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ABSTRACT

Coverage is one of the most important issues in Wireless Sensor Networks (WSNs). However, full coverage only can be
achieved when surplus mobile sensors contribute a coverage area larger than the hole size. When there is no surplus mobile
sensor to cover a big hole, previous studies have utilized mobile sensors by moving the hole from one location to another,
therefore achieving temporal full-coverage, where each location on the monitoring region has been ever covered by mobile
sensors during a fixed time interval. However, with only some mobile sensors participating in the hole-movement task,
this results in an energy-imbalance WSN. This paper considers a mobile WSN that contains a big hole where there exists
no redundant mobile sensor to heal the hole. Three distributed algorithms, called Basic, Forward-Only, and Any-Direction
movement mechanisms, are proposed to achieve the purpose of temporal full-coverage in a way that the total energy
consumption is minimized or that the energy consumption of all mobile sensors that participate in the hole-movement task
are balanced. Simulation results reveal that the proposed hole-movement mechanisms enhance the coverage of WSNs and

balance the energy consumption of mobile sensor nodes. Copyright © 2010 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Wireless sensor networks (WSNs) have a wide range of
potential applications in environment monitoring, military,
smart house, tracking, and remote medical systems. The
coverage of the sensing area represents the quality of ser-
vice (QoS) that is related to the surveillance. Full coverage
of a sensing region can be classified into spatial and tempo-
ral types. Spatial full-coverage is the one that all sections of
the monitoring area can be covered at any given time. The
WSN is said to be temporal full-coverage if every point
in the monitoring region has been ever covered by sensors
during a specific period of time. Spatial full-coverage can
be reached by dense deployment of static or mobile sen-
sors. Previous works [1] assumed that the WSN is densely
deployed with static sensors and addressed an approach that
selects a subset of sensor nodes active at any time to reach
spatial full-coverage. However, Reference [1] cannot main-
tain the full coverage as long as the coverage hole appears. In
order to remove the drawback of the static sensor, there has
been a strong desire to deploy mobile sensors in the WSN
in order to reach spatial full-coverage using their mobil-
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ity support. Researches [2-6] have used mobile sensors to
enhance the coverage quality of a monitoring region. This
research is differentiated into local and global operations.
Researches [2,4] detect their local coverage hole by using
Voronoi diagrams. Once detected, the mobile sensor locally
calculates and moves to the desired position to heal the cov-
erage hole. Studies [5] and [6] used global operations to
calculate the size of a big coverage hole and then relocate
a group of mobile sensors to heal the hole. However, the
above approaches require redundant mobile sensor which
is a mobile sensor whose sensing field is overlapped with
others over a certain threshold to achieve the purpose of
spatial full-coverage.

In addition to spatial full-coverage, other studies [7,8]
have discussed how to reach temporal full-coverage in static
or mobile WSNs. To prolong network lifetime, Gui and
Mohapatra [7] control static sensors’ active/sleep mode so
that every point in the monitoring region is covered by sen-
sors, thereby reaching temporal full-coverage. However,
this algorithm needs enough static sensors to cover the
monitoring region. In order to improve this drawback, Ref-
erence [8] states that mobile sensors moving continuously
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Figure 1. The example of cascaded movement.

can achieve temporal full-coverage. Yet, Reference [8] does
not take the power balancing factor into account and would
result in an imbalance WSN power consumption.

Energy balancing is an important concern in WSNs [9-
11]. How to balance the energy consumption of the network
is often regarded as the key issue involved in the pro-
tocol design. Wang et al. [12] developed a hole-healing
mechanism that considers the factor of energy-balancing. A
cascaded movement rule is to find some cascading nodes,
and use them for relocation to balance the power consump-
tion. As shown in Figure 1, the redundant sensor s3 intend
to heal hole A. Instead of moving to the hole directly, s; and
s, are chosen as cascading nodes. As a result, s3 moves to
replace s,, s, moves to replace sy, and s; moves to the des-
tination. By applying the cascaded movement, sensors s,
s2, and s3 can balance their energy consumptions while the
existing hole can be healed. However, it can only heal the
hole with a size smaller than a sensor’s sensing range and
is unable to repair big coverage holes in a WSN. In addi-
tion, it also requires redundant mobile sensors to execute
the algorithm. In Reference [13], another similar cascaded
movement rule is proposed to cover the hole. The sensor
that detects the vacant grid finds a trusted node to move
into the vacant grid cell by cell. However, the cascaded
movement of Reference [13] did not consider energy-
balancing since it did not consider the remaining energy of
Sensors.

This paper observes that moving a mobile sensor in
a direction is identical to moving a hole in the opposite
direction. We developed three distributed hole-movement
strategies for moving an existing big hole in a way that either
the total energy consumption is minimized or the power
consumption of sensors is balanced. First, the Basic hole-
movement strategy is proposed to move the hole with the
least total power consumption. Second, the Forward-Only
movement strategy moves the hole by taking both energy-
balancing and total power consumption into consideration.
Third, the Any-Direction movement strategy is proposed by
fully considering energy-balancing as its policy. Based on
the proposed strategies, whenever a mobile sensor detects a
coverage hole within its sensing range, it can locally deter-
mine whether or not it should migrate to the hole’s location.
Finally, a hybrid mechanism that takes full advantages of
the proposed hole-movement strategies is proposed so that
the hole can be moved in an energy-balanced manner under
the given constraint for total energy consumption.

The rest of this paper is organized as follows. Section
2 describes the network environment and problem for-
mulation of this work. Section 3 details the developed
hole-movement strategies. Section 4 analyzes the com-
plexity of maximal power consumption of the proposed
strategies. The performance evaluation of the proposed
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mechanism against the existing work is reported in Section
5. Finally, Section 6 concludes the paper.

2. NETWORK ENVIRONMENT AND
PROBLEM FORMULATION

2.1. Network environment

The WSN consists of a number of mobile sensors and a
sink node. The sink node is placed at the boundary of
the monitoring region. All mobile sensors have unique ID
respectively and are time synchronized using time-stamp
exchange. Each deployed mobile sensor is aware of its
location information according to the previous localiza-
tion studies [14,15] without GPS equipment. Further, each
mobile sensor equips the compass which provides the mov-
ing direction of the mobile sensor. As a result, the current
location of the mobile sensor after moving to anew place can
be derived based on the moving direction provided by the
compass and the moved distance which can be calculated
based on the rotation rate of the mobile sensor’s wheels.
All mobile sensors will monitor the given region and then
transmit their sensing data together with the location infor-
mation to the sink node through multi-hop communication.
According to the received location information, the sink
node can identify the location of a coverage hole if there
is no sensing information of that location returned by any
sensor. Let . and r; respectively denote the communication
and sensing ranges of all sensor nodes. In Reference [16],
it is proved that ideal deployment is achieved whenever
any three neighboring nodes form an equilateral triangle.
Under this deployment, the number of sensors required for
maintaining full coverage is minimized, and the side of
the equilateral triangle becomes +/3rs. With the optimal
deployment, the monitoring region can be treated as a col-
lection of equal-sized hexagon cells, with the center of each
cell containing a sensor responsible for monitoring its own
cell region. We assume that the communication range r, is
larger than~/3rs and all mobile sensors are deployed over a
WSN with a hexagonal lattice as shown in Figure 2(a).
The following further explains that deploying all mobile
sensors over a WSN with hexagonal lattice is reasonable.
Initially, all mobile sensors might be randomly deployed
in the WSN. However, in a WSN, the number of holes
increases with the working time because more sensors
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Figure 2. The optimal deployment that minimizes the overlap
region but maintains the full coverage.
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exhaust their energy for executing sensing and communica-
tion tasks. Applying the algorithms proposed in References
[3.4] will result in a situation wherein the mobile sensors
are closer to each other with similar distances. When the
number of mobile sensors equals exactly the minimal num-
ber of the sensor nodes that can maintain full coverage
of the monitoring area, the distribution of mobile sensors
will be like the one shown in Figure 2(b). At this moment,
each mobile sensor is located in the center location of each
hexagon cell wherein their sensing regions form a hexag-
onal lattice. Moreover, study [16] showed that hexagon
deployment is optimal for covering a plane with circles,
since the hexagon arrangement can minimize overlapping
areas of sensor nodes. The used network model can also be
easily obtained by using a robot to regularly deploy mobile
sensors in a monitoring area.

