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Multirate Data Collection Using Mobile
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Abstract—Data collection is one of the most fundamental
and important operations in applications of wireless sensor
networks (WSNs). Recent research has shown that using
mobile sink to collect data brings many advantages to WSNs,
such as improving energy efficiency of sensor nodes and
prolonging network lifetime. However, the limited speed of
mobile sink leads to larger latency, which cause that the
data is not fresh or the buffer overflow problem of static
sensor nodes. Based on the adaptive rate control, this paper
proposes a data collection algorithm which aims to reduce
the length of path along which mobile sink collects data
from static sensor nodes. The proposed algorithm not only
guarantees the completeness of data collection from each
static node but also reduces path length by adopting appreciate transmission rate. Through extensive simulations,
experimental results show that our approach can notably reduce the path length of mobile sink, while the data of every
sensor can be collected completely and efficiently.

Index Terms— Mobile sink, data collection, wireless sensor network, machine type communication, transmission rate.

I. INTRODUCTION

W IRELESS sensor networks (WSNs) have been applied
to many applications, such as healthcare, agriculture,

environmental monitoring, military and social networks. In a
wireless sensor network, nodes are classified into two types,
namely sensor node and sink node. A sensor node is used to
monitor the environment condition, forward the collected data
and relay data to the sink node, while the sink node aims to
collect the data from all sensors, plays the role of interface
between WSNs and the Internet.

Data collection problem is one of the most important
issue in WSNs and has been widely discussed in the past
few years. In literature, many studies [1]–[3] have developed
data collection approaches, aiming to collect data from static
sensors to the sink node such that the lifetime of a given WSN
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can be prolonged. These studies were mainly classified into
two types: static sink and mobile sink.

In the static sink category, a number of studies [4]–[6]
developed topologies which determine the route for each
sensor to relay its data to the sink node. The most popular
topology is the data collection tree rooted by the sink node.
Each sensor in tree receives data from its children nodes and
relays the data to its parent. However, the nodes closer to the
sink have higher forwarding traffics and hence will deplete
their energy much faster than others, causing the sensing hole
or network disconnection problems.

Some other studies [7], [8] adopted mobile sink instead of
static sink. They assume that the sensors are stationary in the
network. Mobile sink visits each sensor along the constructed
path and each sensor directly transmits data to mobile sink at
fixed time. As a result, no sensor needs to relay data and hence
the energies of sensors are balanced. These algorithms employ
one or several mobile sinks to visit each sensor and collect data
from the visited sensor. The method can balance the energy
consumption among the static sensors and alleviate the sensing
hole problem. However, how to construct the shortest path,
while improving the efficiency of data collection still requires
further improvement.

When visiting each sensor, the distance between the mobile
sink and the visited sensor varies with time. The mobile sink
and sensor can adopt different transmission rates to estimate
the time required for the data collection and hence apply
the multi-rate for reducing the length of data collection path.
Table I gives the referenced transmission rates under differ-
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TABLE I
MACHINE TYPE COMMUNICATION (MTC)

ent modulations, which refers to the spec. of 802.15.4 [9].
This paper proposes a novel path construction algorithm by
considering the machine type communication (MTC).

The MTC shown in TABLE I indicates that the mobile
sink adopts the lower level of modulation can have a larger
distance to the sensor node but its data receiving rate will be
reduced. Consider the case that one sensor has few data to
be transmitted to the mobile sink. The mobile sink can move
along the path which might be far away the visited sensor.
This can also guarantee that the mobile sink can receive all
data from that sensor since there are few data buffered in
that sensor. On the contrary, consider that there is a large
amount of data in one sensor. To guarantee that the mobile
sink can receive all data from that sensor, the mobile sink
should move along the path which is closed to the sensor
location. Since the distance between mobile sink and sensor
is short, based on the MTC table, the data receiving rate of
mobile sink can be increased, which guarantees that mobile
sink can receive all data from that sensor. Based on the MTC
table, the mobile sink can calculate the lowest modulation
that guarantees to receive all data from each sensor. This can
get benefit that mobile sink can receive the data from sensor
along a better path which allows the mobile sink to have a
larger distance from the sensor. The rate adaption applied in
the proposed path construction algorithm can further reduce
the time period for maintaining the communication link and
hence can further reduce the length of segment that passes
through the communication range of the visited sensor.

This paper presents an algorithm to construct a path which
passes through each sensor for mobile sink to collect data from
each static sensor with a guarantee that all data of each sensor
can be fully collected. To reduce the path length, the pro-
posed algorithm then utilizes the triangle theorem, aiming at
minimizing the data collection path length. Compared with the
existing works [14]–[17], the contributions of this paper are
itemized as follows:

A. Collecting Data While Moving
In [10] and [11], mobile sink stops at the sensor location

when collecting data from that sensor. This paper implements
the concept of “data collecting while moving” which can
efficiently move along the path.

B. Without Passing Through the Center of Sensor
The mobile sink considers data volume and communication

rate to construct the shortest segment within the communica-
tion range of the sensor, which reduces the total path length,
as compared with the existing studies [12], [13].

C. Taking Into Account the Transmission Rate
The adoption of multi-rate can accurately construct the

shortest chord which guarantees to receive all data from the
visited sensor while reducing the path length.

D. The Guarantee of Complete Data Collection
A collection segment (the chord) is analyzed and con-

structed such that the mobile sink moving along the chord
of each sensor can guarantee that all data of the visited sensor
is completely collected.

E. Saving Energy and Reducing the Fresh
Cycle of Data Collection

The path constructed by connecting the chords can reduce
the path length for data collection and thus reduce the length
of fresh cycle of data collection.

The rest of this paper is organized as follow: Section II
presents the previous work related to data collection in WSNs.
Section III presents the network environment and problem for-
mulation. Section IV proposes the algorithms while Section V
depicts the simulation results. Finally, the conclusion is drawn
in Section VI.

