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Path Construction and Visit Scheduling for Targets
by Using Data Mules

Chih-Yung Chang, Member, IEEE, Gwo-Jong Yu, Member, IEEE, Tzu-Lin Wang, and Chih-Yu Lin

Abstract—In this paper, the target patrolling problem was
considered, in which a set of mobile data collectors, known as
data mules (DMs), must efficiently patrol a given set of targets.
Because the time interval (or visiting interval) between consecu-
tive visits to each target reflects the degree to which that target
is monitored, the goal of this paper was to balance the visit-
ing interval of each target. This paper first presents the basic
target points patrolling algorithm, which enables an efficient
patrolling route to be constructed for numerous DMs, such that
the visiting intervals of all target points are stable. For scenar-
ios containing weighted target points, a weighted target points
patrolling (W-TPP) algorithm is presented, which ensures that
targets with higher weights have higher data collection frequen-
cies. The energy constraint of each DM was also considered,
and this paper presents a W-TPP with recharge (RW-TPP) algo-
rithm, which treats the energy recharge station as a weighted
target and arranges for DMs to visit the recharge station before
running out of energy. The performance results demonstrated
that the proposed algorithms outperformed existing approaches
in average visiting frequency, DM movement distance, average
quality of monitoring satisfaction rate, and efficiency index.

Index Terms—Disconnected targets, mobile data collectors,
recharge station, weighted target, wireless sensor networks
(WSNs).

I. INTRODUCTION

IRELESS sensor networks (WSNs) [1]-[10] have been
Wused in many applications, including in environmental
surveillance, scientific observation, and tracking. The coverage
problem, which has been widely discussed in the literature, can
be divided into three parts: the area, barrier, and target cover-
age problems. The area coverage problem is that any point in
a given area must be covered by at least one sensor [11]-[13].
The barrier coverage problem is that the minimal number of
sensors must be used to construct a barrier for detecting intrud-
ers crossing the given strip area [14]-[16]. In contrast to the
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area and barrier coverage problems, the target coverage prob-
lem refers to the fact that certain points in the monitoring area
must be monitored by a set of active sensor nodes [17]-[23].

Reference [17] employed an integer linear programming
solution to achieve the target coverage purpose. In [18], an
algorithm was proposed that adopted disk and sector coverage
models to determine the node density required for the mon-
itoring region. Reference [19] investigated the placement of
the minimal number of sensors required for each target to be
covered by sensor nodes. In [17]-[19], algorithms have been
proposed that required the deployment of a number of static
sensors over the monitoring region to maintain network con-
nectivity. However, in outdoor target points can be distributed
over several disconnected areas. Deploying a large number of
static sensors for the purpose of maintaining network connec-
tivity can result in substantial hardware and maintenance costs.
An alternative solution involves using mobile data collectors,
which are also known as data mules (DMs). DMs visit all tar-
get points periodically to collect data, which are subsequently
returned to the sink node.

References [20]-[23] have proposed heuristics for construct-
ing patrolling routes enabling DMs to visit each target along a
route. Reference [20] proposed centralized and distributed data
collection mechanisms, called CSweep and DSweep. Since
CSweep partitions the targets into several groups, a DM is
assigned to each group that is responsible for executing the
patrolling task for that group. DSweep enables each DM to
locally determine its next visiting target based on information
exchanged with other DMs. However, DSweep can be prone
to constructing inefficient patrolling paths because no rule is
proposed for cooperatively managing patrolling between var-
ious DMs. In addition, neither CSweep nor DSweep consider
the recharging problem and the requirement that the monitor-
ing quality of each target might be different. Furthermore, the
visiting intervals (VIs) of each target might not be stable.

