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Abstract—Mobile sinks are extensively used for data 

gathering in Wireless Sensor Networks (WSNs). This 
method avoids imbalances in energy consumption caused 
by multi-hop transmission but may cause an extended delay 
time. In this paper, we focus on how to shorten the length of 
traveling path to reduce the delay time of data gathering. 
We propose that the mobile sink visits the overlapping areas 
of communication ranges of sensors instead of sensors one 
by one. Next, we determine the visiting point of each 
overlapping area and use the Traveling Salesman Problem 
(TSP) algorithm to plan a traveling path. Because the 
visiting point is a point within the overlapping area of 
communication ranges of sensors, it is possible that the 
length of the traveling path can be further reduced. Hence, 
we attempt to shorten the traveling path obtained by the 
TSP algorithm. The benefit of the proposed method is that 
the number of visiting points is reduced after integration of 
visiting points. This method not only shortens the length of 
traveling path for the mobile sink but also reduces the 
computational effort required for traveling path planning 
by the TSP algorithm. Moreover, we also consider data 
transfer rate in traveling path planning to obtain a path that 
satisfies the constraint of data transfer rate. Our 
experimental results show that the proposed algorithm 
delivers good results in terms of computational effort and 
length of traveling path. 
 

Index Terms—Wireless sensor networks, data gathering, static 
sensor, mobile sink, TSP problem. 
 

I. INTRODUCTION 

 Wireless Sensor Network (WSN) comprises a large 
number of low-cost and small-size sensors [27]. The 

hardware of a sensor consists of four basic units, including the 
sensing unit, the processing unit, the wireless transmission unit, 
and the power unit. The sensing unit is able to detect signals of 
physical, biological, and chemical quantities. The processing 
unit and the wireless transmission unit are responsible for 
converting the signals into electronic signals, such as frequency, 
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pulse, electric current, and voltage, and then transmitting them. 
The sensing unit uses different sensing modules to monitor 
specific data depending on applications. For instance, it can 
monitor temperature, humidity, vibration, and pressure 
[3][5][13]. So far, WSNs are more extensively applied to 
environmental monitoring. In this application, how to collect 
sensing data in the Region of Interest (ROI) is an important 
issue [25]. 

In WSNs, the sensing data can be gathered in two ways: (1) 
the sensing data are transmitted to the sink through multi-hop 
transmission [6][8][12]; (2) the sink with mobility (mobile sink) 
moves to the ROI to collect the sensing data 
[1][7][19][20][23][26]. In multi-hop transmission, sensors 
located near the sink are required to frequently relay data for 
other sensors to the sink and therefore consume more energy 
compared to sensors required to relay data for others less 
frequently. When their energy depletes, the quality of 
monitoring (QoM) of the network will be affected. Besides, if 
there exists an isolated network in the ROI, sensors in the 
isolated network are unable to send the sensing data to the sink 
[18]. The region of the isolated network will not be monitored, 
and the QoM will also be affected. Using a mobile sink to 
collect the sensing data in the ROI (i.e. the second way of data 
gathering) can avoid the above-mentioned problem of 
unbalanced energy consumption and the problem of gathering 
data from sensors in isolated networks. As the motion speed of 
a mobile sink is far slower than that of wireless multi-hop 
transmission [24], the long delay time is another issue that 
should be addressed. The delay time of data gathering depends 
on the motion speed of the mobile sink and the length of the 
traveling path in ROI. Therefore, how to plan a shorter traveling 
path in the ROI for the mobile sink with the motion speed 
controlled is the primary focus of research in this area.  

It is known that the traveling path planning problem can be 
solved by Traveling Salesperson Problem (TSP) algorithm [14] 
[21]. Because the TSP problem is a NP-Hard problem, finding 
an optimal solution requires huge computational effort and time, 
especially when the number of visiting points is large. 
Moreover, with the increase in the number of visiting points, 
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the length of the traveling path computed by the TSP algorithm 
also increases. If the number of visiting points can be reduced, 
the computational effort and length of the traveling path can be 
effectively reduced. To examine if a reduced number of visiting 
points can lead to a shorter length of traveling path, we 
conducted 100 simulations in an area of 500 x 500 units of 
distance2. We built the simulator in Java programs. Initially, 
sensors are randomly deployed on a two-dimensional plane. 
Table 1 shows the effect of the number of visiting points on the 
length of traveling path in an area of 500 x 500 units of distance2. 
For example, if we use the TSP algorithm to visit each sensor 
in an area with 150 sensors deployed, the length of its traveling 
path will be 4991 units of distance. Using the concept of 
combining visiting points shown in Fig. 1 (rc = 20 units of 
distance), we can reduce the number of visiting points to 72. 
After combination of visiting points, the length of traveling path 
for the TSP algorithm can be shortened to 3845 units of distance, 
that is, a 23.0% reduction. Through simulation, we confirm that 
reducing the number of visiting points is helpful for reducing 
the length of traveling path.  

In this paper, we focus on how to reduce the number of 
visiting points to shorten the length of traveling path. Our 
approach is to find a point in the convergence area of multiple 
sensors’ communication areas and let the mobile sink visit this 
point only instead of visiting multiple sensors (see Fig. 1.). 
Later, we can use the TSP algorithm to plan the traveling path 
for the mobile sink based on the visiting points. Because the 
visiting point is a point within in the convergence area, it is 
possible that the length of the traveling path can be further 
reduced. Hence, we attempt to shorten the traveling path 
obtained by the TSP algorithm to further shorten the traveling 
path. 

The proposed algorithm can be applied in many areas. Take 
environmental monitoring as an example. In order to extend the 
network lifetime of a WSN, we can send a mobile robot with 
sink functions (ex. iRobot 510 PackBot [11]) to collect data 
from all sensors in the network along a planned path based on 
one-hop transmission. In military applications, we can use 
cannons or aircraft to scatter a large number of sensors over the 
battlefield. The WSN created by this sensor deployment method 
may contain numerous isolated networks, so we cannot deliver 
sensing data simply by multi-hop transmission. In this scenario, 
we can send a mobile robot with sink functions to collect data 
from all sensors along a planned path to avoid casualties caused 
during collection of data in the battlefield. 

This paper consists of seven sections, and the remainder is 

organized as follows. Section II describes the related works of 
traveling path planning with mobile sinks in WSNs. Section III 
describes the problem formulation and system model. Section 
IV describes the concept and approach. Section V describes the 
proposed algorithm. Section VI shows the performance 
evaluation. Finally, conclusions are drawn in Section VII. 

II. RELATED WORK 

A large body of literature has discussed traveling path 
planning with mobile sinks in WSNs. Below is a brief review 
of some related works of the problem [1][7][19][20][23][26]. 
Somasundara et al. [19] point out that the sensors in regions 
with higher variation in the phenomenon need to sample more 
frequently in order to have more reliable statistics. That is, some 
sensors need to be visited more frequently than others. Hence, 
they investigate how to plan a traveling path that allows the 
mobile sink to visit every sensor with different frequency rate, 
so the problem of data loss due to buffer overflow can be 
avoided. They also prove that the problem of deciding whether 
a valid schedule exists is NP-complete. Hence, they propose 
two heuristic algorithms to solve the problem. The two 
algorithms are Earliest Deadline First (EDF) algorithm and 
Minimum Weighted Sum First (MWSF) algorithm. In EDF 
algorithm, the sensor with the closest deadline is visited first. In 
MWSF algorithm, deadlines and cost are given by weights, the 
sensor with the minimum weighted sum is visited first. 
However, both EDF and MWSF algorithms require the mobile 
sink to move to each sensor to gather data. This requirement 
will cause an extended length of the traveling path of the mobile 
sink. 

We know that the effective communication range of sensor 
is specified by a disk. When the mobile sink reaches the 
boundary of the disk, it can communicate with the sensor. Yuan 
et al. [26] point out that traveling path planning of the mobile 
sink can be regarded as a special case of the Traveling Salesman 
Problem with Neighborhoods (TSPN) problem [1] [7]. In view 
of the strengths and weaknesses of existing approximation 
algorithms, Yuan et al. propose a new heuristic algorithm, 
called Evolutionary based TSPN (EV-based TSPN) algorithm. 
There are two features in the EV-based TSPN algorithm. First, 
the difficulty of the original TSPN can be dramatically reduced 
by decomposing each TSPN instance into a combinatorial 
problem. Second, the structural complexity of the continuous 
optimization problem can be significantly reduced by the 
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Fig. 1.  A mobile sink visiting a point in the convergence area of multiple
sensors’ communication ranges to gather data from these sensors. 
  

