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Abstract—Data collection is one of the most important
issues in Wireless Sensor Networks (WSNs). Many data col-
lection algorithms have been proposed for collecting data
using multiple mobile sinks. However, the anchor selection
strategy, which significantly impacts the network lifetime,
still can be improved. In addition, the collaboration between
multiple mobile sinks is still rare, resulting in the long latency
of each round of data collection. This paper proposes an
Exploring Cooperative Opportunities, Reducing Latency and
Prolong Network Lifetime algorithm for Data Collection, called
CORL2?, aiming to improve the network lifetime and reduce
the latency of data collection. Initially, the proposed CORL?
partitions the monitoring region into several equal-sized sub-
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regions and assigns each mobile sink to each subregion. Then CORL? further partitions each subregion into several
equal-sized grids and constructs a path passing through all grids in that subregion. To reduce the energy consumption
for packet forwarding, the proposed CORL? further partitions each grid into several small grids and adjusts the path such
that it can pass through high-density small grids, aiming to maximize the number of anchors and prolong the network
lifetime. Then the cooperative strategy is applied to cooperatively reduce the maximal latency of data collection in all
subregions and balance the data collection workload between neighboring mobile sinks. Performance evaluations reveal
that the proposed CORL? outperforms existing data collection algorithms in terms of latency, energy consumptions,
the workload balancing improving index(WBII), and network lifetime for data collection in the given WSNs.

Index Terms— Network lifetime, mobile sink, WSN, latency, cooperative opportunities, data collection.

|I. INTRODUCTION
IRELESS sensor networks (WSNs) which consist of
Wa large number of low-cost sensors have been used in
many applications. A typical example is the healthcare systems
where varieties of medical sensors are attached to the patients
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to collect their vital signs [1], [2]. The WSNs were also widely
applied to smart living or home monitoring applications.
A number of sensor-based intelligent devices [3], [4] were
connected with each other to detect human behavior, aiming to
improve living quality. In addition to the indoor applications,
the sensors were also deployed in the outdoor for environment
monitoring [5], traffic monitoring [6] or smart city [7]. In these
applications, collecting data from sensors is one of the most
important tasks in WSNs. In literature, many mechanisms have
been proposed for data collection. The simplest way [8], [9]
is accomplished by multi-hop forwarding from each sensor
to the sink node. However, multi-hop forwarding led to the
problem of network disconnection which impacted the network
lifetime. This occurs because that the sensors closer to the
sink consume much more energy for data forwarding than
those sensors far away from the sink. How to collect data
from sensors for prolonging the network lifetime is still a big
challenge.

In recent years, many studies have proposed data collection
schemes using the mobile sink. These studies are typically
divided into two classes: single mobile sink and multiple
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mobile sinks. The class of single mobile sink can be further
divided into no-data-forwarding and data-forwarding.

In the class of single mobile sink, some studies [10], [11]
adopted a mobile sink to patrol all sensor nodes and directly
collect data from them without data-forwarding. In study [12],
each sensor transmitted data to the bus adopting different
power levels based on its remaining energy. Since there is
no need for data forwarding, the energy consumptions of
sensor nodes were balanced. However, the length of the
constructed path for the mobile sink is too long, which raises
the time-consuming problem for the mobile sink to visit
each sensor. Moreover, it also leads to the problem of buffer
overflow of some sensor nodes or energy depletion of the
mobile sink.

To cope with the long path problem, some other stud-
ies [13]-[15] adopted the partial data-forwarding scheme
which selected a set of sensors as anchors and constructed
a path for the mobile sink to pass through anchors and collect
data from them. All other sensors sent their data to the closest
anchors in a multi-hop manner. Study [16] partitioned the
monitoring region into several grids, constructed a regular path
in balanced grids and adjusted the path segments for these
unbalanced grids. Study [17] proposed a trajectory planning
scheme (DAAP) for the mobile sink to collect data from
sensors in delay-harsh applications. However, the selected
anchors might not be appropriate. Besides, the sensors
closer to the anchors will consume more energy for data
forwarding.

There were some other studies [18], [19] that fall in
the second class using multiple mobile sinks, aiming to reduce
both the path length and time required for each round of
data collection. To achieve this, the whole network region was
divided into several subregions. A mobile sink was assigned
to each subregion. Then the mobile sink constructed a path
that passed through all sensor nodes in its subregion. The
mobile sink then traversed the path and collected data from
these nodes and then sent those data to the base station.
Study [20] adopted multiple mobile sinks to collect and relay
data in a cooperative manner. However, most of them did
not take into account the cooperation for balancing work-
loads between the mobile sinks. As a result, the latency of
data collection was long. The established route still can be
improved.

Given multiple mobile sinks and a set of deployed sensors,
this paper proposes a cooperative data collection algorithm,
called CORL?, which selects as many as possible anchors
with higher remaining energy. Then the proposed CORL?
explores the cooperation opportunities between neighboring
mobile sinks, aiming to reduce the latency of data collection.
Initially, the CORL? partitions the monitoring region into
several equal-sized subregions according to the number of
mobile sinks and then assign mobile sinks to each subregion.
Then the CORL? further partitions each subregion into several
equal-sized grids and the designed path patterns to construct a
path passing through all grids in each subregion. The designed
path patterns aim to explore more cooperative opportunities
from neighboring subregions. To reduce the energy consump-

tion for packet forwarding, the proposed CORL? further selects
more anchors in each grid according to the density of sensor
node distribution and the residual energy and then adjusts
the constructed path in each subregion. Then the cooperative
policy is applied for neighboring mobile sinks to reduce the
maximal latency time of data collection in all subregions and
balance the data collection workload between neighboring
mobile sinks. The following highlights the contributions and
key features of this paper.

1) Balancing the energy consumptions of anchors. The
proposed CORL? selects more anchors in each grid
according to the density and the residual energies of
sensors and then adjusted the constructed path in each
grid. Compared to the existing study [16], the pro-
posed CORL? can better balance the energy con-
sumptions of anchors and hence improve the network
lifetime.

2) Exploring the cooperative opportunities. This paper
proposed the designed path patterns for exploring the
cooperative opportunities between neighboring subre-
gions. In addition, before executing the data collection
task, the neighboring mobile sink calculates the number
of sensors and the path length for its subregion and
then dynamically adjusts the size of the subregion.
Compared with the existing studies [16], [19], the pro-
posed CORL? can balance the workloads of neighboring
mobile sinks as well as reduce the latency time of data
collection.

3) Improve the freshness of collected data. The freshness
of collected data highly depends on the time of each
round for data collection. This paper proposes the coop-
erative policy and explores the cooperative opportuni-
ties between neighboring mobile sinks, which reduce
the maximal latency of each round of data collection.
Compared with the existing work [16], the freshness of
collected data can be significantly improved.

4) Hierarchically partitioning the region for better mobile
sink dispatching, path construction, and anchor selec-
tion. This paper partitions the region into three layers,
including subregions, grids, and small grids. The region
partitioning aims for work distribution for the multi-
ple mobile sinks. Then the proposed CORL? further
partitions each subregion into several grids for path
construction. Then each grid is further partitioned into
small grids such that the sensors in a high density small
grids and with high remaining energy can be selected as
the anchors.