Similar to CSweep, CHB [21] is a centralized target
patrolling mechanism. Each DM patrols constructed Hamilton
circuits and periodically visits targets. However, the CHB
mechanism does not consider the requirement of differ-
ent monitoring quality and visiting frequency requirement.
Furthermore, CHB also does not consider the recharging prob-
lem. In [22], sensors were divided into several groups, and
a DM patrolled each group to perform data collection. The
paper investigated the selection of appropriate locations, called
polling points, for data collection. DMs were assigned to sev-
eral polling points to maximize the sensing data that could be
collected and balance the delay time between any two groups.
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TABLE I
COMPARISON OF DATA COLLECTION MECHANISMS

Reference Collection type Path construction Weighted targets coI;:ic;:;%ieon St??:;u‘::llct;ng

[17] Sensor relay N/A X N/A N/A
[18] Sensor relay N/A X N/A N/A
[19] Sensor relay N/A % N/A N/A
[20] Dsweep Data Mule X X X X

Csweep Data Mule X X X X
CHBJ[21] Data Mule ) X X X
[22] Data Mule ) X X X
[23] Data Mule Predefined X X X
;};ec}?;ﬁgﬁed rere Data Mule e} o o e}

Each DM was assumed to be equipped with multiple antennas,
and an SDMA coding mechanism was applied to the sensors’
readings. However, the hardware support required by each DM
in [22] is expensive.

Reference [23] assumed that the patrolling path (such as
the bus trajectory) used by DM is predefined, and that DM
periodically patrols path to conduct data collection. Sensors are
partitioned into numerous clusters, and each cluster is assigned
to a cluster header for executing data collection. To balance the
energy consumption of each sensor, sensors closer to the bus
trajectory must serve as relay nodes that forward sensing data
to DM. In this approach, the relay nodes are treated as targets
that must be visited by DM. However, Reference [23] does
not consider the energy consumptions of cluster headers and
relay nodes. In this system, cluster headers and relay nodes
are likely to be exhausted earlier than other nodes, reducing
the network lifetime.

In summary, above-mentioned researches did not consider
the situation that the requirement of monitoring quality of
each target might be different. In addition, most of them did
not consider the requirement of stable VIs of each target.
Furthermore, the recharge problem has been largely neglected.
Table I compares the parameters of the data collection mech-
anisms presented in the literature; each column presents the
considered parameters of the proposed TCTP compared with
existing data collection mechanisms.

Similar to the network environments used in [20] and [21],
a scenaio in which a set of target points (such as a fort, a
powder room, and a marshal room) were distributed over a
given region (such as a battlefield) was considered in this
paper. This paper addressed the target patrolling problem, in
which a set of DMs (such as robots or helicopters) must
efficiently patrol a set of given targets. Based on [21], a
basic target points patrolling (B-TPP) algorithm was pro-
posed. The B-TPP algorithm considers the initial locations
of all DMs, enabling an efficient patrolling route to be con-
structed such that the VIs of all target points can be minimized.
For a scenario with various weighted targets (such as a
powder room or a marshal room), a weighted target points
patrolling (W-TPP) algorithm was proposed to enable targets
with higher weight values to have higher data collection fre-
quencies. By considering the energy constraint of each DM,

a W-TPP with recharge (RW-TPP) algorithm was also pro-
posed, which treated the recharge station as a weighted target
and arranged for DMs to visit the recharge station before
running out of energy. This paper complements existing refer-
ences [20]-[23]. The contributions of this paper are listed as
follows.

1) Stable Visiting Frequency: Most related studies have not
considered that targets require stable visiting frequen-
cies. Given targets with various weights, maintaining
a stable visiting frequency for each target presents a
considerable challenge. Each DM locally applies the
proposed TCTP mechanism to globally maintain a stable
visiting frequency for each target.

Cooperative Target Visiting: BEach DM applying the
proposed TCTP mechanism can cooperatively visit the
targets to satisfy the monitoring quality of each target.

Weighted Targets Have Higher Visiting Frequencies:
In the proposed TCTP mechanism, targets that have
higher weights are visited more frequently to satisfy the
monitoring requirements of those targets.

Lower Moving Cost of Each DM Compared with Related
Studies: In the proposed TCTP mechanism, each DM
systematically executes path construction by consider-
ing the weights of all targets so that it has the lowest
moving cost as compared with the other target patrolling
mechanisms.

DM Recharging: To support the perpetual operation of
the network, the proposed TCTP mechanism considers
the recharge problem. The recharge station is treated as
a virtual target with a particular weight. The RW-TPP
mechanism is proposed to manage the energy recharge
problem.