TABLE I 
THE EFFECT OF THE NUMBER OF VISITING POINTS ON THE LENGTH OF 

TRAVELING PATH 

Number of visiting points 
(before combined) 

50 
 

80 
 

100 
 

150 
 

Number of visiting points 
(after combined) 

37 
 

50 
 

57 
 

72 
 

Path length (before 
combining visiting points) 

3149 
 

3805 
 

4224 
 

4991 
 

Path length (after combing 
visiting points) 

2729 
 

3145 
 

3414 
 

3845 
 

Rate of reduction in length 
of traveling path 

13.3% 
 

17.3% 
 

19.2% 
 

23.0% 
 

Rate of reduction in 
number of visiting points 

26.8% 
 

38.0% 
 

42.6% 
 

52.0% 
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technique for search space reduction. 
Tao et al. [20] point out that several data gathering jobs can 

be combined if the corresponding sensors can be covered by a 
disk of radius no larger than the communication range of the 
mobile sink. They indicate that the problem of how to combine 
collection sites can be solved by decisional Welzl’s algorithm 
[23]. They refer to the path planning algorithm designed based 
on the decisional Welzl’s algorithm as the combination (COM) 
algorithm. There are two steps in the COM algorithm. The first 
step of the COM algorithm is to plan a traveling path that allows 
the mobile sink to visit each sensor in the WSN by Traveling 
Salesman Problem (TSP) algorithm. The second step of the 
COM algorithm is to combine collection sites by decisional 
Welzl’s algorithm. However, in certain applications, such as 
temperature monitoring, the amount of sensing data is small, 
allowing the mobile sink to complete data transmission within 
a very short time. In such applications, it is viable to ignore the 
data transfer rate. However, in applications where transmission 
of huge amounts of data, such as multimedia data, is needed, 
insufficiency of data transfer time may occur if the data transfer 
rate is not considered. For this problem, Tao et al. [20] propose 
the sweeping tour optimization scheme with active skipping 
(SAS). The SAS algorithm is based on COM algorithm. There 
are three steps in the SAS algorithm. The SAS algorithm shares 
the first two steps with the COM algorithm. The only difference 
between them is that the SAS algorithm has the third step, 
which is to skip the skippable points through skipping strategy. 

However, we find that COM [23] and SAS [20] algorithms 
all use the TSP algorithm to plan a traveling path for visiting all 
the sensors first and reduce the visiting points later. The 
drawback of this approach lies in the high computational 
complexity of the TSP algorithm. If the number of visiting 
points is large, the required computational effort will be 
considerable. Besides, the more the visiting points, the longer 
the length of the traveling path. In this paper, we revisit the 
problem of traveling path planning with mobile sink in WSNs. 
A mobile sink within the communication overlap area of 
multiple sensors is able to communicate with all these sensors. 
Based on this characteristic, the proposed algorithm will first 
combine the visiting points and then use the TSP algorithm to 
plan a traveling path to reduce the computational effort. Finally, 
it will reduce the length of the traveling path. In practical 
applications, data transfer rate is an important factor that should 
be considered in path planning. In WSNs, data are transmitted 
wirelessly, so the data transfer rate between the mobile sink and 
sensors is lower for sensors that are more distant from the 
mobile sink. Therefore, we will plan the traveling path based on 
the requirement of different data transfer rates. 

III. PROBLEM FORMULATION AND SYSTEM MODEL 

In this paper, we consider a set of sensors (S) deployed on a 
two-dimensional plane of dimension w×l. We assume that there 
is a mobile sink in the region. The communication range of the 
mobile sink and sensor is rc. The mobile sink knows all the 
sensors’ location information by traversing through the entire 
region. It will use the proposed algorithm to collect sensing data 

from all sensors in the WSN. The notations are defined as 
follows: 
 si: a sensor si∈S, where S={si1 ≤i ≤n, n = S} 
 rc: communication range 
 T: a traveling path, where T is a list of visiting points 
 pj: a visiting point 
 L(T): the length of the traveling path T 
 R(pj): a set of sensors that can be replaced by visiting point 

pj 
 P(T): a set of visiting points of the traveling path T 
 O(pi, T)∈{0, 1}: for visiting point pi, if it appears only once 

in the traveling path T, then O(pi, T) = 1; otherwise, O(pi, T) 
= 0 

 H(si,P(T))∈{0, 1}: for sensor si, if the communication 
range of si can cover any visiting point in P(T), then H(si, 
P(T)) = 1; otherwise, H(si, P(T)) = 0 

As mentioned earlier, the shorter the traveling path, the better. 
So, we set our objective function as expressed in Equation (1). 
Equation (2) is to ensure that the mobile sink visits each visiting 
point on the traveling path only once in each round. We use the 
term round as a unit of data collection by the mobile sink. A 
round means that the mobile sink has gone through the entire 
traveling path once. Equation (3) is to ensure that each sensor 
can directly send their sensing data to the mobile sink through 
one-hop transmission. Equation (4) is to ensure that the visiting 
points cover all sensors in the WSNs. 
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IV. THE CONCEPT AND APPROACH 

The purpose of this paper is to plan a shorter traveling path 
for the mobile sink based on its ability to communicate with 
multiple sensors within the communication overlap areas of 
these sensors. With a shorter traveling path, the mobile sink can 
accomplish the data gathering task within a shorter time and 
therefore reduce the delay time. Moreover, we also consider 
data transfer rate in traveling path planning. We will plan the 
traveling path based on the requirement of different data 
transfer rates. In the following paragraphs, we will explain our 
methods of (1) estimating the contribution value of the 
communication overlap area, (2) determining the representative 
point of each visiting area, (3) planning and adjusting the 
traveling path. 

A. Estimating the contribution value of the communication 
overlap area 

The mobile sink that moves to the convergence area of the 
communication ranges of sensors is able to gather data from all 
these sensors. The coverage level of communication is called k-
communication covered (Definition 1). Based on the coverage 
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level of communication and the constraint that each sensor 
belongs to only one area, we can compute the contribution value 
of each communication overlap area (Definition 2). As our goal 
is to help the mobile sink collect the sensing data from all the 
sensors along a shorter traveling path, we need to minimize the 
number of its visiting points. Hence, the first issue we need to 
address is how to reduce the number of its visiting points (i.e. 
the number of areas it has to visit). In Section IV.A.1, we will 
explain how to estimate the coverage level of communication 
of each area. In Section IV.A.2, we will explain how to reduce 
the number of visiting points by allocating the contribution 
value of area. 

Definition 1 (k-communication covered): An area that is 
concurrently covered by the communication ranges of k sensors 
is defined as k-communication coverage. As shown in Fig. 2, 
area a1 is covered by s1, s2, s3 and s4, so area a1 is 4-
communication coverage. 

Definition 2 (contribution value of area): Contribution value 
of area refers to the number of sensors that a mobile sink can 
communicate with when it moves to the area. To avoid repeated 
counting of the contribution value, we set a constraint that each 
sensor belongs to only one area. That is to say, when calculating 
the coverage level of communication (Definition 1), a sensor 
may belong to multiple areas. But when calculating the 
contribution value of area, a sensor belongs to only one area. 
As shown in Fig. 2, if s1, s2, s3 and s4 are identified as belonging 
to area a1 and s6 is identified as belonging to area a3, the 
contribution value of area a1 is 4. In this condition, which area 
s5 belongs to affects the contribution value of area a2 and a3. 
Case 1: if s5 is identified as belonging to area a2, both area a2 
and a3 have a contribution value of 1 (see Fig. 3(a)). Case 2: if 
s5 is identified as belonging to area a3, the contribution value of 
area a3 will be 2, and that of area a2 will be 0 (see Fig. 3(b)).  
1) The Inference Rule for Overlap Area (the IRO rule) 

The communication range of each sensor is circular, so we 
can view this problem as a problem of finding the convergence 
area of multiple circles. According to the definition of overlap 
area relation in Definition 3, the relation table of this figure can 

be computed. It can be found in this relation table of sensors 
that sensors with the same neighboring sensors are “likely” to 
have an overlap of communication ranges (the exception is 
shown in Fig. 6). We can use this relation table to infer if there 
is any overlap area formed by a group of sensors. 

Definition 3 (overlap area relation): Let rc be the 
communication range of sensors. If the communication ranges 
of any two sensors overlap, the distance between these two 
sensors must be smaller than or equal to 2rc. Meanwhile, we 
define these two sensors as having an overlap area relation. As 
shown in Fig. 4, the distance between s5 and s6 is d. Because 
d≤2rc, there is an overlap area of communication between s5 and 
s6 (i.e. area ai). 