The remaining parts of this paper are organized as
follows. Section II reviews the related works and com-
pares them with our work. Section III presents the net-
work environment, assumptions, and problem formulation
of this paper. Section IV presents the designing concepts
and details of the proposed CORL?. Section V presents
the performance improvement of the proposed mechanism
against the existing studies. Finally, Section VI presents the
conclusions.
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Il. RELATED WORKS

In literature, many studies adopted mobile sink for collect-
ing data from sensors. These studies can be further classified
into two categories: single mobile sink and multiple mobile
sinks. The following briefly reviews these related works.

A. Single Mobile Sink

The class of single mobile sink can be further divided
into no-data-forwarding and data-forwarding. Some studies
adopted a mobile sink to visit all sensor nodes and collect
data from them. Study [10] proposed an approach to cope with
the problem of data mule scheduling (DMS). The heuristic
algorithm aimed to minimize the latency of data collection
and improve the reliable transmission of data by controlling
the speed. The heuristic algorithm provided the functions
of the path selection, speed control, and job scheduling
for the mobile sink to visit and collect data from each
Sensor.

Somasundara et al. [11] proposed an approach for schedul-
ing the mobile sink, aiming to construct a path for collect-
ing data from all sensors before the buffer of each sensor
overflows. Each sensor generated data at a different rate in
different areas. The mobile sink collected data by visiting each
sensor at a constant speed. However, visiting each sensor is
time consuming, especially for a large scale wireless sensor
network.

Study [12] proposed a distributed bus-based Data collec-
tion (DBDC) algorithm, aiming to maximize the amount of
collected data and the network lifetime of wireless sensor
networks. Each sensor transmitted data to the bus adopt-
ing different power levels based on its remaining energy.
The algorithm allowed each sensor to locally negotiate with
neighbors and schedule its time slots based on the size of
buffered data, remaining energy, and the number of time slots
contacted with the bus. However, sensors were required to syn-
chronize their clocks, increasing the complexity of the MAC
protocol.

To cope with the long path problem, some other stud-
ies [13]-[17] adopted the data-forwarding scheme when devel-
oping the data collection mechanisms. These studies selected
a set of sensors as anchors and constructed a path for the
mobile sink to pass through anchors, aiming to collect data
from them. Studies [13] and [14] proposed heuristic algorithms
that selected sensors to be visited based on the number of
forwarding data packets and the hop distance of the tour.
However, WRP did not consider the length of the path from
the current anchor position to the next one. The path length
can be further improved.

Study [15] proposed an energy-aware path construction
algorithm (EAPC). The EAPC evaluated the benefit of each
sensor node and selected those sensors with maximal benefits
to act as anchors. Then a path was constructed for passing
through the anchors. The EAPC considered the cost of length
between any two continuous anchors. As a result, the con-
structed path can likely visit the maximal number of anchors,
which balanced the forwarding workload and hence improved

the network lifetime. However, the path length of the mobile
sink was increased with the network size, raising the problem
of high latency for data collection.

In [16], a joint density-aware and energy-limited path con-
struction algorithm for data collection (DEDC) was proposed.
The objective of the paper was to select as more as possible
appropriate anchors under the path length constraint for pro-
longing the network lifetime. The DEDC firstly partitioned
the monitoring region into several grids and then applied
the agglomerative hierarchical clustering (HC) algorithm to
identify those grids to be balanced or unbalance grids. After
that, the DEDC constructed a regular path in balanced grids
and adjusted the path segments for these unbalanced grids.
However, the DEDC did not take into account the residual
energy of those anchors when adjusted the constructed path in
each balance grid. When the size of the network area or the
number of sensors grows, the path length of the mobile sink
was increased accordingly. The mobile sink spent much more
time for each round and hence caused high latency for data
collection.

Study [17] proposed a trajectory planning scheme (DAAP)
for the mobile sink to collect data from sensors in delay-harsh
applications. The proposed DAAP aimed to construct a short
path for the partitioned WSNs. The DAAP firstly found the
center point of each isolated segment and then constructed
a path connecting all center points. After that, all sensors in
each isolated segment forwarded their data to the center point
of that segment in a multi-hop manner. Finally, the mobile sink
collected data from the center point of each isolated segment
along the constructed path. However, the multi-hop forwarding
might cause network disconnection in each isolated segment
because that the sensors closer to the center point consumed
more energy for packet forwarding.

B. Multiple Mobile Sinks

Santos et al. [18] proposed an approach for solving the
problem of building cluster-based topologies for wireless
sensor networks with several sinks. The study considered the
deployment of a wireless sensor network as a graph. Then
the graph is divided into an independent dominating set with
connecting requirements (IDSC) and each IDSC was assigned
a mobile sink. After that, the clustered model was used to
balance the number of sensors in each IDSC, reducing data
forwarding times and improving energy consumption in the
network. However, the paper did not take into account the
cooperation between the mobile sinks. As a result, the latency
of data collection was long.

Study [19] proposed a collaborative data collection algo-
rithm (CDCA) which aimed to reduce data gathering latency,
increase the network throughput and decrease the number of
mobile elements. The main idea of the CDCA was to divide
the network field into several partitions, assign each mobile
sinks to each partition, and then cooperatively collect data
from sensors to the base station. However, the CDCA did not
take into account the freshness of the collected data. As a
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result, the latency of collaborative data collection was long for
a large scale sensor network. The collaborative data collection
algorithm still can be improved.

Study [20] proposed a cooperative data-gathering scheme
(HiCoDG) which adopted multiple mobile sinks to collect
and relay data in a cooperative manner. Each mobile collector
collects data from sensors and forwards them to the mobile
relay, which will deliver the received data to the sink. The
objective of HiCoDG 1is to minimize the traveling distances
of mobile sinks by finding the optimal paths for the local and
global mobile sinks. However, it did not consider the distance
between the current cluster-head and the next one, resulting
in the long latency of data collection for a large scale sensor
network.

All of the above algorithms emphasized the improvement
of energy unbalanced or coped with the latency problem.
However, existing algorithms adopted a single mobile sink
spent much time for each round and hence cause high latency
for data collection. On the other hand, existing algorithms
adopted multiple mobile sinks did not develop the cooperative
policy to balance the tasks of data collection in multiple
mobile sinks. Different from the previous studies, the proposed
data collection algorithm, called CORL?, initially partitions
the monitoring region into several subregions. Then it assigns
each mobile sink with one subregion and constructs the initial
path for each mobile sink. To reduce the energy consumption
for packet forwarding, the proposed CORL? further selects
more anchors in each grid according to the density of sensor
node distribution and the residual energy of sensors and
then adjusts the constructed path in each subregion. Finally,
the CORL? explores the cooperation opportunities between
neighboring mobile sinks, aiming to reduce the maximal
latency of each round of data collection in a large-scale sensor
network.

Table I summarizes the comparisons between the proposed
mechanism and the related studies. The ‘Multiple mobile
sinks’ present whether or not the proposed mechanism is con-
sidered multiple mobile sinks. The ‘Data forwarding’ indicates
whether or not the proposed mechanism adopted the data
forwarding policy. The ‘Adjusting path’ indicates whether or
not the path is firstly constructed and then further improved
aiming to find more anchors or construct a more efficient
path. The last matric is ‘Cooperation for balancing work
loads’ which examines the existence of cooperation relation
between multiple sinks. In comparison, the proposed CORL?
selects more anchors by considering the density and the
residual energies of sensors and then adjusts the constructed
path in each grid to better balance the energy consumptions
of anchors. Furthermore, the proposed CORL? applies the
cooperative policy for reducing the maximal latency of each
round when executing the data collection task.