II. RELATED WORK

In literature, a large number of approaches that adopted
mobile sink to collect data have been proposed in the past
few years. These studies can be mainly classified into two
categories, depending on whether or not the mobile sink passes
through the centers of visited sensor nodes. In the category that
the mobile sink passes through the centers of visited sensor
nodes, those approaches can be further divided into partial-
data-forwarding [1]–[3] and no-data-forwarding [6]–[8]. The
following reviews these studies and compares them with the
proposed algorithm.

A. Stop at the Center of the Sensor Node
The approaches fall in this category can be further divided

into two sets, including the no-data-forwarding set and partial-
data-forwarding set. In the studies of no-data-forwarding set,
the mobile sink visits and collects data from each sensor.
On the other hand, in the studies of partial-data-forwarding
set, mobile sink selects some sensors, called data collecting
point, or CP, to be visited. All the other sensors that are not
visited by mobile sink should forward their data to the closest
CP. The following reviews these studies.

1) Partial-Data-Forwarding: In [1]–[3], sensor nodes were
partitioned into a number of groups and sensors in each group
were organized as a tree topology rooted by a collection point.
In each tree, all static sensors send their data along the tree
topology and the collection point stores the data until the
mobile sink visits them. The mobile sink moves along the
established path which passes through all the collection points
aiming to collect data in a way that the network lifetime of
the WSN can be prolonged as much as possible. However,
the length of constructed path can be further reduced.

In [4], a weighted rendezvous planning (WRP) is proposed.
Each sensor is assigned with a weight and the sensor nodes
with the highest weight are considered as CPs. Then a traveling
tour that passes all CPs is constructed for the mobile sink.
In path construction, the WRP treats the sink as first CP. Then
the weight of each sensor node is calculated by multiplying
the number of packets that it forwards by its hop distance
to the closest CP on the tour. Treating the highest weighted
sensor node as CP, the mobile sink builds a path that passes
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through all CPs. Since the tour length is limited, the visited
path length has to equal to or less than the maximum tour
length. However, the path length from the current location to
the next CP is not taken into consideration. This might raise the
problems of fewer collected data or shorter network lifetime.

In [5], a novel dynamic clustering based mobile-to-cluster
(M2C) scheme was proposed to optimize the service process
for both sensor nodes and the mobile sink. By estimating the
energy consumption of being a CP, the sensor nodes with
residual energy close to the estimation are actively elected
as CPs. However, the amount of data stored in each sensor
is not considered. Furthermore, the length of path constructed
for mobile sink can be further reduced.

2) No-Data-Forwarding: To reduce the energy consumption
of the mobile sink, study [6], [7] proposed travel planning
algorithm for data collection. The algorithm aims to shorten
the path but can still visit all sensor nodes and balance energy
consumptions of sensors. However, with an increasing number
of sensor nodes, it will still become impractical due to the high
computational complexity.

Study [8] presented two schemes for mobile sink to collect
data, called Min Mobile Growth (MMG) and Mobile Node
Movement Scheduling algorithm (MNMS). The centralized
algorithm MMG reduces the number of required mobile nodes
by global t-scan and optimizes their travel paths. The MNMS
algorithm generates the paths, carefully schedules the move-
ment of each mobile sink and makes sure that all data collected
by mobile nodes can be transferred to the base station.
Global t-scan is achieved by utilizing Min Mobile Growth and
MNMS. However, the efficiency of the constructed path still
can be improved.

Study [10] presented a variable length genetic algorithm
to optimize data collection path of mobile sink. The mobile
sink has to go through the whole network and collect data
from each sensor by stopping at some predefined locations
from where sensors are in its vicinity. However, the path
construction is time consuming since the generic algorithm is
applied. Furthermore, the length of path constructed for mobile
sink can be further reduced.

B. Visiting Sensor Node With a Constant Speed
The basic concept of this category is that the mobile sink

constructs the data collection path which passes the communi-
cation range of each sensor node. Compared with those studies
fall in the first category, studies fall in the second category have
the major advantage that the length of the constructed path can
be reduced since the path needs not to pass the center of each
sensor. Study [11] shown the mobility-assisted data collection
problem with a progressive optimization approach, which
considered the data-rate constraints of the communication
between the mobile sink and the sensor nodes. It determined
the proper locations around the collection site to conduct the
data collection.

Study [12] presented a shorten Traveling Salesman Prob-
lem(TSP) route for mobile sink to collect data. Along the
resultant route, energy efficiency was achieved for the mobile
sink to collect data in a round. It proposed an approach
which utilized a mobile sink to collect data while moving

TABLE II
SIMULATION SETTING

along a designated TSP route in wireless sensor environments.
However, it did not consider the amount of data buffered in
each sensor. Therefore, it did not provide a mechanism to
guarantee that all data can be received from each sensor to
the mobile sink. Furthermore, the length of the path can be
further reduced.

Study [13] proposed two versatile problems, the k-traveling
salesperson problem with neighborhood (k-TSPN) and the
k-rooted path cover problem with neighborhood (k-PCPN).
The common goal of both problems is to find the trajectories of
the k mobile sinks to collect data from n wireless sensor nodes
on 2-D Euclidean space such that the data collection latency
(the length of the longest trajectory among k trajectories) is
minimized. However, the efficiency of mobile sink can be
further improved.

The MSFLA [18] used a single mobile sink to collect data
from all cluster headers. The whole region was partitioned
into several sub-regions. Then the MSFLA selected one CP
for each sub-region and allocated a mobile sink to collect data
from the selected CPs. Similar to MSFLA, the existing CDCA
[19] partitioned the sensor network into several areas and
selected one CP from each area. Then the CDCA constructed
a Hamiltonian route passing through the selected CPs.