2.2. Motivation of hole movement

When sensors have operated for a considerable time period,
the number of mobile sensors exactly equals the minimal
number of sensor nodes that can maintain full coverage of a
the monitoring area, and the distribution of mobile sensors
will be like the one shown in Figure 2(b). In case a big
hole accidentally exists in the WSN at this moment, the
algorithms proposed in References [2-4] would not work.
The existence of a big hole therefore significantly reduces
the performance of sensing and communication tasks.

In such a circumstance, it would be impossible for the
sensing region to reach spatial full-coverage. Consequently,
it is an important issue to address how to satisfy tempo-
ral full-coverage of a sensing region when the number of
mobile sensors is not enough to cover the whole sensing
region. This paper motivates the coverage problem of appli-
cations that require ‘hole moving’ when there exists no
surplus mobile sensor in the WSN. Two application sce-
narios below show the motivations of hole-movement in
the considered network environment. First, consider the
object-tracking application, which is one of the most pop-
ular issues discussed in previous researches [17]. When an
object is close to a coverage hole, we need to move the
hole to another location in order to prevent the object from
entering the coverage hole. In this application scenario,
hole-movement can increase the chances of detecting the
target object. Second, the existence of coverage holes will
cause some portions of the region to lose sensing functional-
ity. Hole-movement enables the original uncovered region
to become covered and some covered regions to become
uncovered, hence balancing the sensing precision of the
whole sensing region.

2.3. Problem formulation
The following describes the problem formulation of this

paper. We consider a big coverage hole exists in a WSN.
There are 1 mobile sensors in the sensing area and S=
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Figure 3. Moving the big hole with size 6 x 3 for a distance x.

{s1, $2...., sn} denotes the set of 1 mobile sensors. We
assume that the number of sensors is not enough to cover
the coverage hole. The big hole in this paper consists of
lots of small-sized hexagonal cells. The size of the big hole
is measured by the total number of the hexagonal cells.
More specifically, we assume that the size of the big hole is
W x H, where W is larger than H. We further assume that
the big hole requires to be moved a distance x in a direction
d. Therefore, the hole-movement task 7 can be represented
by T= (Hole, direction, distance), where the Hole is rep-
resented by the Hole.location and Hole.size which denote
the central location of the Hole, and the hole size, respec-
tively. The movement direction and distance of the task T'are
d and x, respectively. The motivations for hole-movement
have been described in Section 2.2. In Figure 3, a big hole is
said to be moved a distance of x if the distance between the
bottom of the original big hole and the bottom of the moved
big hole is x. The value x is a multiple of ~/3r, because
the communication range of a sensor is +/3r,. As shown in
Figure 3, the big hole, sized 6 x 3, is intended to be moved
with a distance of x/~/3r, =7 hops. Our goal is to develop
hole-movement strategies that can maintain temporal full-
coverage by considering energy-balancing or the least total
power consumption.

Here, we clarify the term ‘energy-balancing’. One impor-
tant concept in this paper is that the movement of mobile
sensors is identical to the movement of the hole. More
specifically, when one mobile sensor moves from cell, say
a, to cover a small hole cell, say b, the result will be that
the small hole cell b moves to cell a. Moving a big hole
from location a to location b can only be achieved by the
movement of a number of sensors whose sensing coverage
can cover the big hole. To minimize each mobile sensor’s
power consumption in executing a hole-movement task, a
good hole-movement policy is the one that distributes the
hole-movement task to as much mobile sensors as possi-
ble so that the work load of hole-movement on each mobile
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sensor is minimized. The ‘energy-balancing’ means that the
energy consumption of each mobile sensor participating in
the hole-movement task can be minimized.

An energy-balanced index B, which is defined according
to Jain’s fairness index, is used to measure the degree of
energy balance. Let A denote the number of mobile sensors
participating in a task 7, and e; denote the energy consump-
tion of each mobile sensor s; for all 1 <i <A, respectively.
Formula (1) defines the energy-balanced index B, which is
normalized between 0 and 1. In case all ¢; have same value,
the result of the fairness index becomes equal to 1, which is
the optimal value. The energy-balanced index of a mecha-
nism approaching 1 indicates that the mechanism provides
better fairness in terms of energy consumption.

]

A {ﬁ (e,»)z]
i=1

B= (1)

The problem and goal of this paper is formalized below.
Given a monitoring region with size M x N, and a deployed
WSN which contains s mobile sensors, where s is smaller
than the minimal number of sensors required for main-
taining full coverage of the WSN, there exists a big hole
with size W x H that should be moved with a distance
x in a direction d. The goal of this paper is to develop
energy-balanced hole-movement strategies that maximize
the energy-balanced index B.

3. HOLE-MOVEMENT STRATEGIES

This section first defines a set of definitions which are used
in presenting the proposed protocols. After, the details of
the proposed hole-movement strategies are then described.

3.1. Preliminaries and notations

The mobile sensor that detects holes in its sensing range is
referred to as the detector. The mobile sensor that partici-
pates in the hole-movement task is called the mover. The set
of all movers for executing the same hole-movement task
T is denoted by M. Furthermore, notation m,,,, denotes
the mover with the maximum power consumption and the
notation E(m;) represents the energy consumption of mover
m; when executing the hole-movement task. In addition,
notation s;(n;) denotes the jth neighbor of sensor i.

In this paper, a hexagon (instead of a circle) is used to
represent the coverage of a sensor node; therefore, any sen-
sor s; has exactly six neighbors s;. UL, s;.Up, s;.UR, s;.DR,
s;.Down, and s;.DL as shown in Figure 4(a), and each sen-
sor has six moving directions {UL, U, UR, DR, D, DL},
as shown in Figure 4(b). The direction of node u is said
to be movable if its neighbor, which corresponds to this
direction, does not exist. Notation u.MD denotes node u’s
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Figure 4. (a) Sensor S has six neighbors S.UL, S.Up, S.UR,
Si.DR, Si.Down, and S§;.DL. (b) Sensor S has six moving
directions.

movable direction set, which contains all possible moving
directions of the detector u.

The detector u finds the directions corresponding to its
absent neighbors and records these directions in u.MD.
Finally, the detector u selects one direction in u.MD to
move it one-hop distance. As shown in Figure 3, node A
is a detector with six neighbors, A.UL=E, A.Up = hole,
A.UR = hole, AADR=B, A.Down=C, A.DL=D. Conse-
quently, A.MD will be {U, UR}.

3.2. Energy-balanced hole-movement
protocols

The proposed protocol mainly consists of two phases:
the Direction Determination Phase and the Hole Moving
Phase. The Direction Determination Phase aims to deter-
mine a promising hole-movement direction, which makes
sensors consume less energy when moving a hole. We
assume that the sink node will decide on a direction d and
a distance x of the hole-movement in task. The sink node
will apply geographic routing protocol [18] to deliver the
hole-moving packet to the boundary nodes of the hole. The
hole-moving packet contains the movement direction and
distance. The Hole Moving Phase makes the hole move
along the direction d and aims to move the hole by min-
imizing the total power consumption or by balancing the
power consumption for all movers in the given WSN.