Extensive Simulations and Verification: Extensive simu-
lations in several scenarios were conducted to investigate
the performance improvements gained using the pro-
posed TCTP mechanism compared with existing state-
of-the-art data collection mechanisms [20] and [21].

2)

3)

4)

5)

6)

The remainder of this paper is organized as follows. Section II
illustrates the network environment and presents the prob-
lem formulation. Sections III, IV, and V detail the B-TPP,
W-TPP, and RW-TPP algorithms, respectively. Section VI
compares the performance of the proposed algorithms with
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Fig. 1.  Example of a number of targets and four DMs. The sink node is
also treated as a target point, which should be visited by DMs.

that of existing algorithms. Finally, Section VII presents the
conclusion.

II. NETWORK ENVIRONMENT AND PROBLEM
FORMULATION

This section introduces the network environment and the
assumed characteristics of the given WSN. The problem
formulation is subsequently presented.

A. Network Environment

This paper considered a scenario in which a set of target
points was distributed over a given region. The target patrolling
problem, in which a set of DMs (such as robots or helicopters)
must efficiently patrol a set of given targets, was considered.
The proposed network environment can be applied to a wide
range of applications, for example, to battlefields, to direct
robots or helicopters to periodically monitor a set of predefined
targets, such as forts, powder rooms, or marshal rooms.

The terms M = {m; Il <i<n}and G = {g; Il <i < h}
denote the DM set and target set, respectively. Fig. 1 presents
an example of numerous targets and four DMs. As shown
in this figure, DMs treated the sink node as a target point.
Assume that each DM knows the numbers of DMs and tar-
gets and knows its own and all targets’ location information.
Furthermore, the moving speed and initial charge of all DMs
were identical.

Since the importance of different targets might be different,
a scenario was considered in which each target had a prede-
fined weight value, which denoted the target’s required visits
within a certain time interval. In other words, a target with
a higher weight value required more frequent visits by DMs.
Let term w; denote the weight value of target g;. The weight
value was assumed to be an integer. Furthermore, the number
of important targets (such as powder rooms or marshal rooms)
was assumed to be much lower than the number of general
targets (such as general forts).

B. Problem Formulation

Given a set of DMs under energy constraints, this paper
constructed efficient patrolling routes enabling DMs to visit
all targets and collect information on those targets within a
certain time period. Furthermore, the VIs of each target were
required to be similar to ensure that the data update frequency
for each target was stable. Let tff denote the VI of target point
gi between the kth and (k + 1)-th DM visit. Let 7 denote the
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average VI of target g; and n represent the number of DMs.
The value of 7 can be derived by applying (1)

h= 1 Xn: . (1)
"z
Let 7 and V; denote the number of target points and the
standard deviation (SD) of the VIs of target g;, respectively.
Let Vi denote the SD of VIs of all targets, which can be
calculated by applying (2), where 1 <i <h

h
> Vi
i=1

Vy = —— ,where V; =

A low Vg value indicated that the VI for each target was
more stable. To minimize the value of Vj, a patrolling route
to satisfy (3) was investigated

minimize (V) . 3)

Furthermore, a scenario in which targets had various
weights was considered. Let Tyoung denote the time inter-
val required for each DM to move along the constructed
patrolling route once. Let N/ denote the number of DM
visits received by target g; during the time interval Tyound. To
ensure that targets with higher weight values had higher data
collection frequencies, the proposed algorithm was expected
to satisfy (4)

Niround = wj, where 1 <i < h. 4)

Considering the energy constraint of each DM, this paper
proposes a RW-TPP algorithm which, by treating the energy
recharge station as a weighted target, ensures that DMs visit
the recharge station before running out of energy. Let MEnerey
denote the initial energy for each DM. Let /; denote the path
length patrolled by the DM m;. Let ¢, and c¢; denote the
energy consumption of each DM moving along a unit dis-
tance and collecting data from a single target, respectively. Let
n; denote the number of targets that have been visited by m;.
Let [7 denote the distance between m; and the recharge station.
This algorithm was proposed to ensure that DMs had sufficient
remaining energies to reach the recharge station. Equation (5)
expresses this constraint