Although the studies in the second category constructed
shorter path, none of them considered the data amount stored
in the sensor node. Hence, they did not guarantee that all data
can be collected by the mobile sink. Moreover, to our knowl-
edge, it is the first work which adopts different communication
rates based on the distance between the mobile sink and
the visited sensor. The adoption of multi-rate can accurately
construct the shortest chord which guarantees to receive all
data from the visited sensor and reduces the length of data
collection path in advance. The following table compares
the proposed algorithm and the related studies. As shown in
Table II, the proposed algorithm has good features in terms
of data collecting while moving, without stopping center of
sensor and multiple transmission rates.

III. NETWORK ENVIRONMENT AND

PROBLEM FORMULATION

This section initially introduces the network environment
and assumptions of this work. Then, the problem formulation
is proposed.

A. Network Environment
Assume that the monitoring region is O. Consider a base

station s1 and a set of n-1 static sensors si , 2≤ i ≤ n. Let S =
{s1, s2, . . . ,sn} denote the set of base station and n-1 sensors,
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which are randomly deployed in region O. Each sensor has
limited buffer capacity and it stores new sensing data in the
buffer with a constant rate. A mobile sink, denoted by M ,
moves with a constant velocity for periodically visiting each
static sensor, aiming at collecting data from each sensor during
a predefined period T .

Energy consumption is the paramount factor for determining
the lifetime of a WSN. The lifetime of a WSN is measured
by the time period starting from the time point when the
network begins operation to the time point when the first
sensor node runs out of energy, because a dead sensor is
expected to be unable to relay or send data to the sink node.
This paper presents a method to plan a tour for collecting
data from each sensor. This helps each sensor minimize
energy expenditure and hence maximize the network lifetime.
The proposed strategy plans the path for data collection to
minimize the power consumption of the static sensor nodes.

The following presents the energy consumption model of
this paper. The sensor nodes mainly consume energy by
operations of data sending and receiving. Assume that the size
of each packet is κ bits. Let sender si and receiver s j be a
communication pair and consider that si sends κ bits to s j . Let
di j be the distance between si and s j . The energy consumption
of each receiver node for receiving one packet (κ bits) can be
measured by (1):

ER = κβ (1)

where β is the energy consumption per bit incurred by the
receiving circuit. The energy consumption for sender si to
transmit one packet (κ bits) to its parent s j is expressed as:

ET = κε1 + κdγ
i, j ε2 (2)

where ε1 is a factor that represents the energy consumption
per bit of the transmitting circuit, ε2 is the energy consumption
per bit of the amplifier circuit, and γ is the path-loss exponent
(which typically ranges between 2 and 4, depending on the
environment).

B. Problem Formulation
This paper aims to construct the shortest data collecting

path for mobile sink M such that the buffer data of each static
sensor can be fully collected. Let P̂ = (ŝ1, . . . ŝi , . . . , ŝn, ŝ1)
denote the data collection path which passes through the
communication ranges of all sensors in set S, where s0 denote
the base station. Let location of ŝi be presented by

(
x̂i , ŷi

)
.

Let d(ŝi , ŝi+1) denote the distance of two adjacent sensors ŝi

and ŝi+1. Let L P̂ denote the length of path P̂ . The goal of
this paper is to construct the path with minimal length for
mobile sink M to collect data from each sensor si in S. Equ.
(3) reflects the goal of this paper:

min(L P̂ =
i=n∑
i=1

d(ŝi , ŝi+1)) (3)

Some constraints which should be satisfied are given below
when developing an algorithm for achieving the goal depicted
in Equ. (3). The first one is the communication constraint
which restricts mobile sink M to pass through the commu-
nication range rc of each sensor in S.

1) Communication Constraint:

d (M, si ) ≤ rc for any siεS (4)

In fact, the path of M needs to intersect with the commu-
nication range of each sensor. This can guarantee that M can
receive data from each sensor. Herein, we emphasize that M is
not necessary to pass the location of each sensor. This might
help reduce the length of the path P̂ .

The second constraint is the Buffer Constraint, which
restricts mobile sink to guarantee that it can receive all data
stored in the buffer of each sensor. To achieve this, the mobile
sink M should fall in the communication range of each sensor
for a long enough time period such that it can receive all data
stored in buffer of that sensor.

Let tstart
i and tend

i denote the times that M enters into and
exits the communication range of the sensor si , respectively.
Let rt denote the receiving rate of data sent by sensor si at
time t , where tstart

i ≤t ≤ tend
i . Let Dbu f f er denote the maximal

capacity of each sensor’s buffer. The following Complete Data
Collection Constraint guarantees that M can collect all data
of each sensor si :

2) Complete Data Collection Constraint:∫ ti end

t i
start

rt dt ≥ Dbu f f er (5)

In addition to the Complete Data Collection Constraint,
another constraint is the limited path length. The total time
for mobile sink M visiting all sensors along the constructed
path should be constrained. There are two main reasons to
constrain the total visiting time. The first one is that the
energy of the mobile sink M is limited. The second reason
is that the time period between two visits to the same sensor
should be constrained. A long period not to visit sensor si

might lead to the situation that the buffer of sensor si is
overflowed. Let T denote the total time required for travelling
along path P̂ . Let Tmove denote the time period that M
moving without receiving data. Let Tcollect ion denote the time
period that M is moving and collecting data. It is obvious
that

T = Tmove + Tcollect ion (6)

Assuming that the data generation rate of each sensor si

is ρi bi t/s. The following Path-Length Constraint prevents
buffer of each sensor si from overflow.