In the Hole Moving Phase, three distributed hole-
movement mechanisms are proposed. First, the Basic
movement mechanism enables each mover to directly move
along the opposite direction of d. Though the Basic move-
ment mechanism minimizes total energy consumption, it
results in imbalance energy consumption. The other two
mechanisms aim to balance energy consumption. They first
decompose the original big hole into lots of small-sized hole
cells. Then the Forward-Only movement mechanism moves
each small hole cell forward along direction d, while the
Any-Direction movement mechanism enables some small
hole cells to move some steps backwards of direction d to
maximize the value of energy-balanced index B.

3.2.1. Direction determination phase.

The Direction Determination Phase is mainly executed
by the sink node. The sink periodically collects the sens-
ing information from each sensor. Since the information
returned by each sensor contains its reading and the cor-
responding location, the sink node can identify a hole’s
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Figure 5. (a) Holes move one hop along the direction which is

perpendicular to the shorter side of the coverage hole. (b) Holes

move one hop along the direction which is perpendicular to the
longer side of the coverage hole.

location if there is no reading of that location returned by
any sensor. Therefore, the sink node is aware of the hole
information, including the hole size and the hole bound-
ary, without any additional communication overhead. The
objective of the Direction Determination Phase is for the
sink node to determine a movement distance x and a promis-
ing movement direction d, which can make sensors consume
less energy when executing hole-movement tasks.

The sink node will calculate the length of each side of the
big hole and choose an appropriate hole-moving direction
d which is perpendicular to the longer side of the hole. In
addition, the sink node also needs to record the location
information of the detector, which is located in the middle
of the longer side of the coverage hole. Let this location
information be the middle location. Finally the sink node
broadcasts a hole-moving packet to all sensors in the WSN,
which contains the hole-moving direction and the middle
location. For example, the hole moving direction shown
in Figure 5(b) is better than that of Figure 5(a) since each
mobile sensor consumes less energy if the hole moves along
the south direction, which is perpendicular to the longer side
of the coverage hole.

3.2.2. Hole moving phase.

The Hole Moving phase aims to move the big coverage
hole by either minimizing the total energy consumption or
by balancing the power consumption of the sensors. There
are two goals in the designing of the Hole Moving Phase,
both of which have different perspectives.

(1) Minimize the total power consumption of the hole-
movement task. That is,

min Z E(mi)
mieM

(2) Minimize the maximal power consumption of the
mover M,y in order to balance the power consump-
tions of all movers. That is,

min E(m pax)
In this phase, we present three distributed hole-

movement mechanisms, named Basic, Forward-Only and
Any-Direction movement mechanisms, for hole-movement.
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Figure 6. An example of the Basic movement mechanism: (a)

Detectors nearby the longer side of the big coverage hole play

the mover role; (b) after mover u;, 0 < i< 3, moves, detectors u;,

0 <i<7 find the "Up’ direction in their MD and then switches to

moving status; and (c) the Basic mechanism ends when the big
coverage hole moves for a distance x.

3.3. Basic movement mechanism

Recall that the sink will determine a direction d for hole-
movement in the Direction Determination Phase. Let d
denote the opposite direction of d. The basic idea of the
Basic movement mechanism is quite straightforward. It
enables the sensors nearby the longer side of the big cov-
erage hole to play the mover role and move along the
direction d. After all of the sensors receive the hole-moving
request from the sink node, the Basic movement mechanism
will then be initiated. During the execution of the task 7,
each detector has two statuses. One is a ‘detecting’ status
and the other is a ‘moving’ status. When a sensor becomes
a detector, the detector stays in the detecting status and
checks whether the direction d is in its MD. If yes, the
detector switches to moving status and then moves toward
the direction d. Figure 5 illustrates how the Basic move-
ment mechanism works. A big hole with size 4 x 3 exists
in the WSN. The big hole will move toward the ‘Down’
direction according to the decision made in the Direction
Determination Phase. Therefore, the detector, whose MD
has the ‘Up’ direction will change its status to moving and
move one hop distance along the ‘Up’ direction to help the
hole cell migrate toward the ‘Down’ direction. As shown in
Figure 6(a), detectors u;, 0 <i <3, will switch from detect-
ing to moving status since their u;. MD contains the ‘Up’
direction. For example, we have u;.MD = {UL, U, UR}.
Therefore detector ©; will move one hop distance along
the ‘Up’ direction to help the hole cell migrate toward the
‘Down’ direction. After the movers move upward one hop,
the big coverage hole will then be decomposed. After that,
detectors u;, 0 <i <7, will discover that their MDs contain
the ‘Up’ direction; hence, they will switch to moving status
and subsequently move for a distance of one hop, as shown
in Figure 6(b). The same operation will execute repeatedly
until the big coverage hole moves for a distance x, as shown
in Figure 6(c). The number labeled on the sensor repre-
sents how many hops the mover has walked. All movers
that participated in the hole-movement task using the Basic
movement mechanism have moved three hops.

The Basic movement mechanism can be effective in min-
imizing the total power consumption of all movers because
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Figure 7. An example of the Basic movement mechanism with
a 12 x 1 size.

the decomposed small hole cells always directly move
toward the direction d. However, the power consumption
of each mover increases along with the hole height. An
obvious drawback here is that each mover will consume
significant energy if the height of hole is large and the value
of the energy-balanced index B is decreased accordingly,
which would indicate that the power consumption of all
sensor nodes in the WSN is imbalance.

We noticed that the movers can consume less energy in a
hole-movement task as long as the height H of the coverage
hole is minimized. Figure 6 shows an example that verifies
this argument. We consider a big hole with a 12 x 1 size,
which equals the size of the hole shown in Figure 7. Using
the Basic movement mechanism, each mover only moves
one hop when executing a hole-movement task, while the
total power consumption of all movers is identical to that in
Figure 7. Using Formula 1, we conclude that, under the fixed
total power consumption of movers, the more movers there
are that participate in the hole-movement task, the more
energy balanced all sensors in the WSN become. Based on
this, we are motivated to change the hole shape into a belt
to enable more movers to share the workload of the hole-
movement task. Two mechanisms, called Forward-Only
and Any-Direction movement mechanisms, are proposed
to change the hole shape into a belt during the execution of
a hole-movement task.

3.4. Forward-only movement mechanism

The Forward-Only movement mechanism moves a hole by
taking both energy-balancing and total power consump-
tion into consideration. Changing the hole shape into a belt
enables more movers to share the workload of the hole-
movement task and thus minimizes the maximal power
consumption of each mover. The Forward-Only movement
mechanism aims to simultaneously move a big hole for-
ward along direction d and change the hole shape into a belt.
This mechanism decomposes the original big hole into lots
of smaller hole cells, with each hole cell moving forward
along direction d. Sensors in the WSN can only move along
one of the three directions that are closest to direction d.
For example, if the sink determines that the hole-moving
direction d is ‘Down’, each sensor in the WSN can only
move along the ‘UL’, ‘Up’, or ‘UR’ directions which are
closest to the ‘Up’ direction. Figure 8 depicts the moving
trajectories of all hole cells by applying the Forward-Only
movement mechanism on the big hole sized 4 x 3.

C. Chang et al.

Figure 8. The moving trajectory by applying the Forward-Only
movement mechanism on the big hole with a 4 x 3 size.

In order to simultaneously move the big hole and
change the hole shape into a belt, the developed movement
strategies must satisfy the following three properties:PI:
Distributing the hole cells into different columns.P2: The
detector that has the maximal remaining energy moves
first.P3: A hole is moved only forward along the three
directions closest to direction d.

A hole with a belt shape will be good at balancing movers’
power consumption. To change the shape of the big hole
into a belt, property P/ is proposed to distribute the hole
cells to different columns. To implement property P2, each
mover maintains a hop value that represents how many hops
the mover has moved. The detectors, which have smaller
hop values, then help the hole cells migrate in the WSN to
minimize the maximal power consumption of movers and
obtain a better energy-balanced index B. Property P3 takes
the total power consumption into consideration.