Our intent is to concentrate the contribution values at a small 
number of areas, so it is not necessary to calculate the coverage 
level of communication for each area. Based on this principle, 
we propose an inference rule called “Inference Rule for Overlap 
area” (abbreviated as the IRO rule) to find out the overlap areas 
in the WSN. The pseudo code of the IRO rule is shown in Fig. 
5. The IRO rule works as follows: Each sensor will find the 
convergence area of communication ranges by comparison with 
neighboring sensors. At last, it will return the “maximum” set 
of sensors that can create a convergence area. As shown in Fig. 
4, s1 compares with s2, s3, s4 to obtain a set of converging 

sensors (s1,s2,s3,s4) (i.e. N(s1)∩N(s2)={s1,s2,s3,s4}, 
N(s1)∩N(s3)={s1,s2,s3,s4}, N(s1)∩N(s4)={s1,s2,s3,s4}). s2 and s3 
have the same area relation with s1, so they will obtain the same 
comparison result as s1. s4 compares with s1,s2,s3,s5 to obtain 
two sets of converging sensors including (s1,s2,s3,s4) and (s4,s5) 
(i.e. N(s4)∩N(s1)={s1,s2,s3,s4}, N(s4)∩N(s2)={s1,s2,s3,s4}, 
N(s4)∩N(s3)={s1,s2,s3,s4}, N(s4)∩N(s5)={s4,s5} ) (Line 8-14 in 
the IRO rule). 

As the maximum set of converging sensors is obtained by 
comparison, the following exception is likely to occur. As 
shown in Fig. 6, the IRO rule obtains a set of converging sensors 
(s1,s2,s3), but in reality s1,s2,s3 do not have a convergence. We 
define this area as “a false convergence area”. To avoid this 
problem, we use Equation (5) to calculate the intersection point 
between circles for each set of converging sensors S(ai) (Line 
16 in the IRO rule). Then we can use the point-to-point distance 
equation to find an intersection point whose distance to each 
sensor in the S(ai) is smaller than or equal to 2rc as expressed in 
Equation (6) (Line 17 in the IRO rule). If there is no intersection 
point that satisfies Equation (6) (Line 18 in the IRO rule), this 
convergence area does not exist. As shown in Fig. 6, we can use 
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Fig. 2.  Coverage level of communication. 
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Fig. 3.  Contribution value of an area. (a) s5 is identified as belonging to area
a2. (b) s5 is identified as belonging to area a3. 
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the relation table to infer the convergence area formed by s1, s2 
and s3. However, using Equation (5) and Equation (6), we 
cannot find any intersection point of arcs (k1-k6) having a 
distance to s1, s2 and s3 all below 2rc. Therefore, we can confirm 
that there is no convergence area formed by s1, s2 and s3. 

We will break down the sensors that form this false 
convergence area (Line 19-20 in the IRO rule) and then redo 
the above procedure for each possible set of converging sensors 
formed by these sensors (Line 15-20 in the IRO rule). For the 
example shown in Fig. 6, we will break down (s1, s2, s3) into 
{(s1, s2), (s1, s3), (s2, s3)}. Later, we use Equation (5) and 
Equation (6) to verify if all these three areas exist. If not, we 
will redo the procedure (Line 15-20 in the IRO rule). By doing 
so, we can solve the problem of false convergence. If there 
exists an intersection point that satisfies Equation (6), this 
convergence area does exist. We can obtain the intersection 
point that creates the convergence area (Line 21-24 in the IRO 
rule). The above operation will repeat iteratively until all the 

sensors finish the comparison with their neighboring sensors 
(Line 15-25 in the IRO rule). Through this rule, we can obtain 
the possible visiting areas for the mobile sink as well as the 
intersection points that create these areas (Line 26 in the IRO 
rule). 

 

2 2 0

( ) ( ) ( ) 0
i i i

i j i j i j

x y d x e y f
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 + + + + =
 − + − + − =
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2 2( ) ( ) 2i j i j cx x y y r− + − ≤  (6) 

 
2) The Contribution Allocation Rule (the CA rule) 

As mentioned above, we attempt to minimize the number of 
visiting areas. Hence, we allocate the contribution value of area 
based on the following idea. The contribution value of 0 
suggests there is no need to visit the area. In other words, as far 
as minimizing the number of visiting areas is concerned, we 
hope to increase the number of areas with a contribution value 
of 0. Because every sensor belongs to only one area (Definition 
2), we are likely to increase the number of areas with a 
contribution value of 0  if we classify more sensors to areas with 
a high contribution value. That is, if more sensors are classified 
to the same area, the number of visiting areas is likely to reduce. 
Based on the above idea, we propose an allocation rule called 
the Contribution Allocation (CA) rule to allocate the 
contribution value to each overlap area. The pseudo code of the 
CA rule is shown in Fig. 7. 

The CA rule works as follows: Based on a recursive approach, 
it first selects the area with the highest coverage level of 
communication and then sets the coverage level of 
communication as the contribution value of the area (Line 8-9 
in the CA rule). Later, it excludes sensors that are already 
covered in the selected area from sensors in the unselected areas 
(uset=uset -{S(aj)}) (Line 10-16 in the CA rule). This operation 
repeats iteratively until the selected areas cover all the sensors 
in the WSN (uset =Ø) (Line 7-17 in the CA rule). 

Definition 4 (number of relations with other areas): Take Fig. 
8 as an example, assume aset={a1, a2, a3, a4, a5}, where 
S(a1)={s1, s2}, S(a2)={s2, s3, s4}, S(a3)={s4, s5}, S(a4)={s6, s7}, 
S(a5)={s7, s8, s9}. Area a2 and a5 have the highest coverage level 
of communication. For a2, its member of coverage s2 is also 
covered by a1; its member of coverage s4 is also within the 
coverage of a3. Hence, we define a2 as having 2 relations with 

Algorithm: The Inference Rule for Overlap (IRO rule) 
Input: S, N(si)  //S is the set of sensors and N(si) is the set of neighbors of 
sensor si 

Output: mset, X  //mset is the set of area candidates and X is the set of 
intersection points of each area candidate in mset 
1. arcp1 = Ø; //registers the temporary intersection point of arcs 
2. arcp2 = Ø; //registers the intersection point of arcs that satisfies the 

constraint of distance 
3. result = Ø; //registers the obtained overlap area relation 
4. temp = Ø; //temporary overlap area relation 
5. newset = Ø; //registers the overlap area relation among sensors in the 

broken down set 
6. mset = Ø; //registers the area candidates 
7. X= Ø; //registers the intersection points of arcs in each area candidate
8. for si ∈ S do 
9.   for sj ∈ N(si) do 
10.     if sj = si then continue; 
11.     Temp = N(si) ∩N(sj); 
12.     result = result∪temp; 
13.   end 
14. end 
15. for ai ∈ result do 
16.   arcp1 = Z(S(ai)); 
17.   arcp2 = Q(S(ai), arcp1); 
18.   if arcp2 = Ø then 
19.     newset = K(S(ai)); 
20.     result = result∪newest; 
21.   else 
22.     X(ai) = arcp2; 
23.     X = X ∪X(ai); 
24.     mset = mset∪{ai}; 
25. end 
26. return mset, X; 
 N(si): the set of neighbors of sensor si. 
 S(ai): the set of sensors that their communication range cover the 

area ai. 
 X: the set of intersection points, where X(ai)∈X, X(ai) is a set of 

intersection points of arcs in area ai. 
 Z(S(ai)): Use Equation (5) to calculate the intersection points of all 

arcs of sensors in set S(ai).  
 Q(S(ai), Z(S(ai))): Use Equation (6) to find in Z(S(ai)) an intersection 

point of arcs whose distance to each sensor in S(ai) is smaller than 
2rc.  

 K(S(ai)): Break down S(ai) by removing one element at a time. For 
example, k(S(ai)={(s1, s2), (s1, s3), (s2, s3)}), where S(ai)={s1, s2, s3}.  

Fig. 5.  The pseudo code of the proposed IRO rule. 
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Fig. 6.  The exception in the calculation of the convergence area. 
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other areas. For a5, among the members of its coverage, only s7 
also belongs to a4. Hence, a5 has 1 relation with other areas. 

Below we use an example to illustrate the operation of the 
CA rule. An example of WSN is shown in Fig. 9. There are 12 
sensors in the WSN. With the proposed IRO rule, we can obtain 
the largest set of converging sensors for each sensor. As shown 
in Fig. 9, these areas include a1, a2, a3, a4, and a5. We now 
use the CA rule to allocate the contribution value. Since α1 has 
the highest coverage level of communication, a1 will be 
processed first in the first round of allocation of contribution 
values. The contribution value of area α1 will be set as 4 (Line 
8-9 in the CA rule). Meanwhile, α1 will be removed from aset 
(aset – {a1}={a2, a3, a4, a5}, Line 10 in the CA rule), which 
registers the areas that have not been visited, sensors covered 
by α1 will be removed from uset (uset – {s1, s2, s3, s4}={s5, s6, 
s7, s8, s9, s10, s11, s12}, Line 11 in the CA rule), which registers 
the sensors that have not been visited, and α1 will be added to 
vset (vset=vset ∪{a1}={a1}, Line 12 in the CA rule), which 
registers the areas to visit. According to the definition that each 
sensor can be classified to only one area, we remove s1, s2, s3, 

s4 in aset (aset={a2,a3,a4,a5}) and update the contribution 
values of these areas (Line 13-16 in the CA rule). In this 
instance, only a2 includes s4. So the contribution value of a2 is 
changed from 2 to 1 (see Fig. 9(a)). 