3) Path-Length Constraint:

T ∗ρi ≤ Dbu f f er (7)

IV. ALGORITHMS

The section presents the proposed data collection algorithm,
which aims to reduce the length of data collection path
while satisfying the demand for visiting all sensors. The
algorithm mainly consists of two phases. The first phase aims
to construct an initial path that passes thought all sensors.
Based on the constructed path, all sensors have been ordered
in a certain visited sequence. The second phase aims to further
reduce the path length. The following presents the proposed
algorithm.
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A. Path Construction Phase
Let S = {s1, s2, . . . ,sn} denote the set of n sensors. Let

(xi , yi ) denote the location of sensor si . Let Ssoutheast be the
southeast point in S. That is:

Ssoutheast = arg min
si∈S

(yi ) (8)

Let ŝ1 = Ssoutheast will be the first visited point in the path.
Let π be a horizontal line passing through Ssoutheast and π has
an infinite length. Turn π in a counterclockwise direction until
it touches any point, say ŝ2. Then sensor ŝ2 will play the role
of Ssoutheast and repeatedly executes the operations described
above to find the next point ŝ3. Let ŝk be the last point which
find ŝ1 as its next point. Then we have constructed a path
Pinit = (ŝ1, ŝ2, . . . , ŝk) which forms convex polygon Q.

In case of k<n, it implies that there are n-k remaining points
that are inside Q but are not included in Pinit . Let Srem denote
the set of remaining n-k points. The point sclosest in Srem that
satisfies the following condition represents that it joins the path
Pinit will increase the least length. Hence the selected sclosest

will be chosen as the first point to join path Pinit .

sclosest = arg min
s j ∈Srem ,ŝi∈Q

[
dist

(
s j , ŝi

) + dist
(
s j , ŝi+1

)
−dist

(
ŝi , ŝi+1

)]
(9)

Let the constructed polygon be
Q = (ŝ1, ŝ2, . . . , ŝi , sclosest , ŝi+1, . . . , ŝk). Let sink node
in Q. Repeated executing the abovementioned operations
until all n-k remaining points have been joined the polygon.
Reorder the sensors in Pinit . We have

P̃ = {s̃1, s̃2, . . . , s̃n} (10)

After finishing the construction of initial data collection path
that passes through each sensor, the path length might too long.
The next phase aims to reduce the length of path P̃ .

B. Path Reduction Phase
This phase aims to reduce the length of path P̃ . To deter-

mine the data collection segment for each sensor and construct
a path which connecting the segments of all sensors, two tasks
should be performed. The first one is to analyze the length
of the collection segment. The second one further connects
segments of all sensors to form a data collection path.

Definition: Data Collection Segment gi of sensor si

A data collection segment gi of sensor si is a chord of the
circle of communication range of sensor si . The length of
this segment should long enough such that mobile sink moves
along it can completely receive all data buffered in sensor si .

Fig. 1 depict an example of data collection segment gi of
sensor si . In this phase, we aim to construct the shortest data
collection segment for each sensor such that the connection
of these segments will be the shortest path. For example,
as shown in Fig. 1, the three sensors si−1, si and si+1 have
their own data collection segments. The dash line connecting
the three segments can form a path along which the mobile
sink can completely collect all data buffered in the three
sensors. As shown in Fig. 1, the segment gi+1 is closer to
sensor si+1 than that of sensor si . This occurs because that

Fig. 1. The data collection segment gi of sensor si.

Fig. 2. Ring areas with different radiuses corresponding to different MTC
types.

sensor si+1 has more buffered data than sensor si . It is obvious
that the length of segment gi+1 is larger than gi . As a result,
when the mobile sink moves along gi+1, it can receive more
data from sensor si+1 which applies higher transmission rate
to transmit its data.

One important demand when discussing the shortest seg-
ment length of gi is that the mobile sink should receive
all data stored in si when it moves along gi . However, the
data receiving rate highly depends on the distance of mobile
sink M and si . Moving on the gi , mobile sink M will
change its modulation type to guarantee the performance of
data receiving and hence its data receiving rate is changed
accordingly. Assume that there are u types of MTC. The
applied type of MTC is determined by si which selects one
type based on the signal strength received by mobile sink.
Since the distance between si and mobile sensor M changes
with time, the type of MTC also changes accordingly. Assume
that the mobile sink moves with constant speed. The following
presents the design of the first task which aims to analyze the
length of gi .

C. Analyzes the Length of Data Collection Segment
The single strength received by mobile sink M highly

depends on the distance of si and M . Since there are u types
of MTC, we may partition the communication range of each
sensor into u ring areas with the common center point (the
location of si ), each ring area with a radius corresponding
to the distance of each MTC type. Fig. 2 gives an example
of u = 8.
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Let R j , 1 ≤ j ≤ u, denote the j -th ring area in each sensor,
counting from the outermost ring. The communication range
R of sensor si can be expressed by

R =
u⋃

j≥1

R j (11)

Each ring area R j consists of two boundary circles. Let
Cout

j and Cin
j denote the outside and inside boundary circles

of Ri , respectively. It is obviously:
Cout

j−1 = Cin
j , f or 2 ≤ j ≤ u (12)

Consider that the mobile sink moves along gi . The mobile
sensor changes MTC type and applies different transmission
rate since it moves crossing different areas. The following
presents how to construct a data collection segment gi for
each sensor si . Let notation lw denote the horizontal line that
is tangent to Cin

w . Let �w denote the set of ring areas that are
passed by tangent lw. We have

�w = {R1, . . . , Rw} (13)

As shown in Fig. 2, the set of regions that are passed
through by tangent l4 is:

�4 = {R1, R2, R3, R4} (14)

Let Pw be the ordered list of intersection points of lw and
�w. Let pmid

w denote the tangent point of lw and Cin
w . Let

Ple f t
w denote the set of intersection points that are located

on the left side of the tangent point. Let ple f t,i
w denote the

i -th intersection points on the left side of the tangent point.
Consequently, we have

Ple f t
w = (ple f t,1

w , . . . , ple f t,w
w ) (15)

Assume that the mobile sink moves along lw with a constant
speed. Let ti denote the time point that the mobile sensor
arrives intersection point ple f t,i

w . Let

Tu = (t1, t2, . . . , tw) (16)

denote the list of time points that M passes through the set of
points Pu . The mobile sink M moving along lw and collecting
data from each sensor si should guarantee that the data stored
in sensor si can be completely collected. Let d(M, si ) denote
the distance between mobile sink and sensor si . Let Pt x

i and
Prx

i denote the transmitting and receiving power of sensor
si , respectively. According to Friis’s free space equation,
the strength of power obtained by mobile sink M .