The Forward-Only movement mechanism is executed
round by round. Here, a one-time computation and one-time
movement are applied to relocate the movers’ one hop. As
shown in Figure 9, detectors perform three actions in each
round. Once a sensor becomes a detector, it exchanges its
hop information with its six neighbors in the Exchange Hop
Information (EHI) section. In the EHI section, each detec-
tor is aware of the relative locations of the hole cells and
obtains its neighboring detectors’ hop information. Next,
each detector checks the following rules from Rule I to
Rule 2 and then determines a movement direction in the
Determine Movement Direction (DMD) section. If none of
these rules are satisfied, the detector will remain stable this
round. Otherwise, the detector will play the mover role and
move toward its desired direction for a distance of \/grS in
the Moving section. After that, each mover exchanges loca-
tion information including its own location and the locations
of neighboring hole cells. Once a mover has moved toward
its desired direction, it increases the hop value by one. The

round

EHI ‘ DMD ‘Moving EHI ‘ DMD |Moving

Figure 9. A round consists of three sections: (1) exchange hop
information, (2) determine moving direction, and (3) moving.
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Figure 10. An example for illustrating the Forward-Only movement mechanism.

round ends at the end of the Moving section. When one
round ends, the next round starts and all detectors refresh
and again determine whether it is a detector on this round.

The following proposes two checking rules so that detec-
tors can determine whether or not it should change its status
from a detector to a mover and which direction it should
move. For simplicity, we assume the big hole will move
toward the ‘Down’ direction. Each hole cell therefore only
has three candidate directions: ‘DL’, ‘Down’, or ‘DR’. To
avoid two movers moving to the same hole cell at the same
time, the detector, say s, which is located below the hole cell,
will be the arbitrator for deciding the movement direction
of the hole cell in this round. In other words, the arbitrator
needs to choose one mover from its neighboring detectors
s.UL, a and s.UR to heal the hole cell that is located above
its location.

in the left side while lines 6-10 discuss the circumstance
when the arbitrator is in the right side. Once an arbitrator s
detects any hole cell in its ‘Up’ direction, it checks whether
its location is in the left side or the right side of the big
hole. If s is in the left side, it compares its hop value with
the neighboring detector s. UL and then chooses a detector
which has a smaller hop value to move, as shown in lines
1-5 of the Rule 2 algorithm. Conversely, when the arbitrator
is in the right side, it selects a detector which has a smaller
hop value as the mover from neighboring detector s. UR and
itself. Figure 7 indicates that the moving trajectory of hole
cells can be seen by applying the Forward-Only movement
mechanism. The number of the hole cells that walk to the
left and right is balanced.

Below is a series of four diagrams illustrating how the
Forward-Only movement mechanism works by applying

Rule 1:

Rule 2:

Let s be the arbitrator

1. if (s. Up==hole&& s.hop== 0)
2. moving direction = ‘Up’

3. end if

Let s be the arbitrator

Left side rule /*arbitrator located at the left
side of the hole */

1. if (s.hop >= s.UL.hop )

3. else

5. end if

side of the hole */

2. s.UL. moving direction = ‘UR’

4. 5. moving direction ="Up’

Right side rule/*arbitrator located at the right

6. if (s.hop >=s5.UR.hop)
7. s.UR. moving direction = ‘UL’

8. else
9. s. moving direction = ‘Up’
10. end if

Figure: Pseudo codes of rules 1 and 2 of the Forwarding-Only movement mechanism.

Rule 1 is mainly designed for the arbitrator that has never
moved, whereas Rule 2 is designed for the arbitrator that
has moved. Since the most efficient movement is to directly
move the hole toward the direction d, Rule 1 is designed
accordingly. By applying Rule 1, detector s, which has
never moved and detects s.Up = hole, will select the ‘Up’
direction as its moving direction. Rule 2 is mainly designed
for the arbitrator who has moved. The detector, which has
moved and detects s. Up = hole, will choose an appropriate
neighboring detector to move based on the number of move-
ment hops. Detector s would send a packet to inform the
selected neighbor about its decision. Lines 1-5 of the Rule
2 algorithm discuss the circumstance when the arbitrator is

the two rules. For simplicity, we use a hole sized 3 x 2 as
an example. In Figure 10(a) uo, u;, and u, employ Rule I to
determine their moving direction = ‘UP’. After the move-
ment, the hop value of sensor u, becomes 1. When the sensor
u, detects another hole cell in its ‘Up’ direction again, it
applies Rule 2 to choose its neighbor u,. UR =u; to heal
that hole cell. After u; moves according to Rule 2, it carries
a hop value u7.hop =1 and locates itself on the column L,
where the sensor u, located. Then, u; applies Rule 2 and
selects u3 to move toward ‘UR’, as shown in Figure 10(c).
Other movers, which are labeled by the arrowhead symbol,
use Rule I to move upward directly. Consequently, as shown
in Figure 10(d), all hole cells that constitute a big hole will
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Figure 11. Pseudo code of the Forward-Only movement
mechanism.

be distributed into different columns, and there would only
be one hole cell in each column. At this time, the shape of
the big hole would be like a belt. From now on, the big hole
will be migrated straight along the ‘Down’ direction in an
optimal energy-balanced manner.

Figure 11 is a pseudo code for summarizing the rules
developed for the Forward-Only movement mechanism.
Rule 1 has a higher priority than Rule 2. Once a detector
determines its moving direction in Rule 1, it will not change
its decision even if it receives another detector’s informed
packet later.

3.5. Any-direction movement mechanism

As the name indicates, each hole cell can move along six
different directions, which include ‘UL’, ‘Up’, ‘UR’, ‘DR’,
‘Down’ or ‘DL’ in the Any-Direction movement mech-
anism. In this mechanism, we only extremely take the
energy-balancing into consideration for hole-movement.
Similar to the Forward-Only movement mechanism, the
Any-Direction movement mechanism aims to simultane-
ously move the big hole forward along the direction d and
change the hole shape into a belt. The Any-Direction move-
ment mechanism also decomposes the original big hole
into lots of smaller hole cells, with each hole cell mov-
ing along any direction, though preferring direction d. This
mechanism enables some small hole cells to move some
steps back toward the direction d and therefore balances
the power consumption of all movers. Figure 12 depicts the
movement trajectories that apply the Any-Direction move-
ment mechanism to the hole-movement task for a big hole
sized 4 x 3.

To simultaneously move the big hole and change the hole
shape into a belt, the developed movement strategies must
satisfy properties PI and P2, which are designed in the
Forward-Only movement mechanism. Notice that the Any-
Direction movement mechanism does not adopt property
P3 designed in the Forward-Only movement mechanism.
Because the Any-Direction movement mechanism allows
some hole cells to move some steps back toward direc-
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Figure 12. Movement trajectory that applies the Any-Direction
movement mechanism on a big hole sized 4 x 3.

tion d, the maximal power consumption of a mover can
be further reduced, since more movers participate in the
hole-movement task. However, the total power consump-
tion is increased, since some hole cells move back toward
the direction d.

The Any-Direction movement mechanism is also exe-
cuted in rounds. A one-time computation and one-time
movement policy is applied to relocate the sensors. As
shown in Figure 9, detectors perform three actions each
round. The main difference from the Forward-Only move-
ment mechanism lies in the checking rules in the Determine
Movement Direction (DMD) section.

The following proposes five checking rules for detectors
to determine whether or not a detector should change its sta-
tus from a detector to a mover, and which direction it should
move. Here, we assume the big hole will move toward the
‘Down’ direction. Similar to the Forward-Only movement
mechanism, in the procedure of changing the hole shape
into a belt, the Any-Direction movement tries to make the
hole cells in the left and right parts of the big hole move
toward the left and right, respectively, to balance the num-
ber of hole cells walking to the left and right as shown in
Figure 12. Next, we define the priority of hole cell move-
ment direction at first and then illustrate the five rules and,
after, make them match the priority.