In the second round of allocation of contribution value, α4 
and α5 have the same coverage level of communication. The 
area with a larger number of relations will be chosen. Because 
the sensors covered by α4 and α5 are not covered by other areas, 
we allocate the contribution value to the area with a lower id, 
that is, α4. The contribution value of area α4 will be set as 3 
(Line 8-9 in the CA rule). Meanwhile, α4 will be removed from 
aset (aset – {a4}={a2, a3, a5}, Line 10 in the CA rule), sensors 
covered by α4 will be removed from uset (uset – {s7, s8, s9}={s5, 
s6, s10, s11, s12}, Line 11 in the CA rule), and α4 will be added to 
vset (vset=vset ∪{a4}={a1, α4}, Line 12 in the CA rule). 
According to the definition that each sensor can be classified to 
only one area, we remove s7, s8, s9 in aset (aset={a2,a3,a5}) 
and update the contribution values of these areas (Line 13-16 in 
the CA rule). The remaining areas including a2, a3, and a5 do 
not include s7, s8 or s9. Hence, the contribution values of areas 
a2, a3, and a5 will not be updated. 

In the third round of allocation of contribution value, α5 will 
be processed. The contribution value of area α5 will be set as 3 
(Line 8-9 in the CA rule). Meanwhile, α5 will be removed from 
aset (aset – {a5}={a2, a3}, Line 10 in the CA rule), sensors 
covered by α5 will be removed from uset (uset – {s10, s11, 
s12}={s5, s6}, Line 11 in the CA rule), and α5 will be added to 
vset (vset=vset ∪{a5}={a1, α4, α5}, Line 12 in the CA rule). 
According to the definition that each sensor can be classified to 
one area, we remove s10, s11, s12 in aset (aset={a2,a3,}) and 

Algorithm: The Contribution Allocation Rule (CA rule) 
Input: S, mset  //S is the set of sensors and mset is the set of area 

candidates from the IRO rule 
Output: vset  //vset is the set of visited areas 
1. uset = S; //registers the sensors that have not been visited 
2. aset = mset; // registers the areas that have not been confirmed 
3. vset = Ø; //registers the areas to visit 
4. for ai∈ aset do 
5.   D(ai)=|S(ai)|; 
6. end 
7. repeat 
8.   aj = F(aset); 
9.   C(aj) = D(aj); 
10.   aset = aset -{aj}; 
11.   uset = uset -{S(aj)}; 
12.   vset = vset ∪{aj}; 
13.   for ak∈ aset do 
14.     S(ak) = S(ak)-S(aj); 
15.     D(ak) = |S(ak)|; 
16.   end 
17. until uset = Ø; 
18. return vset; 
 D(ai): the coverage level of communication of area ai. 
 C(ai): the contribution value of area ai. 
 F(aset): Find in aset the area with the highest coverage level of 

communication. If there is more than one area with this highest level, 
the one with a comparatively higher number of relations (Definition 
4) will be returned, where aset is used to register the areas that have 
not been visited in the WSN. 

Fig. 7.  The pseudo code of the proposed CA rule. 
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Fig. 8.  Illustration of how the number of relations is determined. 
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Fig. 9.  Illustration of how the contribution value of area is determined. (a) 
Executing the CA rule (the first round). (b) After executing the CA rule. 
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update the contribution values of these areas (Line 13-16 in the 
CA rule). The remaining areas including a2 and a3 do not 
include s10, s11 or s12. Hence, the contribution values of areas 
a2, and a3 will not be updated. 

In the fourth round of allocation of contribution value, α3 will 
be processed. The contribution value of area α3 will be set as 2 
(Line 8-9 in the CA rule). Meanwhile, α3 will be removed from 
aset (aset – {a3}={a2}, Line 10 in the CA rule), sensors covered 
by α3 will be removed from uset (uset – {s5, s6}= Ø, Line 11 in 

the CA rule), and α3 will be added to vset (vset=vset ∪{a3}={a1, 
a3, α4, α5}, Line 12 in the CA rule). According to the definition 
that each sensor can be classified to only one area, we remove 
s5 in aset (aset={a2}) and update the contribution values of a2. 
Therefore, the contribution value of area a2 will be changed to 
0 (see Fig. 9(b)) (Line 13-16 in the CA rule). After the fourth 
round of allocation of contribution value, all the sensors have 
been covered by the areas to visit (uset=Ø, Line 17 in the CA 
rule). Therefore, the CA rule will terminate its operation and 
return the areas to visit (Line 18 in the CA rule). 

As aforementioned, data transfer rate should be considered 
in applications where huge amounts of data are transmitted. A 
sensor’s data transfer rate is largely dependent on its 
communication range. The closer it is to the mobile sink, the 
faster its data transfer rate. According to the path loss model [16] 
with the CC2591 radio by TI [2], the available data transfer rate 
and corresponding communication distance are: 4.8 kbps for 
120-200m, 9.6 kbps for 50-120m, 19.2 kbps for 20-50m, and 
250k kbps for 0-20m [9]. In our approach, we specify a sensor’s 
data transfer rate by its communication range. We will examine 
the effect of varied data transfer rates (i.e. different settings of 
communication range) on the number of visiting points as well 
as on the length of the traveling path in Section VI. 

B. Determining the representative point of each visiting area 

After calculating the contribution value of each overlap area, 
we can obtain a set of areas that must be visited. Based on these 
areas, we can use the TSP algorithm to plan the traveling path. 
The TSP algorithm requires input of points instead of areas, so 
we have to find a representative point for each of these visiting 
areas. Visiting areas can be classified by shape into three 
categories: (1) circular: the visiting area is in a circular shape 
when the communication areas of multiple sensors completely 
overlap or the communication area of one sensor does not 
overlap with that of any other sensor (see Fig. 10(a)); (2) point: 
the visiting area is a point when the communication areas of two 
sensors are tangent (see Fig. 10(a)); (3) irregular: when one 
sensor’s distance to each of sensors that form the 
communication overlap area is smaller than 2rc, the 
communication overlap area will be formed by the intersection 
points of multiple arcs (see Fig. 10(b)-(c)) (Definition 5, 
Lemma 1 and Theorem 1). 

Definition 5 (the intersection point of arcs): If the distance of 
the centers of two circles is 0, the two circles completely 
overlap, and there is no intersection between their arcs (see Fig. 
10(a)); if the distance is equal to 2rc, the two circles are tangent 
at 1 single point, and this point is the intersection point of their 
arcs (see Fig. 10(a)); if the distance is smaller than 2rc, the two 

circles intersect at 2 points, and the 2 points are the intersection 
points of their arcs (see Fig. 10(b)). 

Lemma 1: The intersection area of circles is inside the arcs. 
Proof: As shown in Fig. 10(b), a1⊆A, so a1 is inside the arc 

of circle A; a1⊆B, so a1 is inside the arc of circle B. Therefore, 
a1 is inside the arcs of circle A and circle B. 

Theorem 1: If an intersection area is formed by k circles, this 
intersection area is located “inside the arcs” of k circles, where 
2≤k. 

Proof: According to Lemma 1, the intersection area of two 
circles is inside the arcs of the circles. If area ai is formed by k 
circles, this area must be inside the arcs of k circles. We give an 
example to explain this theorem. As shown in Fig. 10(c), circle 
C is added to form an intersection area of a2 with circle A and 
circle B shown in Fig. 10(b). According to Lemma 1, a2⊆C, so 
a2 is inside the arc of circle C; a2⊆a1, so a2 is also inside the 
arcs of circle A and circle B. It can be deduced that an 
intersection area formed by k circles must be located inside the 
arcs of these k circles. 

An area consists of countless points. That is to say, each 
visiting area has a countless number of points that can be the 
representative point of the area. In the choice of the 
representative point of a visiting area, we use the center of mass 
of the area as the representative point. This is how we find a 
visiting point among numerous points in the area. Why do we 
choose the center of mass rather than an arbitrary point in the 
area (e.g. to randomly choose the point in the intersection area 
or the point among the intersection points of arcs in the 
intersection area) as the representative point of the area? Given 
that the center of mass is located at the center of the intersection 
area, using this point as the representative point for traveling 
path planning can avoid the impact of using a point located at 
an extreme location. Besides, in the subsequent path adjustment 
process (see Section IV.C), this method will allow more 
flexibility for further shortening of the traveling path. Why not 
randomly choose the representative point among one of the 
intersection points of arcs? Because the intersection points of 
arcs are located at extreme locations of the intersection area, 
after the traveling path is planned, there is smaller flexibility for 
the path adjustment mechanism to further shorten the traveling 
path. In other words, the choice of representative point is critical 
to whether the subsequent path adjustment mechanism has 
larger flexibility in shortening the planned path. 