Prx
M = Grx Gt xη

L p
(

λ

4π(d(M, si ) + β)
)
2

Pt x
si

(17)

where notations Grx and Gt x denote the antenna gains of
M and si , respectively and λ denotes by the amplitude, L p

denotes the polarity loss.
According to the MTC types, the mobile sink can adap-

tively select the most appreciate modulation level to have the
best communication performance. Let f ( j) .rate denote the
receiving rate and strength of the j -th level modulation. That
is, the data receiving rate of mobile sink located in ring area R j

is f ( j) .rate. Let tstart and tend denote the time of mobile
sensor arriving and leaving the points ple f t, j

i and ple f t, j+1
i ,

respectively. When the mobile sensor get into R j , the receiving

Fig. 3. The construction of segment gi for sensor si.

rate of mobile sensor is f ( j) .rate. Since the path lw passes
through different regions R j , the data receiving rate of mobile
sink M changes accordingly. Equ. (18) evaluates the amount
of data, denoted by δmax

j , received by M .

δmax
j = 2

∑
R j ∈�w

⎛
⎝ tend∫

t start

f ( j) .rate dt

⎞
⎠ (18)

Because that mobile sink moves along path lw and the lw
is tangent to R j , the size of data received by the mobile sink
totally depends on the R j . That is, the size of data received by
M is increased if the visited region is closer to sensor si . This
occurs because that the mobile sink has higher transmission
rate and longer time for receiving data. Let ϑi denote the size
of data stored in si . The R j that is tangent by lw should satisfy
Equ. (19).

Rbest = arg
R j ,1≤ j≤u

(
δmax

j ≤ ϑi ≤ δmax
j+1

)
(19)

Let Rbest can be achieved when line lw tangent to Cin
best .

According to Equ. (19), the line lw should be moved closer to
si until it tangent to the Cin

best of region Rbest .
The following presents Segment Construction(SC)

Procedure for constructing data collection segment gi of si .
Let 
si−1si si+1 denote the triangle connecting sensors si−1,
si and si+1 as shown in Fig. 3. Let l(si−1, si+1) denote the
line connecting si−1 and si+1. Let line li denote the line
parallel to the line l(si−1, si+1). Move line li closing to the
location of sensor si until li tangent to the Cin

best of region
Rbest which can be obtained by applying Equ. (19). Then
line li will satisfy the property of gi . Let points pi and qi

represent the left and right intersecting points of sensor si

and the segment li , respectively. Let segment g(pi , qi ) denote
the line connecting points pi and qi . That is, g(pi , qi ) has the
important property that the mobile sink M moving along the
segment g(pi , qi ) with a constant velocity v can collect all
data of sensor si .

Let Oi denote the i -th group, which is organized by s(i−1), si

and s(i+1)modn. Applying the abovementioned SC Procedure,
the data collection segment gi = ¯piqi of sensor si can be
constructed.

D. Connects Segments of All Sensors to
Form a Data Collection Path

This task aims to connect the data collection segment
of each sensor to form a data collection path. These three
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Fig. 4. Partitioning sensors into groups and constructing data collection
segment for each sensor.

sensors in according to the abovementioned operations, each
sensor si has constructed the collection segment gi and has
two intersection points with the communication circle of
corresponding points pi and qi . Then the data collection path
can be further constructed by connecting points qi−1 and pi

and connecting points qi and p(i+1)modn , for 1≤ i ≤ n. Fig. 3
gives the constructed path, called Pbest . Recall that Phase I
will construct a data collection path P̃ = {s̃1, s̃2, . . . , s̃n}. This
path will be the input of phase II. The phase II aims to reduce
the path length by constructing a segment for each sensor and
connecting all segments to form a shorter path.

Based on the given path P̃ = {s̃1, s̃2, . . . , s̃n}, notation Oi

denote the i -th group, which is organized by three consecutive
sensors s̃(i−1), s̃i and s̃(i+1)modn . Since the task one of this
phase will construct a data collection segment gi = ¯pi qi for
each sensor s̃i , the reduced circular path, denoted by P̂ , can
be further constructed by connecting each point ni to point
m(i+1)modn. As a result, a new path

P̂ = (p1, q1, p2, q2, . . . , pn, qn, p1) (20)

can be obtained.
The following gives an example to illustrate the operations

of path construction. As shown in Fig. 4, there are four
sensors: s̃1, s̃2, s̃3 and s̃4. Initially, the sensors are partitioned
into several groups. Each group consists of three sensors.
In this example, sensors s̃1, s̃2 and s̃3 belong to one group
while sensors s̃2, s̃3 and s̃4 belong to another group. Then
the mobile sink constructs the data collection segment for
each sensor. For instance, the mobile sink constructs a data
collection segment g2 = g(p2, q2) which connects points p2
and q2. The constructed g(p2, q2) should satisfy Equ. (18)
to guarantee that mobile sink moves along the constructed
segment g(p2, q2) can completely receive all data from sen-
sor s̃2. Since there are many segments with different angles
for sensor s̃2, the next step aims to fix the angle such that
the final segment can be connected to the two segments of
sensors in the same group. To achieve this, a line l(s̃1, s̃3)
connecting locations of sensors s̃1 and s̃3 will be constructed.
Let g(s̃1, s̃3) denote the intersected segment of line l(s̃1, s̃3)
and the communication circle of s̃2. The line l(s̃1, s̃3) will be
moved closer to the location of sensor s̃2 until the length of
g(s̃1, s̃3) is equal to the length of g2. Then the g(s̃1, s̃3) will
be the final data collection segment g(p2, q2) of sensor s̃2.
Similarly, all data collection segments gi = g(pi , qi ) of
sensors s̃i can be constructed according to the abovementioned
three steps. As shown in Fig. 5, all segments will be connected

Fig. 5. The connection of all segments of sensors.

to form the data collection path P̂ by connecting points
p1, q1,p2, q2, . . . ,pn, qn, p1.