Consider a hole cell located at the left side of the big
hole where there exists a moved sensor below the hole cell.
Figure 13 shows the moving direction priority of the hole
cell. The number labeled on the detector represents the pri-
ority. They are ‘h.DL’, ‘h.UL’, ‘h.Down’, and ‘h.Up’ in
order. Based on P/, we prefer to distribute the hole cells of
the same column into different columns. Since the move-
ment direction d is ‘Down’, we make ‘DL’ direction as the
first movement priority for the hole cell. The ‘UL’ direction
is the second priority because when the hole cell moves
toward ‘UL’, it can migrate to a different column. Since the
hole cell moving along the ‘Up’ direction increases the total
power consumption of a hole-moving task, the ‘Up’ direc-
tion has last priority in the hole cell movement. Fortunately,
because the detector’s moving direction is opposite to the
hole cell moving direction, the detectors that correspond to
these four moving direction priority for the hole cell /& will
become the four candidates of the mover for this hole cell.
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3

Figure 13. The movement priority of the hole cell h, which
belongs to the left side of the big hole, is labeled on each
detector.

The movement priority for the hole cells on the right side of
the coverage hole is similar to that of hole cells on the left
side. Therefore, the movement priority order of hole cells
on the right side is ‘4.DR’, ‘h.UR’, ‘h.Down’, and ‘h.Up’,
in this order.

In the Any-Direction movement mechanism, a detector
that has the maximal remaining power should help the hole
cell migrate, even if the detector is located above the hole
cell. To avoid more than one mover migrating to the same
hole cell, the movement direction of a hole cell is determined
by the negotiation among the detectors located around the
same hole. For example, in Figure 13, the four detectors
negotiate and determine a mover by themselves. The five

Temporal full-coverage in mobile WSNs
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Figure 14. (a) A case where the detector s moves toward the

'UR' direction. (b) A case where the detector s. DR moves toward

the "Up' direction. This is because it has the minimal hop value
among s’ neighboring candidates.

Rules 2 is designed for the detector that is located above
the hole cell. When a detector s above a hole cell # simulta-
neously has the ‘DL’, ‘Down’ and ‘DR’ direction in s.MD,
it indicates that none of its neighboring detectors can help
the hole cell /# migrate. Therefore we enable the detector
s to move downward, helping the hole cell # move along
the upward direction. In the hole-movement procedure, we
prefer that the hole cells moves ‘Down’. For this reason, the
mechanism allows detectors belonging to the down side of
the big hole to have one more row to move upward com-
pared to detectors belong to the up side of the big hole. This
is why we set the detectors can only move downward when
its hop value is less than half of the height of the big hole
minus one.

Rule 3
Left side rule
1. if (s.UR==hole)

absent)

2. if (s.hop <= s.Up.hop or s.Up is

3. if (s.hop <= s.DR.hop &&
s.DR.hop #0 or s.DR is absent) | 14.

4 s. moving direction = ‘UR’ 15.  endif

5 end if 16.  if(s.hop > s.DL.hop)

6 if(s.hop > s.DR.hop) 17. s.DL. moving direction = ‘Up’
7. s.DR. moving direction = ‘Up’ | 18.  end if

8 end if 19. endif

9 end if 20. end if

10. end if

Right side rule

11.if (s.UL==hole )

12. if (s.hop <= s.Up.hop or s.Up is
absent)

13.  if (s.hop <=s.DL.hop &&

s.DL.hop# 0 or s.DL is absent)

s. moving direction = ‘UL’

Figure: The pseudo codes of rule 3 (including left and right side rules) of the

Any-Direction movement mechanism.

rules designed in the Any-Direction movement mechanism
implement the priority and the process of negotiation men-
tioned above.

Rule 1 is designed for the detector that is located below
a hole and that has never moved. Since the most efficient
movement is to directly move the hole toward the direction
d, Rule I is designed accordingly.

Rule 3 is designed for the detector that is located on the
down-left or down-right locations of the hole cell 4. Con-
sider that detector s is located on the left side of the big
hole. As shown in Figure 14(a), if the detector s has the
‘UR’ direction in s.MD, it has the highest priority for help-
ing the hole cell 2 move ‘DL’. Therefore, when its hop value
is less than the neighboring detector s.Up, which is above
s, it indicates that either the detector s or the detector s.DR,

Rule 1
1. if ( 5.Up==hole && s.hop== 0)

2. s.moving direction = ‘Up’

Rule 2

1. if ( s.Down==hole )
2. if (s.hop <[wang] && s.DL==hole
&& s.DR==hole)

3. end if
endt 3. s.moving direction = ‘Down’
4.  endif
5. end if

Figure: The pseudo codes of rules 1 and 2 of the Any-Direction movement mechanism.
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which is located below the hole cell 4, has to move to the
location of hole cell A. At this time, the detector compares
its hop value with the hop value of the neighboring detector
s.DR. The one which has the smaller hop value is selected
to be the mover.

Consider line 3 of Rule 3. When the hop value of the
neighboring detector s.DR.hop is equal to zero, the detector
s would not be able to move this round. That is because the
neighboring detector s. DR has decided its moving direction
in Rule 1.

Figure 14 shows two examples that illustrate how Rule
3 works. Here we assume that the hole cell 4 is in the left
side of the coverage hole in Figure 14. By applying Rule 3,
when s.hop <=s5.Up.hop, the detector s decides whether
its neighboring detector s.DR or itself will move to the hole
cell’s location. As shown in Figure 14(a), detectors s and
s.DR have the same hop value. Therefore, the detector s
becomes the mover, and migrates to the hole cell’s location.
Conversely, if s.DR has a smaller hop value compared to
s, the detector s.DR becomes the mover to heal the hole
cell h.

Rule 4 is designed for a detector that is located on the
left-up or right-up locations of the hole cell 4. Consider a
detector s located at the left side of a big hole. As shown
in Figure 15(a), if the detector s has ‘DR’ in s.MD, it has
the second priority to help the hole cell # move along the
‘UL’ direction. Therefore, when its hop value is less than the
neighboring detector s.Down, which is below s, this indi-
cates that either the detector s or the neighboring detector
s.UR, which is located above the hole cell 4, can move to the
location of hole cell &. In this case, the detector s compares
its hop value with that of the neighboring detector s.UR,
and then selects the one that has a smaller value to be the
mover.

C. Chang et al.
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Figure 15. (a) A case where the detector s moves toward the

‘DR’ direction. (b) A case that the detector s.UR moves toward

the "Down'’ direction. This is because that it has the smallest hop
value among s’ neighboring candidate.

Figure 15 shows two examples that illustrate how Rule
4 works. We assume that the hole cell 4 is in the left
side of the coverage hole. By applying Rule 4, when
s.hop < s.Down.hop, the detector s decides whether its
neighboring detector s.UR or itself will move to the hole
cell’s location. As shown in Figure 15(a), detectors s and
s.UR have the same hop value. Therefore, the detector
s becomes the mover and then moves along the ‘DR’
direction. Conversely, if detector s.UR has a smaller hop
value than s, the detector s.UR becomes the mover and
then migrates to the hole cell 4’ location, as shown in
Figure 15(b).

Rule 5 is mainly designed to prevent the hole from doing
the back-and-forth movement. Since the hole cell and the
detector can move along six directions in the Any-Direction
movement mechanism, Rules -4 may cause the hole cell
to move back and forth. The following lists the forbid-
den movement directions associated with the last moving
direction.

Rule 5: Detector s, which has moved, before is forbid-
den to move by the directions listed in Table I this round,
according to the last moving direction.

