regard to the sweep 
coverage problem. By fine-tuning the patrol paths of the adjacent sub-area, the patrol 



time of all mobile nodes is approximately consistent and the system can meet the 
detection time requirements of a fire flashover occurrence. 

 

3   Patrol Point Algorithm 

There are two issues with regard to the sweep coverage problem using irregular 
node deployment: (1) node visitation order, and (2) patrol times. The first issue can be 
modeled in the context of the Traveling Salesman Problem (TSP). This problem can 
be translated into a graph theory, such that patrol points are the graph's vertices, paths 
are the graph's edges, and a path's distance is the edge's length. As such, the TSP tour 
becomes a Hamiltonian cycle and the optimal TSP tour is the shortest Hamiltonian 
cycle. This problem is computationally difficult, but a large number of heuristics and 
exact methods are known, so the first issue can be controlled. With regard to the 
second issue, a solution is required for the inconsistent patrol time of mobile nodes. 

Therefore, a Patrol Point Algorithm is proposed to present an approximate solution 
for solving this problem. In this paper, the following assumptions are made: 

(1) The monitoring area is a two-dimensional plane. 

(2) The sensing area of sensor node is ideal (the shape is a circle). 

(3) Signal interference, attenuation, diffusion, and scattering factors are not 
considered. 

(4) Mobile node energy consumption is not considered, and a mobile node can move 
to the specified location within the monitoring area. 

3.1   Patrol Time Analysis 

The patrol time of mobile nodes in irregular node deployment is inconsistent 
because the distance between every patrol point is not the same and the number of 
patrol points in each sub-area is also different. Therefore, the mobile node's patrol 
time can be summarized as follows: 
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where, i is the ID of mobile nodes, k is the number of all patrol points in the patrol 
area, dj is the distance between the (j-1)-th patrol point and the j-th patrol point, v is 
the moving speed of sensor node, and Tw is the dwelling time of the patrol point. 



3.2   Patrol Time Approximation 

Because TIDA may occur within a single sub-area or patrol point, this leads to a 
single mobile node only being able to stick to the patrol point. In order to avoid this 
problem and reduce the number of mobile nodes, four adjacent sub-areas will be 
merged into a group, allowing mobile nodes to visit all the patrol points in the group. 
Patrol times and average patrol time is considered in PPA. If the patrol time of the 
mobile nodes is greater than the average patrol time, one patrol point of this sub-area 
will be released and this released patrol point will be included in its adjacent sub-area. 
Fig. 1, for example, shows that sub-area e has a patrol path Re: 1→2→3→4→5→1 
and sub-area f has a patrol path Rf: 6→7→8→6. If the average patrol time is larger 
(less) than the patrol time along with the patrol path Re (Rf), then Patrol point 4 will be 
released by sub-area e and will be included in sub-area f. So, the patrol path Re is 1→
2→3→5→1 and the patrol path Rf is 6→4→7→8→6 (see Fig. 2). 

 

 
Fig. 2: The exchange of patrol points between adjacent sub-areas e and f 

However, sub-area f is based on round-trip time in deciding whether to include 
patrol point 4 in its patrol path. The Round-trip time (RTT) is defined as the additional 
patrol time if the mobile node includes the patrol point that is located in its 
neighboring sub-area. Fig. 3(a), for example, shows that mobile node MA is 
responsible for the patrol path 1→2→1, and the mobile node MB is responsible for the 
patrol path 3→4→5→3. Assume that the average patrol time is larger than the patrol 
time of mobile node MB and less than the patrol time of mobile node MA. Therefore, 
sub-area j releases patrol point 3 or 5 to its neighboring sub-area k. The mobile node 
MA in sub-area k computes the RTT to determine if it includes Patrol Point 3 or 5 in its 
patrol path (i.e., RTT3=T1→3+T3→2+T2→1-T1→2-T2→1, RTT5=T1→5+T5→2+T2→1-T1→2-T2→1, 
and Ti→j is the patrol time from patrol point i to j). If RTT3 is less than RTT5 and the 
total patrol time of MA is less than the threshold ThL, Patrol Point 3 will be included in 
the patrol path of mobile MA (i.e., patrol path Rk: 1→3→2→1, see Fig. 3(b)). 

 



 
Fig. 3: The exchange of a patrol point: (a) the original patrol path (b) new patrol path 

 
In order to prevent the ping-pong effect from occurring, the inclusion and 

exclusion of the patrol point is determined by thresholds ThL (Eq. (3)) and Tavg (Eq. 
(2)), respectively. When the patrol time of the mobile node is larger than Tavg, the 
mobile nodes are allowed to exclude a patrol point. When the patrol time of mobile 
node is less than ThL, the mobile node is allowed to include an additional patrol point. 
In contrast, when the new patrol time of mobile node Tf (Eq. (4)) is larger than ThL, 
the mobile node is denied inclusion of an additional patrol point. The formula of Tavg, 
ThL, and Tf are listed as follows: 
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ThL = Tavg + Tw
 

(3) 

Tf = Ti + Tw + RTTj
 

(4) 

where, Tavg is the average patrol time, Tw is the dwelling time in a patrol point, n is 
the number of mobile nodes, Tf is the new patrol time that includes an additional 
patrol point. 