E. The Proposed MRDC Algorithm
This section presents the proposed MRDC algorithm. The

proposed algorithm mainly consists of two phases: the path
construction phase and the path reduction phase. In the path
construction phase, an initial path which passes through each
sensor will be constructed. As a result, each sensor has an
visited order in the path. In the second phase, the legnth of
initial path will be further reduced. In this phase, the ‘data
collection segment’ of each sensor is firstly defined. Then
the minimal length of data collection segment of each sensor
will be derived to guarantee that mobile sink can completely
receive data from the visited sensor. Finally, the data collection
segments of all sensors will be connected according to its order
to form a reduced path.

There are three inputs, including S = {s1, s2, . . . ,sn},
the location of each sensor, and the size of data amount ϑi of
sensor si, respectively. The output of MRDC is the established
data collection path P̂ .

Steps 1 to 3 select the southeast point in S as the first
visited point in the initial path. Steps 4 to 8 aim to construct
a path with polygon shape. Steps 9 to 12 add the remaining
sensors inside the polygon to the constructed path. Steps 13 to
15 intend to group every three consecutive sensors according
to the ordered sequence. Steps 16 to 20 further construct
the data collection segment for each sensor. Finally, step
21 interconnects the data collection segments of all sensors.

Herein, it is worth to notice that When the communication
ranges of multiple sensors are overlapped, it is difficult to
apply the proposed chord segment because the overlapping
cases are very complicate. In this situation, the proposed
MRDC will simply create a subpath which passes through
the point fallen in the overlapped region. Since the amount of
collected data along the constructed subpath can be calculated,
the mobile sink will stop for a while when collecting data
from the overlapped sensors if the data cannot be completed
collected.
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Algorithm 1 Procedure:Multi-Rate Data Collection
(MRDC) Algorithm

Inputs:
1. A set of n static sensors S = {s1, s2, . . .si , . . .sn}.
2. The location of each sensor is (xi , yi ) .
3. The size of data stored in si is ϑi .

Outputs:
1. The collection path: P̂ .

/∗ Initial Data Collecting Path
Construction (IDCPC) Phase ∗/

1. Ssoutheast = arg min
si∈S

(yi ) ;
2. ŝ1 = Ssoutheast;
3. Pinit = (ŝ1);
4. Let π be a horizontal line passing through ŝ1;
5. Repeat{

i++;
6. Turn π in a counterclockwise direction until it

touches any point, say ŝi ;
Add ŝi to path Pinit ;
Move π to pass through ŝi ;

7. Until (ŝi == ŝ1) }
k = i ; /∗ Pinit = (ŝ1, …, ŝk)

∗/
8. If (k < n){
9. Let Srem denote the set of remaining n-k points;

10. For ( j = 1; j ≤n-k; j++ ){
11. Compute the point sclosest in Srem according to

Equ.(9);} P̃=(ŝ1, ŝ2, . . . , ŝi , sclosest , ŝi+1, . . . , ŝk)}
12. Return P̃ ;

/∗ Path Reduction Phase∗/
13. Let P̃ = {s̃1, s̃2, . . . , s̃n} denote Pinit ;
14. For (i = 2; i < n; i + +)
15. Group s̃(i−1), s̃i , s̃(i+1)modn as a group;
16. For (i = 1; i<n; i++){
17. Calculate δmax

j for sensor s̃i according to Equ.(18);
18. Let l(si−1, si+1) denote the line connecting si−1

and si+1;
19. Move segment l(si−1, si+1) toward si until

Equ. (18) satisfied;
20. Let pi and qi be the left and right intersection

points of l(si−1, si+1) and Rbest , respectively;
21. P̂ = P̂ + (pi , qi );}
22. Return P̂;

V. PERFORMANCE EVALUATION

This section compares the proposed algorithm, called
MRDC, and the existing MSFLA [18] and CDCA [19]
algorithms in terms of the path length, improvement rate as
well as effective index. The CDCA algorithm [19] is selected
to compare with the proposed MRDC algorithm because that
it is the newest path construction algorithm which can flexibly
allow that mobile sink needs not to pass through the center
of each CP. This property allows the CDCA can be fairly

Fig. 6. The random deployed scenario.

Fig. 7. The regular deployed scenario.

compared with the proposed MRDC since the path constructed
by the MRDC does not pass through the center of each
sensor. The CDCA can be degenerated from multiple mobile
sinks into single mobile sink. To fairly compare the existing
CDCA and the proposed MRDC, only single mobile sink is
considered in the experiments.

The existing MSFLA and CDCA algorithms selected CPs
from sensors and all sensors transmit their data to the selected
CPs. Then the existing MSFLA and CDCA algorithms con-
structed paths passing through the selected CPs for mobile
sink to visit and collect data from CPs. Since the proposed
MRDC constructs a path passing through all sensors, to fairly
compare the proposed MRDC with the existing CDCA and
MSFLA in the experiments, the proposed MRDC applies the
CP selection mechanisms proposed in CDCA and MSFLA.
Then the MRDC constructs the path which only passes through
the selected CPs. In this way, the major difference between
MRDC and the existing MSFLA and CDCA algorithms is the
path construction technique. As presented in the last section,
the proposed MRDC constructs the data collection segment
for each CP by considering the data amount buffered in that
CP and dynamically adopting the MTC, aiming to reduce the
path length but guarantee the complete data collection from
each CP to the mobile sink.

Two scenarios are considered in the experiments. The first
one is a randomly deployed WSN while the second one is
regularly deployed WSN. The communication ranges of all
CPs are not intersected.