1. NETWORK ENVIRONMENT AND
PROBLEM FORMULATION
This section presents the network environment and the
assumptions of the given WSNs. The problem formulation is
subsequently presented.

TABLE |
COMPARISONS OF PROPOSED CORL2 AND EXISTING MECHANISMS

Studies Multi.ple Data Adjusting Cooperatifm
n‘10b11e forwarding path for balancing
sinks workloads

[10] x x x x

[11] X X X X

[12] X x x X

[13] x O X X

[14] X O x X

[15] X O x x

[16] x O O X

[17] X O X X

[18] O O x x

[19] O O X X

[20] O O x x

The

proposed O O O O
CORL?

A. Network Environment

This paper assumes that a set of n static sensors S =
{s1,s2---,8,} are randomly deployed in a monitoring region
R which is divided into equal-sized # x z subregions. Let
R = {R1,1, Ri12---, Rz} denote the set of those subregions.
Let [ and w denote the length and width of each subregion,
respectively. There are m mobile sinks {M 1, M2, - My}
assigned to the corresponding subregion, where m=hxz. Let
P ={Py 1, P12, Py} denote the set of those paths where
the path P;; denotes the path constructed in the subre-
gion R; ;. The mobile sink M; jmoves along the path P; ; to
collect data from sensors in R; ; with a constraint of maximal
length L; ;. The constraint of path length for the mobile sink
reflects the fresh requirement of data carried by the mobile
sink and the limited energy of each mobile sink. The paper
assumes that every mobile sink is aware of its location while
moving and the locations of all static sensors in its subregion.
The sensors which can directly transmit data to the mobile
sink is called an anchor. Let A; j = {a; j 1, ai 2 -+, ai b} be
the set of b anchors in the subregion R; ;. It is obvious that
each anchor node falls in its communication range of mobile
sink and can directly transmit data to the mobile sink when
the mobile sink moves along a pathP; ;.

Assume that the communication ranges of all mobile sinks
and sensors are identical. Each mobile sink has rich power
or is supported by an energy harvesting system. On receiving
data from sensor nodes, each mobile sink can transmit the
data to the base station through GSM. The function of the
base station is to upload the data to the internet for further
processing.

Fig.1 illustrates an example of several anchors and four
mobile sinks in a monitoring region. In Fig. 1, the empty
circles represent the static sensor nodes and the purple circles
represent the anchors whereas the red trilateral denotes the
base station. The monitoring region has been partitioned into
four subregions and each subregion is assigned to a mobile
sink collection data. In each subregion, all static sensors send
their data to the nearest anchor, and the anchor stores the data
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Fig. 1. Network environment.

until the mobile sink visits it. Furthermore, the mobile sink
moves along the established path, which passes through all
anchors to collect data and then sends those data to the base
station through GSM.

B. Problem Formulation

This paper essentially studies how to construct the path of
each mobile sink aiming at maximizing the lifetime of the
given WSN while balancing the data collection time of each
mobile sink. The lifetime of a WSN is defined as the length of
time from the point at which the network runs to the point at
which the first sensor node runs out of energy. The power
consumption of a sensor mainly includes transmitting and
receiving data. It is assumed that the size of each packet is k
bit. The energy consumption for the sender s; to transmit one
packet (k bits) to its neighbor s; is measured by:

E; = ke +kd; & M

where ¢ is the transmitting circuit of energy consumption per
bit, &, is the amplifier circuit of energy consumption per bit
and d;; denotes the distance between s; and s;.

The energy consumption of each node for receiving one
packet (k bits) can be measured by (2):

E, = kp )

where S is the receiving circuit energy consumption per a bit.

In each subregion, the sensors which fall in the commu-
nication range of the constructed path will play the role of
anchors. All sensors in this subregion will organize many trees
each rooted by one anchor. Along with the constructed tree
topology, sensors will forward their data to the root of the
corresponding tree. Let C(s;) denote the number of children
of sensor s;. Assume that there are x packets generated by
each sensor in each round. The total energy cost of the sensor
s;j in a round is expressed as:

E§" = (Csj)x +x) x Er+ (Cx x Er) - (3)

The network lifetime highly depends on the sensor nodes
with the lowest residual energy. Since that each anchor node
consumes more energy than any sensor in its tree, this study
aims to minimize the energy consumption of the bottleneck
anchor node, which consumes the largest energy. Exp. (4)
reflects the goal of this paper.

First Objective:

Min Max E{" 4)
Si€A
Let D;; denote the time required for mobile sink
M; jmoving along the path P;; to collect all data in the
subregion R; ;. To keep the data to be fresh, the maximal D; ;
of mobile sink M; ; should be further minimized. Exp. (5)
reflects this goal.
Second Objective:

Min Max D; ; 5)

M; jeM
The following presents some constraints which should be
satisfied when achieving objectives (4) and (5). Let ¢; ; denote
the number of anchors in the subregion R; ;. An important
constraint for the path length is the limited energy of each
mobile sink M; ;. Let ET°C“™8 denote the energy required

o LJ
for mobile sink receiving packets from ¢g; ; anchors. The value

f E“’'"8 can be obtained by
Elrejcewmg Z (Clay)x + x) x E, (6)
ay€A; j

Let £} """ denote the energy consumption of a mobile sink

for moving one unit distance. Let E,; denote the original
battery energy of each mobile sink. Let L’"“x denote the
longest path that mobile sink can move under the constraint
of its battery energy. Let L; ; denote the path length of P; ;.
The total energy required for every mobile sink moving along
the path P; jis:

movzng

Lmax +Erecezuzng (7)
recewlng)/Emoumg (8)

Epun = E;
L = (Efull -

Constraint (9) gives the upper and lower bounds of path
length L; ;.
1) Path Length Constraint:

me Ll ] _Lmax (9)

where L’"j”’ denotes the shortest Hamiltonian path passing
through each anchor node in the subregion R; ;.

Another constraint is that the data generated by each sensor
only can be received by at most one mobile sink M; ;. Let
Boolean variable 4; j denote whether or not sensor node
si can transmit data to the mobile sink M; ;. That is,

1, sk can transmit data to mobile sink M, ;
Aijk = :
0, otherwise
To ensure those data of each sensor only can receive by one
mobile sink, the following Data transportation constraint (10)
should be satisfied.
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2) Data Transportation Constraint:

h z
D hiju=1,

i=1 j=I

for V sy (10)

In this paper, another important constraint is that each
anchor should receive all the data packets generated by the
sensors in its tree. Let ¢ denote the buffer size of each sensor.
Let 7 be the data generation rate of each sensor node. Let
T;; denote the time length of each round which is defined
by the time required for round trip traversal of the path P; ;.
Recall that C(a;) denotes the number of children of anchor a;.
The number of packets received from anchor a; in each
round would be C(a;)tT; ;. To prevent the buffer overflow,7; ;
should satisfy the following constraint.