Rule 4
Left side sub-rule 11.
L. if ( s. DR==hole ) 12.
2. if(s.hop = s.Downhop or

(s.Down is absenr && shop==0)) 13.
3. if (s.hop <= s UR hop && 5. UR,

moving direction # *Down’ or

Right side sub-rule
if { s.DL==hole)
if (s.hop < s.Down. hop or

5. UR is absent) 14. s moving direction = "DL’
4 s moving direction = DR’ 15. end if
5 end if 16. if (5. hop = 5. UL hop)
6 if (s.hop = 5. UR. hop) 17. 5.UL. moving direction = *Dow’
7. 5 UR. moving direction = ‘Down’ | 18, end if
8 end if 19.  end if
9. endif 20, endif
10, end if

(s.Down is absent && s.hop==0))
if (shop <= s UL hop && 5. UL
moving direction # Down’
or s UL is abseni)

movement mechanism.

Figure: The pseudo codes of rule 4 (including left and right side sub-rules) of the Amp-Direction

Consider line 2 of Rule 4. When the neighboring detector
s.Down does not exist, the detector s can only move when its
hop value is zero. This is because that the absence of s. Down
results in the detector s being unable to know whether or
not the detector below the hole cell 4 also intends to heal
the hole 4.

454

Figure 16 is used as an example to illustrate how the
Any-Direction movement mechanism works by applying
the proposed five rules. For simplicity, we use a hole sized
3 x 2 as an example. In the first step, detectors uy, u;, and
uy apply Rule 1 to determine their moving direction = ‘Up’
and the detector u3 applies Rule 2 to decide its moving
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Table I. The forbidden movement direction associated with the
last moving direction.

The last moving direction  The forbidden movement directions

Up Down
up-left Up-right and down-right

up-right Up-left and down-left
down-left Up-right and down-right
down-right Up-left and down-left
Down Up-left, up and up-right

direction = ‘Down’. Therefore, detectors ugy, u;, and u,
move upward and detector 13 moves downward on the first
step, as shown in Figure 16(a).

After, us and u; apply Rules 3 and Rule 4 to determine
their moving directions, ‘UR’ and ‘DL’, respectively, as
shown in Figure 16(b). Here we find that, if the detector
u; applies Rule 2, it can make the decision of moving direc-
tion = ‘Down’. However, the detector u; remains unmoved
this round due to the restriction of Rule 5. Since u; moved
upward in the first round, it can’t move downward this
round. Executing the algorithm repeatedly, the big hole
will finally be decomposed into six hole cells that are dis-
tributed to different columns, as shown in Figure 16(c). At
this step, the shape of the big hole is now like a belt. The
big hole would now migrate along the ‘Down’ direction
until the movement distance d is reached. Figure 17 gives a
pseudo code which summarizes the rules designed for the
Any-Direction movement mechanism.

4. COMPLEXITY ANALYSIS OF
MAXIMAL POWER CONSUMPTION

This section analyzes the maximal power consumption of
movers and the total power consumption for executing a
hole-movement task. For simplicity and for not having loss
in generation, we consider that the big hole is regular and
should be moved along the direction d for a distance x.

In the Basic movement mechanism, the maximal power
consumption of all movers is quite related to the height of
the coverage hole. If we intend to move each hole cell in
the big hole by one hop, the movers that below the bottom

(a) (b)
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Figure 17. Pseudo code of the Any-Direction movement
mechanism.

of the big hole need to move Height/~/3r, hops. After the
big hole moves x hops, each mover that participated in the
hole-movement task moves Height/ﬂrs hops, as shown
in Figure 6. As a result, by applying the Basic movement
mechanism, the maximal power consumption of movers can
be evaluated by Formula (2).

E(Muay) = Height/N/3r; x P 2)

In the Forward-Only movement mechanism, the trajec-
tories of the holes are characterized by the following facts.
First, the hole cells in the bottom row of the big hole move
downward according to the application of Rule 1. By apply-
ing Rule 2, some hole cells that belong to the left side of the
big hole move along the ‘DL’ or ‘Down’ directions, while
the hole cells that belong to the right side of the big hole
move along the ‘DR’ or ‘Down’ directions. By applying the
Forward-Only movement mechanism, the migration order
of the hole cells leaving from their initial location accord
to the V-layer, as shown in Figure 18. In Figure 18, when
the mechanism is applied in the first round, hole cells that
are located on the bottom of the big hole are moved first.
In the second round, the hole cells lying on the V-layer,
labeled ‘2nd’, are moved accordingly. In the third round,
the hole cell lying on the V-layer, labeled ‘3rd’, are moved
subsequently. The rest may be deduced by analogy. Let A,
denote the last moved hole. Finally, the Ay, is located on
the middle of the top of the big hole, which is labeled /4.
From this observation, we see that the closer a detector is
to the bottom side of the big hole, the earlier it can help the
hole cell move. After the big hole is moved one hop, the big

(c) 1

Figure 16. An example of the Any-Direction movement mechanism.
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Figure 18. The migrating order of hole cells when they leave
from their initial locations of a big hole sized 5 x 4.

hole is also divided into Top and Down parts. The detectors
that are closer to the bottom-left or bottom-right sides of
the Top part also help the hole cell move early. Based on
this idea, the hole cell that is moved last will be moved by
the detector that is located on the bottom side of the big
hole or the bottom-left/right side of the Top part, and this
detector will consume the maximal power among all the
movers.

We analyze the moving trajectory of the sensors to find
one that helps the last moved hole cell migrate. Since the
hole cell in the Forward-Only movement mechanism can
only move along the ‘DL’, ‘Down’ or ‘DR’ directions, the
last moved hole cell may be migrated by the detector that
is at the bottom-left/right side of the Top part or the bot-
tom side of the big hole. For simplicity, we only discuss
the detector located on the left side of the big hole. There-
fore, the last moved hole cell may be moved by either the

o ([Width/z-‘ /ﬁrs) x P, if (Width/2 < Height)
mmax =
(Height/\/3rs) x P,

detector that located on the bottom-left side of the Top part or
the detector that lies on the bottom side of the big hole. Here,
two cases are given to represent this argument. Figure 19(a)
and (b) illustrate that, when the big hole’s Width/2 < Height,
the last moved hole cell is healed by the detector, B which
is located on the bottom-left side of the Top part of the big
hole. On the other hand, Figure 19(c) and (d) illustrate that,
when the big hole’s Width/2 > Height, the last moved hole
cell is migrated by the detector E, which is located on the
bottom side of the big hole.

Now we aim to compute the maximal power consumption
of the movers in the Forward-Only movement mechanism.
Using the above analysis, we can derive that the mover
that consumes the maximal power consumption among all
movers lies on the bottom side of the big hole or the bottom-
left/right side of the Top part with a different ratio of Height
to Width. To get the maximal power consumption of the

C. Chang et al.
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Figure 19. Two examples showing which detectors would help
the last moved hole cell migrate.

movers, we only have to evaluate the number of hops that
the detector walks from the bottom side of the big hole, or
the bottom-left/right side of the Top part to the location of
the last moved hole cell /. The detector that lies on the
bottom left side, walking to the location of the last moved
hole cell Ay, would have spent [ Height/2] / 3rs hops on
moving. On other hand, the detector that lies on the bottom
side, walking to the location of the last moved hole cell,
would have moved Height/\/grs hops. Therefore, after the
big hole moves x hop, the value of the maximal power con-
sumption of movers that apply the Forward-Only movement
mechanism is given in Formula (3).