MEnergy_[(li X ) + (i X ¢5)] > l; X Cy- %)

Furthermore, because moving DMs to the recharge station
involves additional energy consumption, another goal of the
proposed algorithm was to ensure that DMs moved to the
recharge station only when nearly depleted. In other words, as
shown in (6), the remaining energy of a DM when it reaches
the recharge station was minimized

maximize {[(li +1ID) xcm ] + (n; x cs)} ) (6)

III. BASIC TARGET POINTS PATROLLING ALGORITHM

This section presents the B-TPP algorithm, which was
developed to balance the VIs for each target. The proposed
B-TPP algorithm operates in two phases. In the first phase,
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Fig. 2. Constructed patrolling path P starting from the sink node (also treated
as a target) is (gf I1< i < 11) and the patrolling sequence is gf — gfo —
gh = g = =6l

all DMs individually construct the same patrolling path.
Subsequently, in the second phase, each DM performs loca-
tion initialization, and patrols the targets along the constructed
patrolling path.

A. Path Construction

Determining the minimum distance required to pass each
target is a FEuclidean traveling salesman problem, which
is an NP-hard problem [24]. To reduce the time required
for constructing the path passing each target, the heuristic
approach proposed in [21] was adopted to conduct DM path
construction.

All DMs were aware of the locations of all targets.
Therefore, based on the convex hull concept proposed in [21],
all DMs were able to employ the same path construction rules
and policies to individually construct the same patrolling path
(a cycle passing each target exactly once and returning to the
same start target). Let & denote the number of target points.
Let P = (gfD [I< i < h + 1) denote the constructed patrolling
path, where gf) denotes the ith visited target in path P in the
counterclockwise direction. Notice that gf = gﬁ 4 because
P is a cycle. As shown in Fig. 2, the constructed patrolling
path P starting from the sink node (also treated as a target) is
gf I 1 <i < 11 and the patrolling sequence is gf — g’l’0 —
gg - ... gg — gf(:gfl).

B. Patrolling Strategy

As shown in (3), the value of Vi had to be minimized.
To achieve this, this phase initiated the location of each DM
by determining n breaking points and partitioning the con-
structed path into n segments with equal length. Each DM
could move to one breaking point and start the patrolling task
in conjunction with other DMs. Let g"™" be the location of
the northmost target. Let by be the initial breaking point. The
average distance dayg of n segments is |Pl/n, where I[Pl denotes
the length of path P. The n breaking points can be marked on
path P every d,y starting from the initial breaking point b;.
Let breaking points by, ba, b3, ..., b, be the labels of break-
ing points sequentially assigned from the initial breaking point
in a clockwise direction. Each DM can construct n breaking
points and then perform location initialization. In location ini-
tialization, each DM moves to the closest breaking point. If
there is more than one DM at the same breaking point, the
DM with a greater amount of remaining energy moves to the
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next breaking point along the constructed path P. These oper-
ations are repeatedly executed until each breaking point has
only one DM.

As shown in Fig. 2, four DMs and a IP| value of 58 m were
assumed. Because the northmost target point g"™M was gs, it
was treated as the initial breaking point b1. All the other break-
ing points were labeled on path P every 58/4 m in a clockwise
direction. Let myejocity and Tajjocate denote the moving velocity
for each DM and the maximum time for allocating all DMs
to the breaking points, respectively. Each DM measured the
value of Typpcate by using

1P|
M velocity

(N

Tallocate =

After waiting the duration specified by Thjjocae, €ach DM
moved along path P to visit all targets. In addition, because the
velocities of all DMs were identical, the VIs for each target
were identical. Thus, the value of V; was minimized.

IV. WEIGHTED TARGET POINTS PATROLLING ALGORITHM

This section further presents the distributed W-TPP algo-
rithm, which enables targets with a higher weight value to
have a higher data collection frequency. The proposed W-
TPP algorithm operates in two phases. In the first phase, all
DMs individually construct the same weighted patrolling path
(WPP). Subsequently, each DM patrols the constructed WPP
to visit all targets. The various types of target had different
weight values, which were defined as follows.