3) Buffer Constraint:

(Claj) +x) T ; <V Y

Let S; j denote the set of sensors in the subregion R; ;. Let
fl"}” denote the total number of packets sent by all anchors
in the subregion R;; in each round and let fl’7 denote the
number of packets created by all sensors s; €S;; in each round.
To guarantee that all packets of S;; can be received by the
mobile sink M; ;, the following Flow Constraint (12) should
be satisfied.

4) Flow Constraint:

out Z fz

Vs €8ij

12)

IV. THE PROPOSED Corl? ALGORITHM

The proposed CORL? algorithm is composed of three
phases: [Initial Path Construction Phase, Path Adjustment
Phase, and Cooperation Phase. The Initial Path Construction
Phase aims to partition each subregion into multiple small
grids and construct an initial path along which each mobile
sink can move for data collection in each subregion. Herein,
it is noticed that all sensors that fall in the communication
range of the constructed path will play the role of anchors.
The Path Adjustment Phase aims to adjust the path such
that the number of anchors can be increased. The increase
of anchor nodes can further reduce the number of hops
when each sensor forwards its data to the anchor node. As a
result, the network lifetime can be further improved. Finally,
the Cooperation Phase aims to balance the workload of data
collection among mobile sinks, aiming at reducing the latency
for data collection.

A. Initial Path Construction Phase

The Initial Path Construction Phase mainly consists of two
tasks. The first task aims to partition the monitoring region R
into equal-sized h x z subregions and further partition the
subregion into several equal-sized grids. Then the second
task aims to construct a path passing through each grid.
Each mobile sink moves along the constructed path for data
collection.

The monitoring region has been partitioned into m sub-
regions and each mobile sink is responsible for collecting
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Fig. 2. The initial path and possible initial positions of the mobile sink.

Left and dowm

data of sensors in one subregion, where m is the number of
mobile sinks. In the first task, each subregion R; ; is further
partitioned into a set of ¢ =g; X g2 square grids R;; =
{11,812 . " 8qi.q2} » where the number of columns g
is even.

In the second task, a snake-like path is constructed starting
from the initial position, passing through each grid once,
and finally returning to the initial position. Each mobile
sink will move along its path and collect data from sensors
in R; ;. To explore more collaborative opportunities between
neighboring subregions, two path patterns are applied.

The following presents the designed two path patterns.
In each subregion R; ;, the trajectory ¢;; of each mobile
sink M;; can be represented by three features ¢;; =

- loc -
( d,R; ) where ¢ denotes the path type, d denotes the

direction and Rl"f denote the initial position of the path. Given
a subregion R; ;, a particular path pattern will be applied to
construct the path in R; ;.

The first feature of the path pattern is ¢, which denotes
the type of the constructed path. To maintain the cooperation
relation between mobile sinks, Let ¢; and ¢, denote the two
path types and ¢ ={p1, > } be the set of two types. The two
path types ¢; and ¢, are shown in R; | and Ry in Fig.2,
respectively. The following path construction rule defines the
path type constructed in the subregion R; ;.

?1
@2

To maintain the cooperation data collection between neigh-
boring mobile sinks, in each subregion R; ;, the mobile sink
M;, ; should move along the constructed path P; ; in a certain

when i is odd

when i is even

direction. Let d i,j denote the moving direction of mob1le sink

M; ;. Mobile sink M; ; should move in the direction d ij
according to thi following direction rule.

— d +when i + j is odd
—

dij = , where 74_ and 7_

d _when i + j is even
denote the clockwise and counterclockwise of the correspond-
ing path.
Similar to the direct rule, the mobile sink M; ; should move
to start from the different initial positions. Let ‘LT’ (Left and
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Top), ‘LB’ (Left and Bottom), ‘RT’ (Right and Top) and : | ! ' |
. e .. o
‘RB’ (Right and Bottom) denote the four initial positions. ¥ I = o S L :°g,L o
IR T D) W L L __lsgl oy _
The position rule that determines the starting position Rl"c f 5 o f‘” o —‘ré"'lj = ‘:'“
mobile sink M; ; is presented below. 3 1.2, i 3 R 1
= -——— = - == = - _———— == =
P .. o : 1 1 4 1
LT, if i is odd and j is odd e d i w2 I 9 i
e .. B LSS R N - ! P
Rloc _ RT, if i is odd and j is even - Y KN B : o! e |
.7 - . . . .. ~° : ~° :
bJ LB, if i iseven and j is odd 1 Fopoo, I il T eob I
RB, if i is even and j is even (a) The first segment of the path in the grid g, ; (b) Adjust the new segment

Base on the above mentioned rules, a path can be con-
structed for each subregion R; ;. Fig.2 depicts the initial path
and four possible initial positions of the mobile sink.

Recall that each path length of M; ; is limited by L; ;.
The total length L; ; of each mobile sink will be divided into

L init Lad]'m and Lhelp where L””’ denotes the

,]
length of the initial path Ladj st

three parts,
denotes the path length for

supporting path adjustment and L. jp denotes the maximal
path length to help the nelghbormg mobile sink collect data.

Lij= LM 4 09" 4 L (13)

Next, we will derive the grid size which highly depends on
the limited length of the initial path for each mobile sink.
Recall that the length and width of each subregion are [
and w, respectively. Let notation [, denote the side length
of the square grid. There are w/l, columns. Ignoring the first
and last columns, the length of each vertical red line passing
through each column is / — 2/,. The vertical red lines passing
through the first and last columns have equal length, which
has additional /; length than the other vertical red lines. The
value of L;.’"j” can be represented by

Lin = IB (1= 2L) + 21 +2 (1w — I,) (14)
8
Then the grid length can be obtained by the calculation
= (15)
g = ——
L

Till now, the first phase has partitioned the monitoring
region into m = h X z subregions and each subregion is further
partitioned into g1 X g» grids with grid length /,. There are
two path patterns, including ¢ and ¢, will be applied for
constructing the path for each subregion R; ;, according to
the value of i and j. As a result, this phase has finished the
region partitioning and path construction for each subregion.
The next step is to perform the operations defined in Phase B
which aims to select more anchors to increase the network
lifetime and balance the workload of each mobile sink.

B. Path Adjustment Phase

This task aims to adjust the path to increase the number
of anchors. The increase of anchor nodes can further reduce
the number of hops when each sensor forwards its data
to the anchor node. To achieve this, each grid g;; will
be further divided into a set of 6 = d x f small grids

in the grid g,

Fig. 3. Example of path adjustment.

N ={vy,1,v1,2,-,va,r }. Let notations ry; and r. denote
the sensing radius and communication radius of each sensor,
respectively. Let [y denote the length of the grid, where
re<ly <rec.

Fig. 3 gives an example of the initial path and adjustment
path. The grid gp,; is divided into 16 small grids v, for
1<a < 4, for 1<b < 4, where seventeen sensors are deployed.
Figs. 3(a) and 3(b) depict the initial path and the adjusted
path for the grid gp,1, respectively. As shown in Fig. 3(a),
there are few sensors or even no sensors deployed around the
initial path in each small grid. This can increase the number of
hops when each sensor forwards its data to the anchor node.
In Fig. 3(b), the path adjustment of the grid algorithm selects
91,2,.92,1,,93,2,and 143 to construct the path of the mobile
sink since sensors in these grids have higher remaining energy
and can play the role of anchor. Consequently, the number of
anchors is increased from 7 to 12, reducing the number of hops
when each sensor forwarding its data to the anchor. Therefore,
the lifetime of WSN can be prolonged.