In the above example, if the visiting area is circular, we set 
the center of the circle as the representative point of the area; if 
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Fig. 10.  The shape of visiting area. (a) The visiting area is a circle/point (b) 
The visiting area is in an irregular shape formed by the arcs of 2 circles. (c) 
The visiting area is in a irregular shape formed by the arcs of 3 circles. 
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the visiting area is a point (i.e. the arcs intersect at only 1 point), 
we set the tangent point as the representative point of the area; 
if the visiting area is in an irregular shape and the arcs intersect 
at 2 points, we draw a straight line between the two intersection 
points and set the center of the straight line as the representative 
point of the area (Lemma 2); if the visiting area is formed by 
arcs that intersect at 3 or more points, we find the center of mass 
as the representative area. However, it is not easy to find the 
center of mass of an irregular shaped area. As shown in Fig. 
10(c), area a2 is formed by 

2 4k k  
of circle A, 

2 3k k  
of circle B, 

and 
3 4k k  

of circle C. It is not easy to find the center of mass of 

this irregular shaped area. Therefore, we will first transform the 
irregular shape into a convex polygon and then find the center 
of mass based on the edges of the polygon to reduce the 
computational complexity (Lemma 3). We highlight the need 
to transform the irregular shape into a convex polygon because 
the center of mass of a convex polygon must be located inside 
the convex polygon (Theorem 2). Therefore, we can ensure that 
the obtained representative point of the area will be inside the 
visiting area. 

Lemma 2: Given a convergence area formed by two circles 
(the two circles intersect at 2 different points), the straight line 
connecting the intersection points of their arcs must be inside 
their convergence area. 

Proof: If the distance between the centers of the two circles 
is smaller than 2r, there will be 2 intersection points. According 
to Lemma 1, the convergence area of two circles must be 
located inside the arcs of the two circles. Hence, the straight line 
connecting the intersection points of two arcs must be located 
within the convergence area of the two circles (as shown by the 
line between k1 and k2 in Fig. 10(b)). 

Lemma 3: If the number of intersection points of arcs is 3 or 
greater, the polygon formed by connecting the intersection 
points is convex. 

Proof: A polygon can be either convex or concave. A 
polygon with an internal angle greater than 180 degrees must 
be concave [4]. To proof this lemma, we will explain that the 
polygon formed by the intersection points does not have any 
internal angle greater than 180 degrees. We will use proof by 
contradiction. Assume that the polygon formed by the 
intersection points has an internal angle greater than 180 
degrees as shown in Fig. 11 (i.e. ∠k1k2k3). According to 
Theorem 1, the convergence area of circles must be located 
inside the arcs of the circles. Hence, we draw the arcs of the 
three edges of this internal angle (k1, k2, k3). However, the 
polygon k1k2k3k4 is not covered by each of the circles. As shown 
in Fig. 11, if the intersection point of arcs is k2, neither circle A 
nor circle B can cover the entire polygon k1k2k3k4 independently. 
Therefore, we confirm that the polygon does not have any 
internal angle greater than 180 degrees. In other words, the 
polygon formed by the intersection points of arcs must be 
convex. 

Theorem 2: Given a communication overlap area formed by 
3 or more sensors, the center of mass of the polygon formed by 
the communication overlap area is located inside this polygon.  

Proof: By Lemma 3 and the center of mass of a convex 

polygon is located inside the convex polygon [4], the theorem 
is proved.  

Based on the above concept of choosing the representative 
point, we propose an algorithm called the Representation Point 
Finding (RPF) algorithm to determine the representative point 
of each visiting area. The pseudo code of the RPF algorithm is 
shown in Fig. 12. The RPF algorithm works as follows: The 
RPF algorithm will find a representative point of each visiting 
area ai, where ai∈ vset, and vset is the output of the CA rule. If 
|S(ai)|=1, the location of the sensor is the representative point 
(Line 4-6 in the RPF algorithm); if |S(ai)|>1, we use the center 
of mass formula as shown in Equation (7) to find the center of 
mass of the shape formed by the intersection points of arcs 
(Line 7-8 in the RPF algorithm). Later, we set the center of mass 
as the representative point of the area (Line 9 in the RPF 
algorithm). After calculating the representative point of each 
visiting area, the algorithm will return all the representative 
points. (Line 11 in the RPF algorithm).  

Below we give an example to explain how the representative 
points are determined. As shown in Fig. 13, we can use the CA 
rule to find that area a1 has a contribution value of 5. This area 
is formed by circles A, B, C, D, and E. Through the IRO rule, 
we learn that this area is formed by 4 intersection points of arcs, 
namely k1,k2,k3,and k4. Finally, we use Equation (7) to find the 
center of mass of the polygon formed by these 4 intersection 
points of arcs as shown in Fig. 13 (i.e. p1). 

BA

>180° 
k1

k2 k3

k4

 
Fig. 11.  Illustration of concave polygon.  
  

Algorithm: The Representation Point Finding Algorithm (RPF algorithm)
Input: vset, X  //vset is the set of visited areas from the CA rule and X is the 
set of intersection points of each visited area from the IRO rule 
Output: pset  //set pset is used to register the points to visit 
1. nset = vset; // registers the areas whose representative point has not 

been determined 
2. pset = Ø; // registers the points to visit 
3. for ai ∈ nset do 
4.   if |S(ai)| = 1 then 
5.     pi = g(S(ai)); 
6.     pset = pset∪pi; 
7.   else  
8.       pi = V(X(ai)); 
9.       pset = pset∪pi; 
10. end 
11. return pset; 
 g(sj): the coordinate of sensor sj. 
 V(X(arcp)): Use Equation (7) to calculate the center of mass of points 

in area arcp, where X(arcp) is a set of intersection points of arcs in 
area arcp. 

Fig. 12.  The pseudo code of the proposed RPF algorithm. 
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C. Planning and adjusting the traveling path 

After determining the representative point of each visiting 
area, we use the TSP algorithm to plan an optimal traveling path 
for these representative points (or a near optimal traveling path 
by approximation algorithms for TSP) [21]. Because the 
representative point (i.e. center of mass) is a point chosen from 
the convergence area (i.e. one among countless points), the 
traveling path planned for TSP is an optimal path planned based 
on the center of mass, not on all the points in the visiting areas 
(i.e. not an optimal traveling path for the visiting “areas”). It is 
possible to shorten the length of the planned traveling path by 
adjusting the position of the visiting point. For each visiting 
point, our strategy is to find a new point within the convergence 
area to take its place with consideration of the visiting points 
preceding and following it along the traveling path. As shown 
in Fig. 14, pi is the original visiting point in area ai, and the 
original traveling path is pi-1pipi+1. In Fig. 14, we find a 
new visiting point pi' in area ai based on the positions of pi-1 and 
pi+1 to satisfy 

1 1 1 1( ' ' ) ( )i i i i i i i ip p p p p p p p− + − ++ < + . By making this 

adjustment, we can further reduce the length of the traveling 
path. 

Based on the above concept of adjustment, we propose an 
algorithm called Seesaw Algorithm (the SA algorithm) to 
reduce the length of the traveling path. The pseudo code of the 
SA algorithm is shown in Fig. 15. The goal of the SA algorithm 
is to find a new visiting point that satisfies Equation (8), where 

pi' is the new visiting point that replaces pi, pi-1 and pi+1 are the 
predecessor and successor of pi in the traveling path 
respectively. Below we will elaborate how the SA algorithm 
works and why it can satisfy Equation (8). According to the 
proof of Lemma 4, lowering the height of a right triangle 
reduces the length of its side (see Fig. 16). As shown in Fig. 
17(a), we first connect visiting points pi-1 and pi+1 and then use 
the point-to-point distance formula as expressed in Equation (9) 
to find a circle among circle A, B, and C whose center is farthest 

to 1 1i ip p− + , where ax+by+c=0 is a linear equation and (x0,y0) is 

a coordinate (Lemma 5) (Line 6 in the SA algorithm). In this 

instance, the center of circle A is farthest to 1 1i ip p− + . Next, we 

use Equation (10) to calculate the slope of 1 1i ip p− + , where the 

coordinate of pi-1 is (xi-1,yi-1) and the coordinate of pi+1 is  
(xi+1,yi+1). Equation (11) is used to find two parallel lines tangent 
to the arc of circle A, where (x0,y0) is the center of the circle, rc 

is the radius, and m is the slope of i ip p− +1 1 . Let 1 1 'i ip p− +  
be the 

line among these two parallel lines that is closest to 1 1i ip p− + . We 

A

B

C

D

E

k1 k2

k3 k4

p1a1
5

 
Fig. 13.  Determination of representative points.  
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Fig. 14.  Adjustment of the traveling path.  
  