Definition 1 (Normal Target Points and Very Important
Points): If w; equaled one, the target g; was considered a
normal target point (NTP)—an example of such a point is
a general fort in a battlefield. Otherwise, the target was con-
sidered a very important point (VIP)—an example of such a
point is a powder room or a marshal room in a battlefield.

The number of VIPs was far less than the number of NTPs.
Furthermore, the difference between the weights of each VIP
and NTP is not extremely large.

A. Path Construction

In this phase, a WPP was constructed. The path contained
w; distinct cycles intersecting at VIP g;, such that VIP g; was
visited by a DM w; times in each complete path traversal. The
term CJ; , the WPP, and the term fik are defined as follows.

Definition 2 (Cycle C?): Let C? = (g';{ 0<k< q) denote
the fth cycle passing the VIP g;, where 1 < f < w;, and g/;
represents the kth visited target starting from VIP g; by a DM
moving along C{ in a counterclockwise direction. Because C{
is a cycle, gy, = g = &i-

As shown in Fig. 3, target g4 is a VIP with weight value
wg = 2. Two cycles

Cl = (g%,gé, ...,g%) = (g4, 83, €2, &1, £10> €9, 84)

CZ = (g%a g%ﬂ seey gé) = (g47 88, 87, 86, 85784)

intersect at the VIP g4. Because the patrolling path contains
two cycles, the VIP g4 is visited twice when a DM patrols the
entire patrolling path.
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Definition 3 (Weighted Patrolling Path (WPP)): The path
P=(gll <k< Zf’zl w; + 1) was considered to be a WPP
if the following two criteria were satisfied.

1) For each g; € P, exactly w; cycles intersect at target g;.

2) Path P is a cycle.

The term g denoted the kth target visited by a DM moving
along path P in a counterclockwise direction.

As shown in Fig. 3, path P contains two cycles, C }‘ and Cﬁ,
which intersect at the VIP g4. Therefore, the VIP g4 is visited
twice when a DM completes a traversal of P once. Each NTP
gi is only intersected by a single cycle—either C}l or Cﬁ—
where ie{1, 2, 3, 5, 6, 7, 8, 9, 10}. Consequently, path P =
@l < k < 12) = (g1, 810, 89, &4- &8, &7, 86> &5+ 84, &3, &2,
g1) is a WPP.

As shown in (3), the VIs of all targets were required to be
minimized and balanced. The VI f* was defined as follows.

Definition 4: VI fF

Let lenf‘ denote the length of the kth cycle passing the VIP
gi. The kth VI for VIP g;, fik, can be measured using

k
« len;

f= ()

M velocity

To minimize and balance the VIs for all targets, (9) must

be satisfied
min ( max (f,k)) . ©)]
1<i<h,1<k<w;

The following describes how to construct the weighted
patrolling path P by developing a distributed algorithm, which
aims to satisfy Exp. (9). First of all, we consider the simple
situation in which the number of VIPs is exactly one. After
that, the situation of multiple VIPs will be discussed.

1) Single VIP Problem: The basic approach to constructing
a WPP for the single VIP problem is described as follows.
Initially, based on the convex hull concept proposed in [21],
all DMs individually construct the same patrolling path P =
(¢ 11 <i < h+1), which passes each target and then returns
to the start target. Without loss of generality, let the kth target
gl € P in the patrolling path P be the VIP g;. The cycle
creation process is repeatedly executed by each DM until the
number of created cycles, which intersect at the VIP g;, is
equal to the weight value w;. The cycle creation process is
introduced as follows.

The cycle creation process consists of two tasks: edge selec-
tion and cycle construction. First, as shown in Fig. 4, the break
edge ey = g§’ g;J 1> Which connects the target points g;D and gf? 1
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Fig. 5. Weighted-TPP patrolling route.

in path P, is selected. Hereafter, the two targets gf and g;) +l

are referred to as break points. The cycle construction task sub-
sequently removes edge e, and connects the two break points
gf and g;) .1 to VIP gf = g; individually. Consequently, two
cycles

1 PP P P P
G = (gk’gy’ ""gk+2vgk+l’gk>
=

P P P _P P P P
gk’ ey g2» g] ) gy+37 gy+27 gy+1’ gk)

intersect at VIP g;. Cycle construction is repeatedly executed
until w; cycles intersect at the VIP g;. Finally, the WPP P
passes VIP g; exactly w; times, whereas the other NTP targets
are visited exactly once.