(3)
if (Width/2 > Height)

Similar argument for deriving the maximal power con-
sumption can be applied to the Any-Direction movement
mechanism. In the Any-Direction movement mechanism,
the hole cells belongs to the left side of the big hole will
move toward the left and the hole cells belong to the right
side of the big hole will move toward the right. In the Any-
Direction movement mechanism, we limit the moving hops
of the mover that intends to move along direction d. This
constraint helps prevent many hole cells from moving back-
ward, which violates the goal of minimizing the total power
consumption. Therefore, the last moved hole cell is located
at the center of the big hole. The detector that spends the
most power consumption on moving will locate on the bot-
tom side of the big hole or the bottom-left/right side of the
Top part, and the detector only has to move to the location
at the center of the big hole. Hence, the maximal power
consumption of all movers that apply the Any-Direction
movement mechanism is given in Formula (4).
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([Width/z—‘ / ﬁn) % P,

E(Mmax) = { { {Height _ ([Width/z—‘ _ 1)} /\/§rx} x P,

Let diffany, pasic denote the difference between the Any-
Direction and Basic movement mechanisms in terms of
maximal energy consumption. According to Expressions
(2) and (4), the evaluation of diff4,y, pasic can be derived as
shown in Expression (5).

diffany, Basie= (2) — (4) = { [ (

The expression diffany, pasic >0 indicates that the Any-
Direction movement mechanism performs better in terms
of energy-balancing. Similarly, let diffany, rorwara denote
the difference between Any-Direction and Forward-Only
movement mechanisms in terms of maximal energy con-
sumption. Similar to (5), the diffany, Forwara can be derived
according to Expressions (3) and (4), as shown in Expres-
sion (6). The expression diffany, rorwara >0 further indicates
that the Any-Direction movement mechanism works bet-
ter in terms of energy-balancing. As a result, Any-Direction
movement mechanism outperforms the Basic and Forward-
Only movement mechanisms in terms of energy-balancing.

0,
diffAn)’. Forward = (3) - (4) = {

5. PERFORMANCE EVALUATION

This section compares the performances of the developed
hole-movement strategies and a previous work [13] (TCSC
in short). The WSN is initially randomly deployed with
a large amount of sensors and then applied VFA algo-
rithm [3] to heal the hole. The VFA algorithm is executed
repeatedly to maintain spatial full-coverage until the whole
sensing region reaches full coverage without any extra sen-
sor. Therefore, at this moment, the lattice of all sensors
would be hexagonal. Then we arbitrarily generate a big
hole that contains several hole cells. The three proposed
hole-movement mechanisms, namely Basic, Forward-Only,
and Any-Direction, are then applied to execute the hole-
movement task which aims to move the big hole along a
specific direction d for a distance x. Performance compar-
isons of the three proposed hole-movement mechanisms and
previous work TCSC are examined in terms of maximal
power consumption, total power consumption, energy-
balanced index and temporal full-coverage.

The simulation environment is described below. The net-
work size is 1500m x 1500m. A big hole with various
sizes may exist in any location of the network. The param-
eters used in our simulation are listed in Table II. The
movement cost in energy consumption is set at 8.267 J/m
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if (Width/2 < Height)
4)
if (Width/2 > Height)

(286.38 J/hop), which refers to the parameters in Reference
[19]. Each simulation result is obtained from the average of
10 independent runs. To simplify the discussion of the per-
formance results, the following arguments are given based
on the assumption that the hole-movement task intends to

(5)
if (Width/2 > Height)

move a big hole along a downward direction. The following
depicts the results of our performance study.

5.1. The maximal power consumption

The maximal power consumption of movers is used to eval-
uate the degree of power balancing. Figure 20 depicts the
maximal power consumption of movers by applying the
three proposed hole-movement mechanisms and the TCSC.
The hole-movement task intends to move the big hole for
a distance of x =70 hops x20+/3 m/hop = 1400~/3 m. The

if (Width/2 < Height)
(6)

size of the big hole varies from 2 x 2 to 7 x 7. In general,
the maximal power consumptions of the four mechanisms
increase along with the size of the big hole. However, com-
pared to the other three mechanisms, the maximal power
consumption of the Basic movement mechanism is signif-
icant. By applying the Basic movement mechanism, the
maximal power consumption totally depends on the height
of the big hole. In the Forward-Only movement mecha-
nism, detectors that are located at the bottom, left and
right sides of the big hole participate in the hole-movement
task and share the task workload. Therefore, the maxi-
mal power consumption of the Forward-Only movement
mechanism is smaller than that of the Basic movement
mechanism. Compared with the other three mechanisms,

Table Il. Simulation parameters.

Parameter Value
Communication range 40m
Sensing range 20m
Packet transmission cost 0.075J/s
Packet reception cost 0.030J/s
Idle cost 0.025J/s
Maximum energy consumption in motes 324 J/h

Total initial energy 324000J (1000 h)
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Figure 20. The maximal power consumption of movers with
different big hole sizes by moving a fixed distance.
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Figure 21. Performance evaluation of the three proposed move-
ment mechanisms and the TCSC in terms of the maximal power
consumption of movers.

the Any-Direction movement mechanism involves detec-
tors, which are located at the top side of the hole, to
participate in the hole-movement task. Consequently, the
Any-Direction movement mechanism outperforms the other
three mechanisms in terms of maximal power consumption.

Figure 21 compares the three proposed movement mech-
anisms and the 7CSC in terms of the maximal power
consumption. Here, the hole size varies from 3 x 3 to
10 x 10 to observe the change in the maximal power con-
sumption between the four compared mechanisms. As
shown in Figure 21, the Any-Direction movement mech-
anism outperforms the other three mechanisms since it has
more movers that participate in the hole-movement task
and thus reduces the maximal power consumption of the
movers.

5.2. The total power consumption

Figure 22 investigates the total power consumption of
the three proposed movement mechanisms. The hole-
movement task intends to move the big hole for a distance of
x="70hops x20+/3 m/hop = 1400+/3. In other words, each
hole cell has to move for a distance of 1400«/§ to its desti-
nation. The size of the big hole varies from 2 x2to 7 x 7.
In the Basic movement mechanism, each hole cell walks
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Figure 22. Performance evaluation of the three proposed move-
ment mechanisms in terms of total power consumption of
movers with a fixed moving distance on a big hole.

along the direction d directly. However, the Forward-Only
and Any-Direction movement mechanisms aim to change
the hole shape into a belt. They distribute the hole cells into
different columns, which cause some hole cells to move
along the directions other than direction d. Therefore, the
total power consumption of the Basic movement mecha-
nism is less than the other two movement mechanisms. In
addition, Figure 22 also shows that the Any-Direction move-
ment mechanism consumes the largest total energy since the
mechanism allows some hole cells moving along direction
d, resulting in the increase of total power consumption.

5.3. The energy-balanced index

In the experiments, the energy-balanced index is measured
by the average power consumption of all movers. Therefore
alarger value in the energy-balanced index indicates that the
energy consumption of all sensors is balanced. In Figure 23,
we compare the three proposed mechanisms and the TCSC
in terms of their energy-balanced index. Here, the hole
size varies from 2 x 2 to 7 x 7. The hole-movement task
intends to move the big hole for a distance of x =70 hops
x20+/3m/hop = 1400+/3m. Figure 23 shows that the
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Figure 23. Performance evaluation of the three proposed
movement mechanisms and the TCSC in terms of their energy-
balanced index with a fixed moving distance on a big hole.
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Figure 24. Performance evaluation of four different movement
mechanisms in terms of their energy-balanced index.

energy-balanced indices of the Basic and TCSC movement
mechanisms decrease with the size of the big hole because
the power consumption of each mover highly depends on
the height of the hole. However, TCSC has a stronger height
constraint than Basic movement mechanism in terms of
power consumption of the mobile sensor. Therefore, the
energy-balance index of the TCSC is better than that of
the Basic movement mechanism. As shown in Figure 23,
the energy-balanced indices of the Forward-Only and Any-
Direction movement mechanisms are close to the optimal
value of the energy-balanced index since they enable more
movers to share the workload of the hole-movement task
and therefore result in a good energy-balanced index.