Algorithm: The Seesaw Algorithm (SA algorithm) 
Input: T  // T is a traveling path 
Output: T'  // T' is a modified traveling path 
1. cset = Ø;   // registers the intersection points 
2. dset = Ø;   // registers the candidate of visiting points 
3. T'=T;  
4. for pi∈ T do 
5.   if U(pi.pre, pi.suc, M(pi)) = 0 then 
6.     si = Y(pi.pre, pi.suc, M(pi)); 
7.     pi' = W(pi.pre, pi.suc, si); 
8.     if J(pi', M(pi)) = 1 then 
9.       B(pi, pi', T'); 
10.     else 
11.       pi' = I(pi', si); 
12.       B(pi, pi', T'); 
13.   else  
14.     cset = E(pi.pre, pi.suc, M(pi)); 
15.     dset = T(cset, S(M(pi))); 
16.     pi' = A(dset, S(M(pi))) 
17.     B(pi, pi', T'); 
18. end 
19. return T'; 
 pi.pre: the predecessor of visiting point pi in the traveling path.
 pi.suc: the successor of visiting point pi in the traveling path. 
 M(pi): the area id of visiting point pi. 
 U(pi.pre, pi.suc, M(pi)): For area M(pi), if the line . .i ip pre p suc  is 

intersected with the area M(pi), then U(pi.pre, pi.suc, M(pi)) =1; 
otherwise, U(pi.pre, pi.suc, M(pi))=0.  

 Y(pi.pre, pi.suc, M(pi)): Use Equation (9) to find a sensor in M(pi) that 
is farthest to . .i ip pre p suc . 

 W(pi. pre, pi.suc, si): Use Equation (10) and Equation (11) to draw 
'. .i ip pre p suc
 
that is parallel and closest to . .i ip pre p suc

 
and is tangent to 

the communication range of sensor si. Later, find the point of 
intersection of this line '. .i ip pre p suc

 
with the communication range of 

si.  
 J(pi, M(pi)): For point pi, if the distance from pi to each sensor in M(pi) 

is smaller than rc, then J(pi, M(pi))=1; otherwise, J(pi, M(pi)) =0.  
 B(pi, pi', T'): Replace pi in traveling path T' with pi'.  
 I(pi', si): Find a point among sensor si’s intersection points that is 

closest to pi'. 
 E(pi.pre, pi.suc, M(pi)): Solve the simultaneous equations of the circle 

and the straight line to find the points at which . .i ip pre p suc
 
intersects 

with each of all the circles that jointly form area M(pi). 
 T(cset, S(M(pi))): Find the points in set cset whose distances to each 

sensor in the S(M(pi)) are smaller than or equal to rc. 
 A(dset, S(M(pi))): Find a point in set dset that is closest to pi.pre.

Fig. 15.  The pseudo code of the proposed SA algorithm.  
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can solve the simultaneous equations of the circle and straight 

line to find the tangency point k of 1 1 'i ip p− +  
and circle A, as 

shown in Fig. 17(b) (Line 7 in the SA algorithm). Next, we will 
evaluate if this tangency point k is located within the 
convergence area formed by circles A, B, and C (by using the 
point-to-point distance equation to calculate if the distance from 
k to the center of each circle is smaller than rc) (Line 8 in the 
SA algorithm). In the example shown in Fig. 17(b), the 
tangency point k is located within the convergence area, so we 

let k be the new visiting point (Line 9 in the SA algorithm). If k 
is not located within the convergence area (see Fig. 17(c)), we 
will find a point nearest to k among the points of intersection of 
circle A with other circles to be the new visiting point (Line 10-
12 in the SA algorithm). As shown in Fig. 17(c), the intersection 
point k2 will be chosen as the new visiting point, and this new 
visiting point can satisfy Equation (8) (Theorem 3). The above 

is a method of adjusting the visiting point when the line 1 1i ip p− +  
formed by visiting point pi , its preceding visiting point pi-1, and 
its following visiting point pi+1 does not intersect with area ai. 

(Line 5-12 in the SA algorithm). If line 1 1i ip p− +  
intersects with 

area ai (see Fig. 18), we can solve the simultaneous equations 
of the circle and straight line to find the intersection points of 

1 1i ip p− +  
with circle A, circle B and circle C (i.e. all the circles 

that jointly form area ai) (Line 14 in the SA algorithm). Then 
we can use the point-to-point distance equation to find 
intersection point whose distance to each center in circle A, 
circle B and circle C is smaller than or equal to rc (Line 15 in 
the SA algorithm). If multiple intersection points meet this 
condition, we will select the one closest to pi-1 to be the new 
visiting point (Line 16-17 in the SA algorithm). As shown in 

Fig. 18, line 1 1i ip p− +  
intersects with circle A, circle B, and circle 

C at multiple points, including j1, j2, j3, j4, j5 and j6, but among 
which, only j3 and j4 meet the distance constraint. In this 
instance, j3 is closer to pi-1, so we will choose j3 to be the new 
visiting point. This method will allow more flexibility for 
further shortening of the traveling path. 
 

1 1 1 1(( ) ( ' 'Maximize ))i i i i i i i ip p p p p p p p− + − ++ − +  (8) 

2 2
0 0 /ax by c bd a+ + +=  (9) 

)( / ( )i i i im y y x x− + − +− −= 1 1 1 1  (10) 

( ) 2
0 0 1cy y m x x r m− = − ± +  (11) 

 
Lemma 4: For a triangle, reducing the height shortens the 

lengths of both sides. 

Proof: As shown in Fig. 16, given a triangle ΔABC, we can 

break it down into two right triangles ΔABD and ΔBDC. 

According to Pythagorean theorem, we can get 
2 2 2

AB AD BD= +  and 
2 2 2

CB BD DC= + . We take one point B' 

on BD  to form another two right triangles ΔAB'D and ΔB'DC. 

According to Pythagorean theorem, we can get 
2 2 2

' 'AB AD B D= +  and 
2 2 2

' 'B C B D DC= + . Because both 

value 
2

AB  and value 
2

'AB  encompass a common value 
2

AD , 

and the sides are all positive numbers, whether AB  is greater 

than 'AB  depends on whether BD  is greater than 'BD . That is 

to say, if 'BD B D> , then 'AB AB> . Because BD
 
must be 

greater than 'B D , AB
 
must be greater than 'AB . The same 

relationship also exists between the right triangles ΔBDC and 

ΔB'DC. BC
 

must be greater than 'B C . Therefore, AB BC+
 

A C

B

D

B'

 
Fig. 16.  Four right triangles. 
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Fig. 17  Illustration of how the new visiting point is determined (line 1 1i ip p− +

does not intersect with area ai). (a) The distance of line 1 1i ip p− +
 

to the center 

of each circle. (b) Line 1 1 'i ip p− +
 

, the parallel to line 1 1i ip p− + , touches circle A

at k, and k is within the convergence area. (c) Line 1 1 'i ip p− +
 

, the parallel to

line 1 1i ip p− + , intersects with circle A at k, but k is not within the convergence 

area. 
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C

B

pi-1 pi+1ai

j1 j2 j3 j4 j5 j6

pi

 
Fig. 18  Illustration of how the new visiting point is determined (line 1 1i ip p− +

intersects with area ai). 
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must be greater than ' 'AB B C+ . 

Lemma 5: Given a line cd  and a convergence area a 

formed by the arcs of m circles, for area a, the arc closest to cd  
is a portion of the circle whose center is farthest to cd .  

Proof: A convergence area is formed by arcs and located 

inside the arcs (Lemma 1 and Theorem 1). For convergence 

area a, the arc closest to cd  will be a portion of the arc farthest 

to cd . As shown in Fig. 17(a), area ai is formed by the arcs of 

circle A, circle B, and circle C. The center of circle A is farthest 

to 1 1i ip p− + . So, for area ai, the arc closest to line 1 1i ip p− +
 
is the 

arc 1 2k k
 
of circle A. 

Theorem 3: The new visiting point obtained by the SA 
algorithm can result in a minimum value of Equation (8). 

Proof: According to the proof of Lemma 4, lowering the 
height of a right triangle reduces the length of its side. 
According to Lemma 5, we can find a point in the convergence 
area that has shortest distances to the preceding and the 
following visiting points respectively. Therefore, we can be 
assured that the new visiting point can result in a maximum 
value of Equation (8). 

V. THE PROPOSED ALGORITHM 

The proposed algorithm is called the Combine-TSP-Reduce 
(CTR) algorithm. The CTR algorithm combines the IRO rule, 
the CA rule, the RPF algorithm and the SA algorithm. There are 
three phases in the proposed CTR algorithm. They are the 
Combination phase, the TSP phase and the Reduction phase. In 
the Combination phase, we use the IRO rule, the CA rule and 
the RPF algorithm introduced in Section IV.A.1, Section 
IV.A.2, and Section IV.B respectively to find the representative 
points of the visiting areas. In the TSP phase, we use the TSP 
algorithm to plan a traveling path for the representative points 
obtained in the Combination phase. In the Reduction phase, we 
use the SA algorithm introduced in Section IV.C to reduce the 
length of the traveling path obtained in the TSP phase. When 
the mobile sink arrives at a visiting point, it can use slotted 
CSMA/CA or unslotted CSMA/CA mechanisms of IEEE 
802.15.4 to collect the sensing data in its area [10]. The slotted 
CSMA/CA or unsolotted CSMA/CA mechanisms can help us 
avoid interference from competing sensors. Another approach 
is based on Time Division Multiple Access (TDMA). In this 
approach, the mobile sink can directly send beacon packets to 
allocate time slots among sensors in the area to avoid 
interference from competing sensors [17]. The pseudo code of 
the CTR algorithm is shown in Fig. 19.  