As shown in Fig. 5, cycle construction is repeatedly exe-
cuted x — 1 times. The newly constructed WPP P is composed
of x cycles passing the VIP g,f . Whenever a DM moves along
the WPP P, the VIP gF is visited x times. Thus, the data
collection frequency of VIP gi is x times that of NTPs.

The policy for selecting break edges determines the total
length of the WPP P and the length of each newly formed
cycle. Let target gf = gi be a VIP in the constructed patrolling
path P. Break edges are selected according to the balancing
length policy, which balances the length of each cycle for
VIP gf = g; to ensure that the VIs for gf are as similar as
possible. Let L*® = |P|/w;, where IP| denotes the length of
path P. The selected w; cycles must satisfy (10), such that
the maximal length of the created cycles approaches the value
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of L™&. Consequently, the lengths of w; cycles are similar

wi
min Z(‘cﬁf
f=1

Fig. 6 presents an example of the application of the balanc-
ing length policy. As shown in Fig. 6, the length of constructed
patrolling path |P| is 58 and the path length [Pl yielded by
applying the balancing length policy is 72. The increased path
length is 14. The newly constructed cycles Cl, C%, and Cg
intersect at the VIP gI; . The lengths of cycles cl, C%, and
Cg’ are 26, 24, and 22, respectively. Evidently, the lengths of
the three cycles are similar and thus, the VIs are stable.

2) Multiple VIP Problem: The existence of multiple VIPs
in the monitoring region is considered in this subsection.
According to their weight values, each VIP g; is assigned a
priority value p;. The cycle construction process is initiated
by each DM for VIPs with higher priority before the other
targets.

VIPs with higher weight values require the selection of more
break edges to create more cycles and reflect their higher pri-
ority. Therefore, the priority p; of VIP g; is set by p; = w;.
Fig. 7 depicts the procedure involved in constructing WPP P.
Let notation V denote the set of VIPs. As shown in Line 2
of Fig. 7, DMs construct the patrolling path P for each tar-
get point g; € V until set V is empty. In Line 3, the same
patrolling path P which passes all targets is initially con-
structed by all DMs individually. Subsequently, targets with
higher weight values are prioritized in the cycle construction
process. In Line 5, the DM identifies the target g; with the
highest weight value. Subsequently, in Lines 6—13, DMs con-
struct several cycles intersecting the target gz by applying the
balancing length policy. Finally, the WPP is constructed by all
DMs individually, as shown in Line 15.

— L™®) (10)

B. Patrolling Strategy

Once the WPP P is constructed, each DM executes location
initialization, as in the B-TPP algorithm. Each VIP g; is inter-
sected by w; cycles, thus, all DMs follow the same patrolling
rules in determining the traversal order for these cycles when
they arrive at each VIP g;. However, if two DMs have differ-
ent traversal orders for the VIP g;, the VIs of VIP g; can be
considerably uneven. Let S} denote the set of targets that are
connected to g; in the WPP P. The patrolling rule is proposed
as follows.

IEEE TRANSACTIONS ON SYSTEMS, MAN, AND CYBERNETICS: SYSTEMS, VOL. 44, NO. 10, OCTOBER 2014

Algorithm: Weighted Patrolling Path Construction

Input: A set of target points G={gi, g»,... g}, where £ is
the number of targets, and a set of VIPs V.

Output: Weighted Patrolling Path p

1.  for each DM do

2 {while 7=¢4 do

3 {P<—CyclicPath_Construct();

4. p<P;

5 W, (—max(wl.) ./* The target point g; has the

largest weights wy. */

6. /* BalancingLengthPolicy */

7 for x<1 to (w;-1) then
Figure out the cycle ¢/ which satisfy Exp.
(10), where 1< f<w,.