The following illustrates the parameters considered in the
simulation environment. The considered monitor region is
sized 1000∗1000 unit2. The number of sensors deployed in
the monitor region is varied including 50, 100, 150 and 200.
The initial energy of each sensor is 100J. The transmission
range of each CP is set ranging from 10m to 75m. There are
four levels of data volume offered to each sensor: 250 (KB) to
500 (KB), 500 (KB) to 1000 (KB), 1000 (KB) to 1500 (KB)
and 1500 (KB) to 2000 (KB). Table II summarizes the
parameters.

Figs. 8 and 9 depict the path lengths of the compared
MSFLA, CDCA and MRDC algorithms in the random sce-
nario. The common trend of the compared MSFLA, CDCA
and MRDC algorithms is that the path lengths are increased
with the number of CPs. In comparison, the proposed MRDC
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Fig. 8. The comparison of MRDC and MSFLA in terms of path length
in the random scenario.

Fig. 9. The comparison of MRDC and CDCA in terms of path length in
the random scenario.

outperforms the other two algorithms in terms of path length.
This occurs because that the proposed MRDC calculates the
transmission rates, adopts multi-rate transmission, constructs
a shorter chord and hence establishes a path for mobile sink.
As a result, the path of MRDC needs not to pass through
the center of each CP and is shorter than those of MSFLA
and CDCA. As shown in Fig. 8, the height of yellow bar
represents the path length reduced by the proposed MRDC,
as compared with MSFLA. It is interesting that the height of
yellow bar decreased with the number of sensor nodes. This
occurs because that the data volume of each CP is increased
with the number of sensor node, leading to the chord of each
CP closer to its center when applying the proposed MRDC.
As a result, the path lengths of MRDC and MSFLA are
approached when the number of sensors is increased. This
result is significant especially when the number of sensors is
200. The pink bars in Fig. 9 also depict similar trend when
the number of sensors are changed.

Fig. 10 depicts the path lengths of the mobile sink by
applying the compared MSFLA and MRDC algorithms in the
regular scenario. The common trend of MRDC and MSFLA
is that the path length is increased with the number of sensors.

Fig. 10. The comparison of MRDC and MSFLA in terms of path length
in the regular scenario.

Fig. 11. The comparison of MRDC and CDCA in terms of path length
in the regular scenario.

The proposed MRDC outperforms the MSFLA algorithm
because that the path of MRDC does not pass through the
center of each CP. However, the path lengths of MRDC
and MSFLA are approached when the number of sensors is
increased. This occurs because that the paths constructed in
the regular scenario are almost straight lines, which makes
no significant difference between MRDC and MSFLA. This
result also can be observed in Fig. 11.

A good data collection algorithm will keep a higher effective
index ζe f f ect ive, which is measured by the total data volume
to the whole path length, as depicted in Equ. (21).

ζe f f ect ive =
∑i=n

i=1 ϑi

P̂
(21)

A large value of ζe f f ect ive indicates that the data collection
algorithm creates a short path but the mobile sink can collect
massive data along this path. Fig. 12 compares the three algo-
rithms in terms of effective index from the random scenario.
The offered data for each CP is ranging from 250 ∼2000 KB.
In general, the efficiency indices of CDCA, MSFLA and
MRDC increase with the data volume. This occurs because
the volume of data received by mobile sink is increased.
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Fig. 12. The comparison of the effective index of three algorithms in
case of 20 CPs.

Fig. 13. The comparison of the effective index of three algorithms in
case of 15 CPs.

Fig. 14. The comparison of the effective index of three algorithms in
case of 10 CPs.

The proposed MRDC outperforms the other two algorithms
in all cases. The proposed MRDC calculates the data volume
of each CP and constructs a chord for each CP. Since the chord
length is shorter than the diameter of each CP, the proposed
MRDC construct a shorter path and hence achieves higher
effective index, as compared with the other two algorithms.
Figs. 13, 14, 15 have similar results where the performance
of the proposed MRDC outperforms the other two algorithms
in terms of effective index.

Fig. 16 further compares the effective index of the three
compared algorithms by varying the buffer size of each CP
and the data volume in the random scenario. The number of
deployed CPs is 20. The data volume is varied from 250 to
2000 KB while the buffer size of each sensor is varied from
500 to 2000 KB. One common trend of the three compared
algorithms is that their effective indices are increased with data
volume and buffer size. This occurs because that the larger
buffer size reduces the probability of data overflow in each CP.

Fig. 15. The comparison of the effective index of three algorithms in
case of 5 CPs.

Fig. 16. The comparison of the effective index of three algorithms in
case of 20 CPs. The buffer size and the amount of data are varied.

In comparison, the proposed MRDC outperforms MSFLA and
CDCA. When the data volume grows, the effective indices of
the three compared algorithms are approached. This occurs
because that the chord constructed by the proposed MRDC
will be closer to the diameter when the buffer size grows.

Fig. 17 depicts similar experiments as Fig. 16. In general,
the two Figures have similar trend that the effective index
is increased with amount of data and buffer size. The major
difference between Figs. 16 and 17 is that the number of
CPs has been reduced. That is, the numbers of CPs in
Figs. 16 and 17 are 20 and 10, respectively. Compared with
Fig. 16, the effective indices of Fig. 17 are reduced. This
occurs because that the total data volume is reduced when
the number of CPs is reduced.

Let notation τimprovement (A) denote the improvement index
of the proposed MRDC in terms of path length, as compared
with existing algorithm A. Equ. (22) calculates the value of
improvement index, where P R ADC and P A denote the path
lengths constructed by applying the proposed MRDC and
existing algorithm A, respectively.

τimprovement (A) = 1 − P R ADC

P A
(22)

A large value of τimprovement (A) indicates that the
MRDC has a big improvement against the existing
algorithm A. For examples, τimprovement (M SF L A) and
τimprovement (C DC A) denote the improvements of the pro-
posed MRDC algorithm against the existing algorithms
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Fig. 17. The comparison of the effective index of three algorithms in
case of 10 CPs. The buffer size and the amount of data are varied.