A. An example of execution of CTR algorithm 

In this subsection, we use figures to demonstrate the results 
of traveling path planning by the TSP algorithm and the CTR 
algorithm. There is an example of WSN in Fig. 20. Fig. 20(a) 
shows the traveling path planned by the TSP algorithm, and Fig. 
20(b) shows the traveling path planned by the CTR algorithm. 
As shown in Fig. 20, the CTR algorithm creates a shorter 
traveling path compared to the pure TSP algorithm. In Fig. 21, 
we provide the details of the operation of the CTR algorithm. 

Fig. 21(a) shows the result after the Combination phase and the 
TSP phase of the CTR algorithm. In this figure, red dots denote 
the representative points obtained in the Combination phase. 
The reduction phase of the CTR algorithm is shown in Fig. 
21(b)-(f).  

B. Time complexity analysis 

In this subsection, we analyze the time complexity of the 
proposed CTR algorithm. Let n=S be the number of sensors, 
n' be the average number of neighboring sensors of each sensor, 
n'' be the average number of covering sensors of each 
intersection area. Normally, n≫n' and n≫n''. 

For the IRO rule, each sensor takes O(n') to compute the 
overlap area relation. Suppose that each sensor has an average 
of ρ intersecting areas according to the above overlap area 
relations. Normally, n'≥ρ. Each sensor has to take O(ρ) to 
confirm if these intersection areas exist. As a total of n sensors 
have to perform this task, the total time complexity of the IRO 
rule is O(n(n'+ρ))=O(n'n+ρn)=O(n) (i.e. linear time). Suppose 
there are τ intersection areas in the network according to the 
IRO rule. Normally, n>τ. For the CA rule, in the first round, it 
takes O(τ) to find the area with the highest coverage level of 
communication in the τ intersection areas. Later, based on the 
constraint that each sensor belongs to only one area, the IRO 
rule will exclude sensors that are also covered belong to more 
than one area in the remaining τ-1 intersection areas. This 
procedure takes O(τ-1). Therefore, the IRO rules takes totally 
O(τ+τ-1)= O(2τ-1) in the first round. In the second round, it 
takes O(τ-1) to find the area with the highest coverage level of 
communication in the τ-1 intersection areas and takes O(τ-2) to 

Algorithm: The Combine-TSP-Reduce Algorithm (CTR algorithm) 
/* Phase 1: Combination Phase */ 
1. Use the IRO rule to find the overlap area 
2. Use the CA rule to allocate the contribution value of each area and 

find the areas that should be visited 
3. Use the RPF algorithm to find the representative point of each area 

that should be visited 
/* Phase 2: TSP Phase */ 
4. Use the TSP algorithm to plan the optimal traveling path for the 

representative points of the visiting areas 
/* Phase 3: Reduction Phase */ 
5. Use the SA algorithm to further reduce the length of the traveling 

path 

 Fig. 19.  The pseudo code of the proposed CTR algorithm. 
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Fig. 20  The traveling paths planned by TSP and CTR algorithms. (a) Traveling 

path planned by the TSP algorithm. (b) Traveling path planned by the CTR 

algorithm. 
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exclude sensors that belong to more than one area in the 
remaining τ-2 intersection areas. Hence, the IRO rule takes 
totally O(τ-1+τ-2)= O(2τ-3) in the second round. As there are τ 
intersection areas, it requires at most τ rounds of computing the 
CA rule. So the total time complexity of the CA rule is 
O(τ(τ+1)/2+τ(τ-1+0)/2)=O(2τ2)=O(τ2) (i.e. quadratic time). 
Suppose after finishing the CA rule, we get ω visiting areas in 
the entire network, and each visiting area consists of an average 
of η intersection points of arcs. Normally, τ≥ω and n''≥η. For 
the RPF algorithm, we take O(η) to compute the center of mass 
of points in an intersection area. A total of ω intersection areas 
need to be processed to find their respective visiting points, so 
the total complexity of the RPF algorithm is O(ωη)=O(ω) (i.e. 
linear time). 

In the TSP phase, the TSP algorithm will plan a visiting path 
based on these ω visiting points. The time complexity varies by 
TSP algorithm [22]. For example, using brute-force search to 
plan the optimal traveling path, the time complexity will be 
O(ω!) (i.e. factorial time). Using dynamic programming to plan 
the optimal traveling path, the time complexity will be O(ω22ω) 
(i.e. exponential time). Using approximation algorithm to plan 
a near optimal traveling path, the time complexity will be 

polynomial time. Finally, we take O(ω) (i.e. linear time) to 
adjust the position of the visiting point (i.e. the SA algorithm). 

In summary, the time complexity of the proposed CTR 
algorithm is dependent on the time complexity of the selected 
TSP algorithm in TSP phase. That is, in the TSP phase of the 
CTR algorithm, if the time complexity of the chosen TSP 
algorithm is polynomial time, the complexity of the CTR 
algorithm will be polynomial time. If the time complexity of the 
chosen TSP algorithm is factorial time, the complexity of the 
CTR algorithm will also be factorial time. 

VI. SIMULATION RESULT 

In this section, we evaluate the performance of the proposed 
CTR algorithm, CT algorithm, TSP algorithm, COM and SAS 
in terms of the length of the traveling path (Experiment 1). The 
CTR algorithm and the CT algorithm are generally similar. The 
main difference is that the CT algorithm does not have the 
reduction phase. Further, we also compare the computational 
effort required by the above algorithms when using the TSP 
algorithm to plan a traveling path (Experiment 2). Finally, we 
will further examine the effect of varied data transfer rates (i.e. 
different settings of communication range) on the number of 
visiting points as well as on the length of the traveling path 
(Experiment 3 and Experiment 4). Like previous studies of this 
kind of problem, we do not compare our solution with the 
optimal solution in this paper. In order to find the optimal 
solution (i.e. shortest traveling path), we need to run the TSP 
algorithm for each point in each visiting area. An area consists 
of countless points. That is to say, each visiting area has a 
countless number of points that can be the representative point 
of the area. Since there are countless points that can be the 
representative point and TSP problem is a NP-Hard problem, it 
is hard to compute an optimal solution. We built the simulator 
in Java programs. Initially, sensors are randomly deployed on a 
two-dimensional plane. The detailed parameters are listed in 
Table 2.  

In the first experiment, we set the communication range of 
each sensor as 20 units of distance. We deploy varied numbers 
of sensors (50~200) to observe the lengths of traveling paths 
respectively planned by five different algorithms. As shown in 
Fig. 22, with the increase in the number of sensors, the length 
of the traveling paths computed by these algorithms also 
increases. Among these algorithms, the TSP algorithm creates 
the longest traveling paths. This is because the TSP algorithm 
requires the sink to visit each sensor, so the traveling paths it 
creates are obviously longer than the paths created by COM, 
CT, SAS, and CTR algorithms. It can be observed that the 
traveling paths planned by SAS and CTR algorithms are shorter 
than those planned by COM and CT algorithms. This is because 
SAS and CTR algorithms not only combine visiting points but 

TABLE II 
SIMULATION PARAMETERS 

Two-dimensional plane 500 x 500 units of distance2 
Number of sensors (n) 50~200 
Communication range (rc) 10~50 units of distance 

Mobile sink speed (v) 1 units of distance/second 
Data generation rate (λ) 34 bps 
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Fig. 21  An example of executing CTR algorithm. (a) After the Combination 

phase and TSP phase of the CTR algorithm. (b) The reduction phase of the

CTR algorithm-1. (c) The reduction phase of the CTR algorithm-2. (d) The 

reduction phase of the CTR algorithm-3. (e) The reduction phase of the CTR 

algorithm-4. (f) The reduction phase of the CTR algorithm-5. 
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also perform reduction of the length of the planned traveling 
paths. As shown in Fig. 22, the traveling paths created by the 
proposed CTR algorithm are always the shortest, mainly due to 
the effective reduction mechanism in our proposed algorithm 
(Section IV.C). For instance, given 50 sensors, the length of the 
traveling path planning by TSP, COM, CT, SAS and CTR 
algorithms are 3149, 2736, 2729, 2517 and 2250 units of 
distance, respectively. Given 200 sensors, the length of the 
traveling path planning by TSP, COM, CT, SAS and CTR 
algorithms are 5631, 4181, 4143, 3932 and 3429 respectively. 
The improvement ratio of CTR algorithm over other algorithms 
is also shown in Fig. 22. It can be observed that the 
improvement ratio of the CTR algorithm over COM, CT, and 
SAS algorithms does not vary drastically by the increase of the 
number of sensors. However, the improvement ratio of the CTR 
algorithm over the TSP algorithm becomes larger with the 
increase of the number of sensors. It can more effectively 
reduce the length of the traveling path with the increase of the 
number of sensors. 