 
  The pseudo code of proposed Patrol Point Algorithm is as follows: 
PPA(P,w) 
1: // Set of Mobile Node, MA={a1, a2, …, an}; 
2: // Set of Patrol Point, P={p1, p2, …, pj};; 
3: // Set of Total Patrol Time, T={t1, t2, …, tn}; 
4: //Set of exclusion patrol point, S={s1, s2, …, sk}; 
5: //Set of new Patrol time, F={f1, f2, …, fk};  
6: do 
7:   Compute pi of ai, i=1…j ∀ai ∈MA 
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9:   ThL=Tavg+Tw; 
10:   for (x=1; nx ≤ ; x++) 
11:     if (Tx > Tavg) 
12:       Find si，where ax is the neighboring mobile node of si and Ti = min{T}; 
13:        S=S∪{si}; 
14:     end if 
15:    if (Tx <ThL) 
16:      

    
Tf = Tavg +Tw+ RTTsi; 

17:         if (Tf <ThL) 
18:                F=F∪{fi}; 
19:         end if 
20:     end if 
21:   end for 
22:   if(S≠∅) 
23:     find si, with fi = min{F} and fi∈F  

24:     S-{ 'is } 

25:   end if 
26: while (S≠∅) 
 
In the above PPA algorithm, Steps 7-9 compute the patrol time Ti, average patrol 

time Tavg, and threshold ThL, Steps 10-21 check whether the mobile node includes or 
excludes the patrol point, and Steps 22-25 find a suitable mobile node to include the 
patrol point. 

4   Simulation Results 

This section discusses the experimental simulation based on the proposed method 
by using MATLAB, a high-level technical computing language. The simulation 
network environment with a 42 m × 42 m monitoring area is shown in Fig. 4. 
Applying the TIDA, the monitoring area can be divided into 36 sub-areas and each 
sub-area is allotted at least one sensor node to achieve blanket coverage. After that, 
the location of the sensor node that is deployed by TIDA is the patrol point in the PPA, 
and one mobile sensor node is deployed in a group that is formed by the four 
neighboring sub-areas.  

 



 

Fig. 4: Network topology 

By considering the dwell time (0, 1, and 2 s) and moving speed (10, 20, 30, 40, and 
50 km/h) of the mobile nodes, the average patrol time of a mobile node is shown in 
Figs. 5-7. There is a significant difference in the maximum and minimum patrol times 
because each sub-area encapsulates a different number of patrol points, resulting in 
the sub-area differences in the patrol time. As nodes move faster, the time difference 
between maximum and minimum patrol times will also become smaller. In the case of 
a mobile node with a moving speed of 10 km/h, reducing the dwell time from 2 s to 0 
s can reduce the average patrol time from 26 s to 15 s. Table 1 shows the standard 
deviation of average patrol times for our simulation. As the moving speed increases 
(greater than 10 km/h), its standard deviation is less than 2 s. Therefore, this shows 
that the proposed algorithm with high moving speed and low dwelling time of mobile 
nodes can effectively reduce the average patrol time. 

According to the above results, the maximum patrol time is 34 s when moving 
speed is 10 km/h and dwelling time is 2 s. Before the flashover occurred (about 330 s), 
the mobile node has been allowed to patrol the monitoring area at least 9 times. 
Therefore, the mobile node can provide an urgent notice before the flashover occurs. 

 



 
Fig. 5: Patrol time of mobile node (Dwell time=0 s) 

 
Fig. 6: Patrol time of mobile node (Dwell time=1 s).  

 
Fig. 7: Patrol time of mobile node (Dwell time=2 s) 

 



Table 1: Standard deviation of average patrol time 

Dwell time 
Speed 

0 s 1 s 2 s 

10 km/h 3.79 s 4.17 s 4.57 s 
20 km/h 1.65 s 2.43 s 2.98 s 
30 km/h 1.29 s 1.75 s 2.41 s 
40 km/h 0.91 s 1.44 s 2.01 s 
50 km/h 0.72 s 1.21 s 1.96 s 

5   Conclusion 

The proposed patrol point algorithm can keep the patrol times of mobile node 
approximate to one another and can meet the detection requirements of a potential fire 
flashover situation (i.e., detecting time is within 330 s). As seen through our 
simulation results, reducing the dwelling time can reduce the total patrol time more 
effectively than increasing the moving speed of the mobile node.  

Although this research approach is based on TIDA, other cell-based blanket 
coverage approaches can also be used in the proposed PPA. Therefore, in future work, 
designing a novel or existing blanket coverage approach to improve the consistency 
of patrol time remains an important area of investigation. 
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