Fig. 18. The comparison of improvement ratio of MRDC to MSFLA.

MSFLA and CDCA, respectively. Figs. 18 and 19 mea-
sure the improvement indices τimprovement (M SF L A) and
τimprovement (C DC A), respectively, in the random scenario.
Two parameters, including the number of CPs and the amount
of data are varied.

As shown in Fig.18, the improvement index is decreased
with the amount of data but increased with the number of
CPs. This occurs because that the existing MSFLA approach
needs to pass through the center of each CP. As a result,
the length of path constructed by applying MSFLA has
significant incensement. Since the proposed MRDC does not
need to pass through the center of each CP, it reduces larger
length when the number of CPs grows, as compared with the
existing MSFLA. On the other hand, when the amount of data
grow, the chord constructed by applying the proposed MRDC
is closer to the center of CPs, resulting in a small improvement,
as compared with MSFLA.

Fig. 19 has similar result when the number of CPs and the
data volume of each CP are changed.

Fig. 20 compares the performances of MRDC, CDCA and
MSFLA in terms of network lifetime. Herein, we notice that
the proposed MRDC constructs a path passing through all
sensors. Different from the proposed MRDC, the existing
CDCA and MSFLA select CPs and the path of mobile
sink only passes through CPs. To fairly compare the three
algorithms in terms of network lifetime of the sensor networks,
a large number of sensors are deployed in the region and
the mechanisms for selecting CPs in CDCA and MSFLA are
applied in the proposed MRDC. Then the three algorithms

Fig. 19. The comparison of improvement ratio of MRDC to CDCA.

Fig. 20. The comparison of the three algorithms in terms of network
lifetime.

are applied to construct different paths passing through the
selected CPs. The number of sensors varies ranging from 50 to
200 while the path length varies from 10000 to 30000 units.
In general, the network lifetime decreases with the number
of sensors and increases with the path length. This occurs
because that a large number of sensors can generate larger
amount of sensing data, which increases the forwarding load
of the CPs and hence reduces the network lifetime. However,
a long path can increase the number of visited CPs and
hence reduce the forwarding load, increasing the network
lifetime. In comparison, the proposed MRDC achieves better
performance than CDCA and MSFLA in all cases, as shown
in Fig. 20. This occurs because that the proposed MRDC
constructs a shorter path for passing through the same set of
CPs. The remaining path of MRDC can further visit more CPs,
reduce the forwarding loads of the CPs and hence improve the
lifetime of the sensor networks.

Fig. 21 compares the performances of MRDC, CDCA and
MSFLA in terms of energy consumption of the mobile sink.
The number of sensors varies ranging from 50 to 200 while the
number of CPs varies ranging from 5 to 20. A general trend
of the three algorithms is that the energy consumption of the
mobile sink increases with both the numbers of sensors and
CPs. This occurs because that the WSN containing more sen-
sors can generate a larger amount of data which consume more
energy of the mobile sink for receiving the data. Similarly,
when the number of CPs increases, the mobile sink increases
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Fig. 21. The comparison of three algorithms in terms of energy
consumption of mobile sink.

Fig. 22. The comparison of energy consumptions of three algorithms.

its energy consumption for movement. In comparison, the pro-
posed MRDC outperforms the existing CDCA and MSFLA.
This occurs because that the proposed MRDC constructs the
data collection segment for each sensor by considering the
amount of data and the MTC (machine type communication).
As a result, a shorter path can be constructed, which reduces
the energy consumption of mobile sink for moving along the
path.

Fig. 22 further compares the total energy consumption of
sensors in each round by applying the compared three algo-
rithms. The number of sensor nodes varies ranging from 50 to
200, whereas the transmission range varies ranging from 20 m
to 40 m. As shown in Fig. 22, the three algorithms exhibited
a similar trend that the total energy consumption increases
with the number of sensor nodes and the communication
range. This occurred because more sensors can lead to a
larger amount of data, increasing the forwarding loads of
CPs. Similarly, when the transmission range is enlarged, each
sensor increases its energy consumption. In comparison, the
proposed MRDC yields the best performance. The main reason
is that MRDC reduces the path length by considering chord as
the sub-path within the communication range of each sensor,
as compared with the existing CDCA and MSFLA.

VI. CONCLUSIONS

Data collection is one of the most important issues in
wireless sensor networks. Mobile sink can help reduce and
balance the energy consumption of sensor nodes since it
can visit sensor nodes and collect data from them along

a specific path. This paper aims to construct the shortest and
energy efficient data collection path but guarantee that the data
of each sensor can be totally received by the mobile sink. The
main idea of this paper is to dynamically adopt the appreciate
transmission rate according to the data amount of each sensor.
This helps reduce the path length of the mobile sink and hence
can reduce the fresh cycle of data collection. The proposed
MRDC consists of two phases: Initialization Phase and Path
Reduction Phase. The Initialization Phase aims to construct an
initial collecting path that passes thought all sensors. Based
on the constructed path, all sensors have been ordered in
a certain visited sequence. Then the Path Reduction Phase
further partitions the sensors into many groups, according to
the ordered sequence, the MRDC further reduces the path
length of each group by applying ‘multi-rate transmission’
and ‘data collecting while moving’ schemes. To guarantee that
mobile sink can receive all data from each sensor, a chord,
called data collection segment, is constructed for each sensor.
Finally, the paths of all chords are interconnected to form the
data collecting path. Performance evaluation shows that the
proposed MRDC outperforms existing schemes in terms of
the network lifetime, energy consumption of each sensor, path
length, effective index as well as improvement index.

Future work will consider the support of multiple mobile
sinks. The key issue will be the cooperation between mobile
sinks, including the task partition, load balance and rendezvous
points arrangement for data exchange between mobile sinks.
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