In the second experiment, we compare the computational 
effort of the TSP algorithm between the COM, SAS, CTR 
algorithms. The computational effort required by the TSP 
algorithm depends on the number of visiting points, so we can 
compare the computation effort required by COM, SAS, and 
CTR algorithms for executing the TSP algorithm by the number 
of visiting points. As shown in Fig. 23, COM, SAS algorithms 
require as many visiting points for executing the TSP 
algorithms as the number of sensors deployed, because these 
algorithms execute the TSP algorithm first and adjust the 
obtained traveling path later. This is also why they require high 
computational effort. Unlike COM and SAS algorithms, the 
proposed CTR algorithm combines the visiting points before 
executing the TSP algorithm. This explains why the CTR 
algorithm can drastically cut its computational effort. For 
instance, given 50 sensors, the CTR algorithm requires 37 
visiting points for executing the TSP algorithm, but COM and 
SAS algorithms input all the 50 visiting points when executing 
the TSP algorithm. Given 200 sensors, the CTR algorithm 
requires 87 visiting points for executing the TSP algorithm, but 
COM and SAS algorithms input all the 200 visiting points when 
executing the TSP algorithm. The improvement ratio of CTR 
algorithm over COM and SAS algorithms is also shown in Fig. 
23. It can be observed from the improvement ratios of the CTR 
algorithm over COM and SAS algorithms that the 
computational effort required by the TSP algorithm decreases 
with the increase of sensors. For instance, given 50 sensors, the 

CTR algorithm can reduce the number of visiting points 
required for executing the TSP algorithm by 26.80%. Given 200 
sensors, the CTR algorithm can reduce the number of visiting 
points required for executing the TSP algorithm by 56.75%. 

Fig. 24 shows the comparison of computational effort 
required by COM, SAS, and CTR algorithms for using the 
optimal algorithm for TSP to plan the traveling path [15]. The 
improvement ratio of CTR algorithm over these algorithms is 
also shown in Fig. 24. The TSP problem is a NP-Hard problem. 
Finding an optimal solution requires huge computational effort. 
The approximation algorithm or the heuristic algorithm is 
usually used for finding an approximate solution to the TSP 
algorithm. Fig. 25 and Fig. 26 respectively present a 
comparison of computational effort required by the 
approximation algorithm for TSP and the heuristic algorithm 
for TSP [15]. The improvement ratio of CTR algorithm over 
these algorithms is also shown in Fig. 25 and Fig. 26. 

In the third experiment, we compare the lengths of traveling 
paths planned by TSP, COM, CT, SAS, and CTR algorithms 
when given the same number of sensors (100) across different 
data transfer rates. As mentioned earlier, the closer the mobile 
sink to the sensor, the faster the data transfer rate. Hence, in this 
experiment, we will specify sensors’ data transfer rate by 

Fig. 22  Comparison of the length of traveling path across different numbers

of sensors.  
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Fig. 23  The number of visiting points required for executing the TSP 
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Fig. 25  Computational effort by approximation algorithm for TSP. 
 

Fig. 26  Computational effort by heuristic algorithm for TSP. 
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adjusting their communication range. As shown in Fig. 27, 
except the TSP algorithm, all the algorithms produce a shorter 
traveling path with the increase of the communication range. 
This is mainly due to the fact that the TSP algorithm requires 
the traveling path to cover all the sensors. In contrast, COM, 
CT, SAS, and CTR algorithms require the traveling path to 
cover only the communication ranges of all the sensors. 
Therefore, when sensors have a larger communication range, 
COM, CT, SAS, and CTR algorithms can produce a shorter 
traveling path. The improvement ratio of CTR algorithm over 
TSP, COM, CT and SAS algorithms is also shown in Fig. 27. It 
can be observed that the improvement ratio of the CTR 
algorithm over COM, CT, and SAS algorithms does not vary 
drastically by the increase of the communication range. 
However, the improvement ratio of the CTR algorithm over the 
TSP algorithm becomes larger with the increase of the 
communication range. It can more effectively reduce the length 
of the traveling path with the increase of the communication 
range. For instance, given the communication range rc=10, the 
CTR algorithm can reduce the length of traveling path planned 
by TSP algorithm by 22.93%; given the communication range 
rc=50, the CTR algorithm can reduce the length of traveling 
path planned by the TSP algorithm by 51.71%. 

Table 3 shows the average stay time of the mobile sink at 
each visiting point with different data transfer rate by the CTR 
algorithm. Assume that a unit distance is 1m. The data 
generation rate is set to λ = 34 bps, which corresponds to one 
128-Byte packet every 30 seconds. For example, if the 
communication range is 20m, the data transfer rate will be 250 
kbps, the CTR algorithm has to visit 57 visiting points over a 
traveling path of 2823 units of distance, each sensor generates 
95982 bits of data in each round, the average number of sensors 

covered by each visiting point is 1.742, and the average 
duration of time that the mobile sink needs to stay at each 
visiting point is 0.653 sec. If the communication range is 50m, 
the data transfer rate will drop to 19.2kbps, the number of 
visiting points for the CTR algorithm will decrease to 25, the 
length of traveling path will be shortened to 2008 units of 
distance, each sensor will generate only 68272 bits of data in 
each round, the average number of sensors covered by each 
visiting point will increase to 4.032, and the duration of time 
that the mobile sink needs to stay at each visiting point will rise 
to 1.075 sec.  

In the fourth experiment, we explore the effect of number of 
sensors (50~200) for the CTR algorithm on the number of 
visiting points across different communication ranges (rc 
=10~50 units of distance). As shown in Fig. 28, with the 
increase of the communication range, the number of visiting 
points by these algorithms decreases. The improvement ratio of 
the CTR algorithm with 50~200 sensors is also shown in Fig. 
28. It can be found that when rc is between 10~40, the CTR 
algorithm given 50~200 sensors can more effectively reduce the 
number of visiting points with the increase of rc. However, 
when rc=50 and the number of sensors reaches 200, the number 
of visiting points required is almost similar to the number of 
visiting points required when rc=40. This is because for an area 
of 500 x 500 units of distance2, deploying 200 sensors with 
rc=40 will bring the number of visiting points to nearly the 
lowest level. For instance, given 200 sensors and rc=10, the 
CTR algorithm requires 140 visiting points, and the 
improvement ratio is 30%. Given 200 sensors and rc=40, the 
CTR algorithm requires 61 visiting points, and the 
improvement ratio is 69%. Given 200 sensors and rc=50, the 
CTR algorithm also requires 61 visiting points, and the 
improvement ratio is also 69%. 

VII. CONCLUSION 

In this paper, we revisit the traveling path planning with mobile 
sink in WSNs. We first propose a method to find the 
communication overlap area by comparison between sensors 
(the IRO rule). Later, we propose a method to allocate the 
contribution value of each overlap area to further reduce the 
number of visiting areas (the CA rule). Based on the visiting 
areas, we propose an algorithm to determine the representative 
point of each visiting area to reduce the computational 
complexity (the RPF algorithm). By doing so, the 
computational effort required by the TSP algorithm for 
planning a traveling path for the representative points can be 

Fig. 27  Comparison of the length of traveling path across different

communication ranges. 
  

0%

10%

20%

30%

40%

50%

60%

0

500

1000

1500

2000

2500

3000

3500

4000

4500

10 20 30 40 50

TSP algorithm COM algorithm CT algorithm
SAS algorithm CTR algorithm CTR vs. TSP
CTR vs. COM CTR vs. CT CTR vs. SAS

Communication range

L
ength of traveling path

Im
provem

ent ratio

TABLE III 
AVERAGE STAY TIME OF THE MOBILE SINK AT EACH VISITING POINT (THE 

CTR ALGORITHM) 

Communication range 
(units of distance) 

10 20 30 50 

Data transfer rate (kbps) 250 250 19.2 19.2 
Number of visiting points 81 57 41 25 
Path length (units of 
distance) 

3206 2823 2458 2008 

Amount of data 
generated by one sensor 
in a round (bits) 

109004 95982 83572 68272 

The average number of 
sensors covered by each 
visiting point 

1.236 1.742 2.451 4.032 

Average stay time 
(second) 

0.526 0.653 0.800 1.075 

 

Fig. 28  Comparison of the number of visiting points across different 

communication ranges. 
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effectively reduced. Finally, we propose the SA algorithm to 
reduce the length of the traveling path. Through simulation 
experiments, we confirm that the proposed CTR algorithm 
outperforms the existing path planning algorithms for WSNs 
(TSP algorithm, COM algorithm and SAS algorithm) in terms 
of reduction in the length of traveling path. Moreover, its 
effectiveness in reduction of computational effort is particularly 
noteworthy. 
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