To achieve this, the rich sensor that has high remaining
energy will be first identified. Then the richest small grid
which has maximal remaining energy in each row will be
selected to be passed by the adjusted path. Let Ef”“ and E7"
denote the initial energy and remaining energy of the sensors;,
respectively. Let Epreshora  denote the threshold value for the
sensor to play the role of anchor. Let p; denote whether or
not the sensor s; can serve as a rich sensor, That is,

pi = L if E{eszthreshold
r .
0, otherwise

The following presents the path adjustment operations for
the grid g; ;. The adjustment operations are executed round
by round. In each round, one row of the grid g;; will
be processed. Without the loss of generality, the following
presents how to find the richest small grid in the a—th row
which can be passed in the adjusted path. Let 4. denote the
a—th row of the grid g; ;. Let set A4, denote the set of rich
sensors in a small grid v, 5. The basic idea behind this task is
to include sensor s; in set A, if sensor s; satisfying p; =1
and it falls in a small grid vy, 5. Let E2 » denote the energy of a
rich small grid, which is measured by the sum of all remaining
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energy of rich sensors in the small grid v, 5. That is,

ab_ Z Erem

StEAa,b

(16)

Let n'** denote rich small grid which is the small grid with
maximal energy in the j—th row. That is,
max __ )
D = ArS e P an
In the j—th row, the small grid y’** will be passed through
by the adjusted path. Therefore, the next step aims to connect
the §7*** in the a—th row to form the adjusted path.
Let g’"‘”‘ denote the set of all small grids y'** for all
1<a<d. That is

g = {ne¥|1<a<d} (18)

The path passing through the grid g; ; will be reconstructed
by connecting all small grids y/’¢* eglm“x Let p; ; denote
the adjusted path which passes through gi,j- Let &, denote
the central line of small grid y)'“*. The path p;; can be
constructed by operation:

Pij = ®1<a<d (&a) (19)

where @ denotes the connection operation performed on all
segments &, for 1<a<d.

The following gives an example to illustrate the path
adjustment algorithm. Fig. 4(a) gives the initial path of
a grid g1. The grid g;, is divided into sixteen small
grid{n; 1, 1,2- - -, v4,4}. The path adjustment task firstly identi-
fies the rich small grids p"* =12, 97 =121, 97" =132
and p"** = p43 as shown in Fig. 4(b). Therefore, we have
AMt = {15, 92,1 ,93,2,, 04,3} . Then the path adjustment
of the grid task constructs the new path as shown in Fig.4(f)
where sensors s1, S5, S¢, 53,516, 57,59, 511,510,512 , 513 and
s14 serve as the anchor nodes.

C. Cooperation Phase

The goal of this phase is to balance the data collection
workload between the neighboring mobile sinks so that all
data collection tasks can be earlier completed. To achieve this,
the mobile sink M; ;of subregion R; ; calculates the number of
sensors and the path length in its subregion, and then considers
whether or not to share the data collection task of neighboring
mobile sinks. Recall that each mobile sink M; ; is responsible
to collect data of sensors in each subregion R; ;. In case that
subregion R; ; contains a large number of sensors, mobile
sink M; ; will spend a long time finishing its data collection
task.

Recall that L; ; denotes the maximal path length that mobile
sink can move while Li”j” and LZCJI.] I denote the initial path
length and adjusted path length, respectively. Let Lzelp denote
the additional path length of M, which is associated to M; ;.
The value of Lzelp can be derived by applying Exp. (20).

Lad] ust (20)

help _ ;.
Ld - Ll:] i,]

init
o i
Herein, it is observed that only the pair of neighboring
mobile sinks whose paths have distinct directions can have

T T T ! T
1 o 1 1 o 1 °
o I AU P ! 1 0% ol =
L Lo % ___ IR N .- S
;a jds‘[ ‘l”' ir:: :'3: f”'
11 1 11 1
¥3 S 1 3 % 1
il paiak] sl P el e S
1 1 1 1 1
Yo o 1 wa| d 1
% " I I T
1 os os ~ 1 1 os: ?_ 1
% 5o 1 3 17 1 50 1 6l 1 1
sL?sc’osL ! #1 Sy So SL! !
(a) Given a grid g;,, there are 17 (b) Adjust the new path from ¢,
sensors deployed in this grid.
T 1 T T 1 T
! 1o 1 o [ la 1 o
1 S13 1 s 1 I 51z 1 s
Uy o™ o e | #a o &
I T -8 - _, I T L=
2] :%:: ‘l'” =] 3. ‘l'”
i P 1 ju 1 1
'9’3_- 1 A 1 3 1 s | 1
B il Rl S el e S
s | | 1 6 | 1 1
2 1 q 1 U2 1 d 1
NN S S R B T E I - S E
L[ L[ 8
o 7 1 d S
v1| i b, i wi| Tee b i
(c) Adjust the new path from 4, (d) Adjust the new path from 3.
T t T T 1 T
1 lo I 1 Is 1
[t 1 52 | 1™ 5y 1 s2
Ha ! 1 0[ o s o &
M I ) BT —— AR I -ty - S
=] ro 1 P 1 1
ju 1 5g 1 i I 52 1
] :.ns,'; 1 | T3 1 s | 1
=== S ——— - - = - -
L6 I ! ! 16 : ! 1
w2 I d 1 ! L, | d 1
e e I, —sal 1 2 I
'l & Uofea 8 !
e 7 ol al Sir
#“ Sy 5? SL: ! 1 SL?SS >5L: !

(e) Adjust the new path from 4. (f) Connect the path for a grid g, ,.

Fig. 4. Example of path adjustment in a given grid.

cooperative relations. For example, mobile sinks M jand M> ;
are cooperative pair while mobile sinks M3 jand My jare
cooperative pairs. Let M, and M), be a cooperative pair.
Let 74,5 be a Boolean variable, representing the cooperative
relation of M and Mb More specifically, let 7, be

. help help
1, if La " — Ly " > Linreshold
_ help help
Tap = 1—1, L," —Lg " > Lthreshold

0, otherwise

Let Tab denote the number of cooperative rows of mobile
sinks M, and M. Recall that l¢ denotes the side length of the
square grid g; ;. Let a denote the scale parameter. We have

hel,
Tab = |(La P

L")/ (a2ly)| 1)