Figure 24 compares the energy-balanced index of the
three hole-movement mechanisms and the TCSC. Here,
the hole size is set to 7 x 7, and the hole-movement
task intends to move the big hole for a distance of
x=70hops x20+/3m/hop=1400+/3m. As shown in
Figure 24, the energy-balanced index of the Basic and
TCSC movement mechanisms decrease along with the time
since the power consumption of each mover highly depends
on the height of the hole. However, the energy consump-
tion of movers in TCSC does not exceed the constraint
of [Height/2]. Therefore, the energy-balance index of the
TCSC s better than that of the Basic movement mechanism.
On the other hand, the Forward-Only and Any-Direction
movement mechanisms have good energy-balanced index
since more sensors participate in the hole-movement task,
and thus the power consumptions of all the sensors in the
WSN are more energy-balanced.

5.4. Temporal full-coverage

To achieve temporal full-coverage over a period of time,
the mover should walk over the network to replace holes
to timely increase the coverage degree. In addition, the
total power consumption is another index for estimating
the network lifetime. Therefore, this experiment intends to
investigate the total power consumption for executing a task

Temporal full-coverage in mobile WSNs
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Figure 25. Performance evaluation of the three proposed move-
ment mechanisms in terms of total power consumption with a
fixed hole sweep area.

that sweeps a hole across a fixed area A. The three proposed
mechanisms are applied to execute the abovementioned
task. After, their total power consumptions are compared
under the environments of a big hole with different sizes
and shapes. Here, the hole size varies from 2 x 2 to 7 x 7.
The fixed coverage area A is set at 1040 m?.

As shown in Figure 25, by applying the Basic movement
mechanism, the total power consumption of the movers
increases significantly with the hole size. In fact, the tra-
jectory of each mover in the Basic movement mechanism
is similar since sensors that are located on the same column
have the same movement trajectory. Therefore, the more
area that they have swept will be overlapped which results
in the Basic movement mechanism walking for more hops to
reach the fixed coverage area A. The Forward-Only and Any-
Direction movement mechanisms outperform the Basic
movement mechanism in terms of total power consumption
required for sweeping a fixed area size. This is because the
two mechanisms distribute the big hole into different areas,
and the size of the overlap region swept by their movers is
smaller compared to the movers that apply the Basic move-
ment mechanism. The performance of the Any-Direction
movement mechanism is better than the Forward-Only
movement mechanism. However, since the measurement
base is 10, these two lines are close to each other.

5.5. The total power consumption of a
hybrid mechanism

Given a constraint in the maximal power consumption of
each mover, we intend to find out the best movement that
minimizes the total power consumption. Recall that the
Basic movement mechanism minimizes total power con-
sumption but results in a situation wherein each mover
consumes significant power and thus imbalance power.
Therefore, given the constraint in the maximal power con-
sumption for each mover, the Basic movement mechanism
might be a failure since each mover that applies the Basic
movement mechanism might consume more energy than
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Figure 26. Performance evaluation of the five different hybrid
movement strategies where the Forward-Only movement mech-
anism is applied first. The evaluation compares the total power
consumption of the five strategies.

the given constraint to complete the movement task. The
Forward-Only movement mechanism takes both total power
consumption and power balancing issues into consider-
ation. Therefore, applying the Forward-Only movement
mechanism can distribute some workload of the hole-
movement task to the other movers such that each mover’s
power consumption can be reduced while the total power
consumption is not significantly increased. Therefore, the
combining Basic and Forward-Only movement mecha-
nisms can meet the requirement where each mover’s power
consumption is not larger than the given constraint, and in
which the total power consumption for hole-movement task
can be minimized.

This subsection presents the experimental results
that combine the Basic movement mechanism and
Forward-Only movement mechanisms, as shown in Fig-
ures 26 and 27. Here the hole-movement task intends
to move the big hole for a distance of x=70hops
XZO\/§ m/hop = 1400«/§ m with the hole size varying from
3x3 to 10 x 10. In Figure 26, the hybrid mechanism
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Figure 27. Performance evaluation of the five different hybrid

movement strategies where the Basic movement mechanism is

applied first. The evaluation compares the total power consump-
tion of the five strategies.

C. Chang et al.

3000

7 BIF

| | ——paF a3
FBOF | = per 1
g‘ —5— BEF e E f)
] | = BIOF
& 000} s 1
5 | e T e _@ _____ i
] I
E 1500} o - i e F 5
3 | & ” = l;-
i 1000} o |

& B

1

sog .
5] ] 525 it 7 =8 ] 10x10
Size of Hole

Figure 28. Performance evaluation of the five different hybrid

movement strategies that apply the Basic movement mech-

anism first. The measurement compares the maximal power
consumption of all movers for the five strategies.

applies the Forward-Only movement mechanism first and,
after, the Basic movement mechanism. The hybrid hole-
movement mechanisms in Figure 26 are F2B, F4B, F6B,
F8B, and F10B where F2B shows that the hybrid mecha-
nism first applies the Forward-Only movement mechanism
for two hops, and then applies the Basic movement mecha-
nism for 38 hops as its strategy. The other hybrid strategies
in Figure 26 may be deduced by analogy. Figure 27 shows
the performance results of a hybrid mechanism which
applies the Basic movement mechanism first, and, after, the
Forward-Only movement mechanism, as its strategy. These
hybrid strategies in Figure 27 are B2F, B4F, B6F, BSF and
BIOF. Similar to the hybrid mechanism in Figure 26, the
B2F indicates that the hybrid mechanism first applies the
Basic movement mechanism for two hops and then applies
the Forward-Only movement mechanism for 38 hops as its
strategy.

In these two experiments, it can be observed that the total
power consumption for the hybrid mechanism that applies
the Basic movement mechanism first is better than the one
that applies the Forward-Only movement mechanism first.
In Figure 28, we show the maximal power consumption
of movers with different hybrid strategies which apply the
Basic movement mechanism first. Knowing the maximal
power consumption of movers and the total power con-
sumption, we obtain an optimal movement that minimizes
the total power consumption for a given constraint in the
maximal power consumption of each mover. Take a simple
example. We restrict the maximal power consumption of
each mover by 2000 J at most, and we intend to find the best
hybrid strategy that minimizes the total power consump-
tion for moving a big hole, sized 8 x 8. As shown in Figure
28, the two strategies, B2F and B4F, satisfy this constraint.
Next, we check the two mechanisms in Figure 27. The B4F
hybrid strategy has smaller total power consumption com-
pared to the B2F strategy. Therefore, it is suggested that
the hole-movement task should apply the Basic movement
mechanism for four hops first and then apply the Forward-
Only movement mechanism for 36 hops to obtain optimal
total power consumption under the given constraint.
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6. CONCLUSIONS AND FUTURE
WORK

Given a mobile WSN that contains a hole with a number
of mobile sensors that are insufficient to cover it, the data
collected from the sensors would be biased since only the
sensing information of a certain region can be collected.
The proposed hole-movement mechanisms can prevent data
collection from being biased and achieve the purpose of
temporal full-coverage. This paper observes that moving a
mobile sensor in a direction is identical of moving a hole
in the opposite direction. We developed three distributed
hole-movement strategies that move the existing big hole
in a way that either the total energy consumption is mini-
mized or the power consumption of the sensors is balanced.
First, the Basic movement strategy is proposed to move a
hole with minimal total power consumption. Second, the
Forward-Only movement strategy moves a hole by taking
both energy-balancing and total power consumption into
consideration. Finally, the Any-Direction movement strat-
egy is proposed by fully considering the energy-balancing
as its policy. Based on the proposed strategies, whenever
a mobile sensor detects a coverage hole within its sens-
ing range, it can locally determine whether or not it should
migrate to the hole cell to achieve temporal full-coverage.
Simulation results reveal that the proposed hole-movement
mechanisms enhance the coverage of WSN temporally and
balance the power consumption of mobile sensor nodes.
Future work will investigate the integration of the proposed
mechanisms, develop a hybrid mechanism which takes full
advantages of the three mechanisms and extend their usages
to randomly deployed WSNss.
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