In case that 7, 5, = 1, it indicates that Ma needs to help A;Ib,
Let

= (2x — )mod ( )
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| =yl PR PO T ideptical because the path pattern has been.ﬁxed .for each su.b—
11 ﬁ' T ‘:{ ?Irﬁ* g £ F?I%%E gé”a"; y region. However, the number of cooperative pairs of mobile
) = . . . . .
t 'l.;_ O EA K k] :l ESESIEACE P 58 ] 14 sinks will be increased with the number of sub-regions.
L P AR . . .
EXH g;:;;' T Fh,"_o’ 2 2 “’.,; _,ATI—_— The following pseudo-algorithm summarizes the proposed
il AN 2 . . .
My, |E el RGP RN N K= My, CORL“method in this section.
‘ Lé_::‘_i‘:l!f ti_ﬁr:!_‘f, I_k:l [ L&i I ' The proposed CORL?algorithm
M F el inYan] 5 Feeh Y T¥ m;-!"j oy e Input: § = {51: S2 ""Sn}i R= {R1,1!R1,2 rRh,Z}: M =
Gl e e st i
+ " n n n
S AEE BRI FAR SR PRIt i Output: P" = {P{"}, P’ -, Py}
| } =) ﬁ_ﬁ’gh P | 1 e . .
SR, g_._‘ —r = F —TT /*Initial Path Construction Phase*/
?%43‘3 rr:_; £ ‘;4 Q"_{l"ﬁ {E Ia]'g Eﬁ { 11‘1 o IrT 2 Partitiqn the monitoring region R into equal-sized m=h*z
R EIE I e St B AR IRl subregions {Ry 1, Ry, -+, Ryz):
S himtt | Sl o [ Ralaf o) LT 3 Partitions each subregion R; ;into a set of ¢ = q; X q, square
M33 M4_'3 gridsgi,j> 151SQ1'15]SQZ,
4 Constructs a snake-like path P; ; in each R; ;, passing through
Fig. 5. Example of cooperation algorithm. cach grid g, € Ry
5 The set of all initial path in the region P = {P; 1, P, **-, Pn,};
. . . . . ~ 6 /*Path Adjustment Phase */
The subregion R; ; which is associated with M, should be 2 Justment 1hase
2 7 For each grid g;; € R;; do {
extended by 8 Partition it into a set of 8 = dxf small grids v, ;, ;}
Tab)2 9 For each R;; ER do{
10 Foreach g;; € R; ;{
Ri:i = R:: - - - - 1)ER; . ij ij
i,j i,j LJl {(gx,y; gx,y+l)|(gx,ya gx,y+l) l+1,j} m For cach 7, € g, do]
= 2 12 For each sensor s; € pgp{
( ) 13 If( Eires = Ethre hnld)
b 14 {Agp = AgpUlsi);
Riv1j = Rivij\ |J (€5 8x.5401(8x.50 8r.541)ER 41,7} 15 Enp = Eop + ET1}})
x=1 - 16 For each row ¢, € g;; do{
17 max — v .
= = g g P
In another case that 7,,, = —1, it indicates that Mb needs ig G tmp"t'f zeaééuidd(f“t;";}, - — i
~ s - onstructs an adjusted path P} ;when connecting all p;; in
to help M, Letx = (q1 —x + 1) and subregion Ry ;
- ) 20 The setof all adjusted path in the region P’ =
5= (2x — Dmod (% fhe setofal sdusdy g
. 21 /*Cooperation Phase*/
The subregion R;y1,; which is associated with M}, should 22 | Foreach R;; ER do{
be extended by 23 Evaluate the length Ljj " = L;; — LWt — LI9"";
Tab 24 Evaluate the number of cooperative pair ¢ in the monitoring
ab/ region R
Rit1,j = Riy1,j U ({(g;z,y, gi,&+l)|(8£,&; 82,&+1)€Ri,j} ) 25 For each cooperative pair do{
=1 26 If(t,p = 1)
24) 27 { Evaluate ), = |(L2€lp - Lgelp)/(aZZg)l ;
Ta,b/2 28 Tab/2
Rl,] = Rl,]\ U ({(gi’y’ gi,§+l)|(gi,ﬁa g}z,&+l)€Rl,]} ) Ri,j = Ri,j U {(gx,}?vgx,f/+1)|(gx,}7vgx,37+1) € Ri+1,j};
=1 x=1
(25) 29 Tab/2
Riy; = Rizqj\ U {(Gx5 Ix5+|(Gx3) Gx5+1) € Rize i}
The following gives an example to illustrate the cooperation x=1
algorithm. Fig. 5 gives the cooperation between the neigh- 30 Else if (t,, = —1)
boring mobile sinks. As shown in Fig. 5, My ; helps My, 31 {Evaluate ), = |(L? — Li*")/(a2l,)| ;
M3 1 helps Ma 1, M2 4 helps M 4 and My 3 helps M3 3. More 32 Tab/z
specifically, as soon as M ; finishes its data collecting task Rit1j = Riyy U ({925 925411925, Iz3+1)
in the region Ry, it observes that the neighboring mobile ":é Ri}):
. . . . . . L, 4
sink M>; still not finish the data collection task in the region ’
. . . Tq,
Rj >. Therefore, it helps collect data for those sensors in grids 33 R X o X
81,1, 81,2, &1 and gz, which are originally belonging to 0 = Rij\ u ({5 929401 (G55 Izgea) € Rij} )
. . . x=
the M> ;. With the help from M; 1, M>, can finish its data o EndE
collection task earlier to achieve the goal of reducing the 35 nE;dif}
latency of data collection and improving the data freshness. 36 | The setofall cooperative paths in the region P” =
Recall that only the pair of neighboring mobile sinks whose {P, Py Py
paths have distinct directions can have cooperative relations. 37 | Return the setof cooperative paths
Therefore, the cooperation opportunities of all mobile sinks are P" = {Pih Pl Pilz}
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D. Complexity Analysis

The proposed CORL? mainly consists of Initial Path
Construction Phase, Path Adjustment Phase and Coopera-
tion Phase. In the Initialization Phase, the complexities of
steps 2, 3 and 4 are O(m).

The following presents the complexity analysis of the
Path Adjustment Phase which consists of step 6 to step 20.
Steps 7 and 8 partition each grid g; jinto a set of 6 =d x f
small grids v, . This step includes computation for m=h X z
grids. Therefore, the complexities of steps 7 and 8 are O(m).
Step 9 performs the for-instruction with O(m) loops. Step 10
performs the for-instruction with ¢ =¢; X g2 loops, which is
a constant value. Step 11 performs the for-instruction with
d x f loops, which is also a constant value. Step 12 performs
several times depending on the number of sensors in each 1, .
Combining steps 9 to 12, the total number of loops is n which
is the number of sensors in the network. Therefore, the com-
plexities of steps 9-12 are O(n). Steps 16 and 17 perform d
loop and f loops, respectively. Since d and f are constants,
the complexities of steps 16 and 17 are O(1). The complexity
of step 18 is O(1). As a result, the complexity from steps
16 to 18 is O(1). The complexities of steps 19 and 20 are
O(m). Therefore, the complexity of Path Adjustment Phase is
O(max(m, n)). In general, the number of sensors is larger than
the number of mobile sink. Therefore, the complexity of Path
Adjustment Phase will be O(n).

The next task is to analyze the complexity of Cooperation
Phase which consists of steps 21-37. Steps 22 and 23 perform
the for-instruction with m loops. The complexities of steps
22 and 23 are O(m). Step 24 performs the for-instruction
with ¢ loops. Its complexity is O(c). Inside the loop, the com-
plexities of steps 25-35 are O(1). The complexities of steps
36 and 37 are O(1). As a result, the complexity of Cooperation
Phase is O(m). In summary, the overall complexity of the
proposed CORL? is O(m)+O(n)+ O(m)=0(n). The time
complexities of DEDC and CDCA are O(n?). In comparison,
the proposed CORL? requires lower-level of computational
complexity, as compared with existing DEDC and CDCA.

V. PERFORMANCE EVALUATIONS

This section investigates the performance improvements
of the proposed algorithm against the existing algorithms
DEDC [16] and CDCA [19], in terms of the energy con-
sumption, latency time, workload balancing improving index
(WBII), cooperation index, and network lifetime. In DEDC,
the monitoring region was divided into several grids. Then
the balanced and unbalanced grids were identified. The unbal-
anced grids were further adjusted and the balanced grids were
fine-tuned.

The CDCA divided the network field into several partitions
and assigned multiple mobile sinks which cooperatively col-
lected data for base station.

The parameter values set in the simulation environment are
illustrated. A set of sensors are randomly deployed in a given
region with the size 2000 m *2000 m. The initial energy of
each sensor node is 200J. The sensing range of each sensor
node is set at 40 m, while the communication range of each
sensor varies ranging from 20m to 40m. Assume that each

TABLE Il
SIMULATION PARAMETER SETTING

Parameters Values
Node deployment Random
Region size 2000*2000
The number of sensor nodes in each 2000-6000
subregion
The sensing range of each sensor node 40 m
Mobile sink speed v
Sensor node transmission range 20m-40m
Consumed energy in the transmitter 0.18]
circuit
Consumed energy in the receiver 0.1J
circuit
The initial energy of each sensor node  200J
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:.o ?4 )..o:o t.'{?}ﬂ. l.: .°_.E43}I.: '.n.ﬂtl ILo.
o..:..o.|:. :c-:: +.|.:". ¥ ... ....°'I - o: : :—

Fig. 6. The scenario considered in the experiments.

sensor knows the information of the mobile sink, including
the movement trajectory and arrival time of the mobile sink.
The parameter values of the experiments are summarized in
Table II. The MATLAB simulator is used as the simulation
tool.

Each sensor node generates one data packet in each round.
During each round, multiple mobile sinks start from their
initial locations and collect data in each grid. Then the mobile
sinks go back to the initial locations and then send the
collected data to the base station through GSM.

To further investigate the performance of the proposed
algorithms, the following illustrates the scenarios considered
in the experiments. In the scenario, sensors are randomly
deployed over every square grid. Fig. 6 shows one example
of the considered scenario.

Recall that the Initial Path Construction Phase of the pro-
posed algorithm aims to partition the subregion into several
equal-sized grids and each mobile sink constructs a path
passing through every grid in subregions. Then the path adjust-
ment algorithm selects the sensors that have higher remaining
energy as anchors, aiming to increase the number of anchors
and reduces the number of hops when each sensor forwards
data to the anchor. Finally, the mobile sink of each subregion
calculates the number of sensors and the path length in its
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Fig. 7. Results of operation in the experiments.

subregion. The Cooperation Phase considers sharing the data
collection task of neighboring mobile sinks. Fig.7(a) depicts
the initial paths constructed in each subregion. Fig. 7(b)
further shows the adjusted path in each subregion.
Fig. 7(c), 7(d), 7(e), and 7(f) illustrate the results of coop-
eration, respectively.

Fig. 8 compares the energy consumption of CDCA, DEDC
and CORL?. The number of sensor nodes varies from 16000 to
48000 and the communication range is set at R=20m and
R=40m. As shown in Figs. 8(a) and 8(b), the CORL?* can
reduce the energy consumption of sensors. This occurs because
the CORL? takes into account the density of sensor distribution
and the residual energy of sensors. The CORL? includes more
anchors which help reduce the energy consumption for packet
forwarding. The DEDC can further adjust the path according
to the number of sensors rooted by the anchor. However,
it did not consider the remaining energy of the anchors.
Some sensors which have low remaining energy but passed
by the path are also treated as anchors, leading to network
disconnection. The CDCA divides the network region into
several partitions, assigns each mobile sink to each partition,
and then collects data from sensors along with the constructed
path. However, the CDCA did not take into account the
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Fig. 8. The comparison of energy consumptions of three approaches.
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Fig. 9. The comparison of latency of three approaches.

path adjustment according to the sensor density. As result,
the CDCA includes fewer sensors to play the anchor role and
increases the energy consumption of each sensor for packet
forwarding. In comparison, the proposed CORL? outperforms
CDCA and DEDC schemes in terms of energy consumption.

Fig. 9 compares the latency of the three approaches CDCA,
DEDC and CORL?. The number of mobile sinks varies from
8 to 64 and the speed of mobile sinks varies from Im/s to
5m/s. As shown in Fig. 9, the proposed CORL? approach
outperforms the CDCA and DEDC in terms of latency.
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Fig. 10. The comparison of WBII of two approaches.

The CDCA collects data using mobile sinks in each subregion
and then sends those data through neighboring mobile sinks in
a multi-hop manner, which increases the overall data collection
time. The DEDC does not consider the cooperative policy
and hence is unable to further reduce the maximal workload,
leading to the bottleneck which increases the overall data col-
lection time. On the contrary, the CORL? applying cooperative
policy can reduce the maximal latency of data collection. This
occurs because the mobile sink of each subregion calculates
the number of sensors and the path length and then tries to
share the data collection task of neighboring mobile sinks for
workload balancing. Hence the CORL? can further balance the
data collection workload between neighboring mobile sinks,
reducing the data collection delay.

Fig. 10 compares the Workload Balancing Improving Index
(WBII) of the two approaches, including not used the coopera-
tive approach and used the cooperative approach. The number
of mobile sinks varies from 8 to 64 and the speed of mobile
sinks varies from 1m/s to Sm/s. Let n denote the number of
subregions. Let D; jdenote the latency time of the subregion
R; ;j in each round. The Fairness Index is defined by (26) as
follows:

h
(03 Zj‘ Di,j)2
h
nx i Zj Diz, j
where h and z denote the number of rows and columns,
respectively. The Workload Balancing Improving Index (WBII)
which is defined in Equ. (27) measures the improvement of

the Fairness Index in each time unit.
Fairness Index

Fairness Index =

(26)

WBII = 27)

time

Let CORLL-Cooper and CORLL-NonCooper denote the
proposed CORL? with and without applying the cooperative
policy, respectively. As shown in Fig. 10, the CORLL-Cooper
approach applying cooperative policy can improve WBII and
reduce the maximal latency time of data collection. This occurs
because the mobile sink of each subregion calculates the
number of sensors and the path length in its subregion and
then considers sharing the data collection task of neighboring
mobile sinks for workload balancing. Hence the CORLL-
Cooper approach which applies the cooperation policy can

EBI
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Time(rounds; )

(b) R=20m

Esl

(rounds)

(b) R=40m

Fig. 11. The fairness index of three approaches.

further balance the data collection workload between neigh-
boring mobile sinks, reducing the data collection latency and
improving the data freshness. On the contrary, the CORLL-
NonCooper approach without considering the cooperative
policy can not further reduce the maximum workload and
hence increases the overall data collection time. In compar-
ison, the CORLL-Cooper approach outperforms the CORLL-
NonCooper in terms of WBII.

Since anchor node generally consumes more energy than
the non-anchor nodes, the lifetime of anchor nodes determines
the lifetime of a given WSN. If the forwarding loads of
anchor nodes can be balanced, the lifetime can be efficiently
prolonged. Fig. 11 investigates the Energy Balance Index
(EBI) of anchors, which measures the balance degree of energy
consumption of anchors. The communication range is set at
R=40 and R=20. Let n denote the number of anchors. Let g;
denote the energy consumption of anchor a; in each round.
The Energy Balance Index(EBI) is defined by Equ. (28) as
follows:

i 4)®
n X Z?:l qi2

Fig. 11 compares the EBI of the three approaches. The
existing CDCA partitions the whole region into several sub-
regions and assigns each mobile sink to each region. Then
the path is constructed for each mobile sink in the subregion.
All the nodes that fall in the communication range of the
constructed path are treated as anchors. The balancing of
workloads among anchors highly depends on the deployment.
For an unbalanced deployment, the workload of anchors is
not balanced, leading to a small EBI value. The existing
DEDC can further adjust the path according to the number
of sensors rooted by the anchor. However, it did not consider

EBI = (28)
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Fig. 12. The comparison of the network lifetimes of three approaches.

the remaining energy of the anchors. Some sensors which
have low remaining energy but passed by the path are also
treated as anchors, which leads to low EBI value. In the
proposed CORL?, the mobile sink can visit those anchors
which have higher remaining energy. Therefore, the workload
of data forwarding can be shared by the anchor nodes which
have higher remaining energy. As shown in Fig. 11, the EBI
of CORL? is close to 1. The proposed CORL? outperforms
CDCA and DEDC schemes in terms of EBI in all cases.
Fig. 12 compares the network lifetimes of the three algo-
rithms by varying the number of sensors ranging from 1000 to
5000 and the path length from 3000m to 5000m in each
subregion. Figs. 12(a) and 12(b) measure the network lifetime
under 16 mobile sinks and 32 mobile sinks, respectively. The
network lifetime is measured from the starting point at which
the network runs to the point at which the first sensor node runs
out of energy. As shown in Fig. 12, the compared three algo-
rithms have a similar trend that the network lifetime increases
with the path length. This occurred because the longer path
allows more sensors to be selected as anchors. These anchors
share the forwarding workloads of other sensors, hence better
balance the forwarding loads of anchors. The CDCA divides
the network region into several partitions, assigns each mobile

Cooperation index

Fig. 13. The cooperation index of the CORL?2.

sink to each partition, and then collects data from sensors
along with the constructed path. However, the CDCA did
not take into account the path adjustment according to the
density of the sensor deployment. Therefore, the path is not
efficient, as compared with the other two algorithms. The
proposed CORL? outperforms the existing DEDC in terms of
network lifetime. This occurs because the proposed CORL?
adjusts the constructed path and selects more anchors in each
grid according to the density and the residual energies of
sensors. Compared to existing DEDC, the proposed CORL?
can better balance the energy consumptions of anchors, reduce
the workload of each anchor and hence prolong the network
lifetime of the WSNs.

Let cooperation index denote fairness index of cooperation
opportunities. The number of mobile sinks, denoted by m, set
at 8, 16, 32, and 64 while the number of sensors is ranging
from 6000 to 10000. Let n denote the number of experiments.
Let p; denote the number of groups that have cooperation
in each experiment. The cooperation index is defined by

Equ. (29):
S 2
Cooperation index = (ﬁ)
n

(29)

Fig. 13 shows the cooperation index of the proposed CORL?
algorithms. In Fig. 13, the cooperation index value increases
with the number of sensors and the number of mobile sinks.
This occurs because that the increase in the number of
sensors might introduce more unbalance opportunities between
neighboring subregions. Similarly, the increase of the number
of mobile sinks can partition more subregions and hence
introduce more cooperative pairs of mobile sinks. As a result,
the cooperation index can be increased.

Fig. 14 compares the latency of the three approaches CDCA,
DEDC and CORL?. The network size varies from 800m*800m
to 2000m*2000m while the speed of mobile sinks varies from
1m/s to Sm/s. As shown in Fig. 14, the compared three algo-
rithms have a similar trend that their latencies are increased
with the network size but are decreased with the speed of
mobile sink. This occurs because that the path length of mobile
sink is increased when the network size grows, resulting in the
increase of the latency. On the other hand, when the mobile
sink increases its speed, the time required for moving along the
constructed path is saved, reducing the latency. In comparison,

Authorized licensed use limited to: Tamkang Univ.. Downloaded on September 02,2021 at 00:04:10 UTC from IEEE Xplore. Restrictions apply.



WEN et al.: CORL? USING MOBILE SINKS

19609

€DCA
[ DEPC
CORLL

The network lifetime(round)
s 2
8 2
s =
‘

N
8
3

0
800°800
12001200

Reg; 16001600

ion o
ey, >
20002000

Fig. 15. The comparison of the network lifetimes of three approaches.

the proposed CORL? approach outperforms the CDCA and
DEDC in terms of latency. The CDCA collects data using
mobile sinks in each subregion and then sends those data to the
base station through neighboring mobile sinks in a multi-hop
manner, which increases the overall data collection time. The
DEDC does not consider the cooperative policy and hence
it is unable to reduce the maximal workload. As a result,
the bottleneck mobile sink increases the overall data collection
time. On the contrary, the CORL? applying cooperative policy
can reduce the maximal latency of data collection.

Fig. 15 further compares the network lifetimes of the
three algorithms by varying the network size ranging from
800m*800m to 2000m*2000m and the transmission range
from 20m to 40m. The number of mobile sinks is set at
16. As shown in Fig. 15, the compared three algorithms have
a similar trend that the network lifetime decreases with the
network size but increases with the transmission range. This
occurred because that a large network can increase the number
of sensors and thus increase the energy consumption for packet
forwarding, reducing the network lifetime. On the contrary,
the increase of transmission range will reduce the number
of hop from each sensor to anchor, increasing the network
lifetime. In comparison, the proposed CORL? outperforms the

existing CDCA and DEDC in terms of network lifetime. This
occurs because the proposed CORL? adjusts the constructed
path and selects more anchors in each grid according to the
density and the residual energies of sensors.

VI. CONCLUSION

This paper investigates the issue of cooperative data collec-
tion using multiple mobile sinks in wireless sensor networks.
The paper proposes a cooperative data collection algorithm,
called CORL?, aiming to prolong the network lifetime and
reduce the latency of data collection. The proposed CORL?
primarily consists of three phases. In the Initial Path Con-
struction Phases, the CORL? partitions the monitoring region
into several equal-sized subregions according to the number
of mobile sinks, and each subregion assigns a mobile sink.
Then the CORL? further partitions each subregion into several
equal-sized grids and construct an initial path along which
each mobile sink can move and collect data in each sub-
region. In the Path Adjustment Phase, the CORL? further
selects more anchors in each grid according to the density
of sensors distribution and the residual energy of sensors
and then adjusts the constructed path in each subregion,
aiming to better balance the workload of anchors such that
the network lifetime can be further prolonged. In the Coop-
eration Phases, the CORL? balances the workload of data
collection among mobile sinks such that the data collection
tasks can be finished earlier. Performance evaluations show
that the proposed CORL? outperforms existing schemes in
terms of latency, energy consumptions, the workload balancing
improving index (WBII), energy balance index (EBI) as well
as network lifetime.
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