9. P<P—glgr

10. P—Ptglgl;

11. P<Ptgl ol

12 end for

13. VeV-gi;

14. end for

15. Return p}}

Fig. 7. Procedure for constructing weighted patrolling path.
&s
f\ ’ &
& 0, 7
& ~ ’
TR
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Fig. 8. Example of applying the proposed patrolling rule.

1) Patrolling Rule: When a DM arrives at a VIP g; from
a target gj, it selects as its next target g; € S}, which
involves the smallest angle deviation from its former
route g; to g; in the counterclockwise direction.

As shown in Fig. 8, when the DM moves from target g5 to
VIP g4, it selects target g3 as its next visiting target because
g4g3 and gsga involve the smallest angle deviation 6 in the
counterclockwise direction. Similarly, when the DM moves
from target gg to VIP g4, it selects gg as its next visiting
target. Consequently, the constructed WPP P is (g1, g10, 9,

84, 88> 87- 865 855 84> &3> 82, &1)-

V. WEIGHTED TARGET POINTS PATROLLING WITH
RECHARGE ALGORITHM

DMs run on batteries that must be recharged at a recharge
station. The RW-TPP algorithm, which considers energy
recharge, was thus proposed. The basic concept in the RW-
TPP is that the recharge station is treated as an NTP and all
the targets are treated as VIPs. The RW-TPP operates in two
phases: the Path Construction Phase and the Patrolling Phase.
In the first phase, each DM individually constructs one path
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for patrolling targets and another path for recharge. The sec-
ond phase patrols the targets along one of the two constructed
paths.

A. Path Construction

In this phase, each DM constructs two paths: the general
patrolling path and the recharge patrolling path. The opera-
tions for constructing the WPP are similar to those defined in
the W-TPP algorithm: the WPP P is constructed according to
target weights. Furthermore, each DM constructs a weighted
recharge path (WRP) which passes all targets plus the recharge
station. When the remaining energy of a DM exceeds a cer-
tain threshold, the DM simply patrols the WPP P to visit all
targets. Otherwise, the DM patrols along the WRP to achieve
both the purposes of target patrolling and recharge.

Definition 5: WRP

The path P = (|1 < k < 1, wi +2) is a WRP if it
satisfies the following three criteria.

1) For each g; € P, exactly w; cycles intersect at target g;.

2) Path P is a cycle. _

3) The recharge station R € P.

The term g; denotes the i-th visited target in path Pin the
counterclockwise direction.

Constructing a WRP is detailed as follows. Each DM first
selects a break edge ey = g,g, | that satisfies (11), minimizing
the length of the WRP. The two end points g, and g, are
then individually connected to the recharge station R to form
the new edges E)_R and g, R. Thus, the WRP P passes all
target points and the recharge station

min [(‘§>_R| + ’ngR}) - |§y§y+l |] (11

1<i<h

B. Patrolling Strategy

In this phase, each DM determines its traversal path based
on one of the constructed paths: P or P. Let ME"™®Y denote
the initial energy of each DM. Each DM initially evaluates
the patrolling round r by applying (12). The patrolling round
r means that the DM is able to patrol all target r times along
the P before energy depletion

MEnergy
r = — .
(|P| X cm) + (h x cy)

12)

This also means that each DM patrols along WRP P every r
rounds. If a DM has patrolled along the WPP P r—1 times, it
patrols along the WRP P in the next round to recharge.

The DM can recharge at any time if the moving cost of
DM is not increased. In other words, if the recharge sta-
tion is located on (or close to) the constructed path, the DM
can recharge regardless of its remaining energy. However,
when the recharge station is not located on the constructed
path, the DM establishes an additional path for reaching the
recharge station; hence, the recharging operation consumes
greater energy and time. _

Fig. 9 depicts the procedure for constructing the WRP P. As
shown in Lines 2-3, each DM constructs the WRP P based on
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Algorithm: WRP Construction

Input: A set of target point G={g1, &, ..., Zn},
where / is the number of targets.

Output: WRP p

for each DM do
P <— W-TPP_RouteConstruct();
P« P
Figure out the edges ¢,® and g,,R which satisfy
Exp. (11), where 1< y<p.

el S

PP —82.;
P—PtgR;
P—P+g.k;
end for
Return p

X ® 2

Fig. 9.  Procedure of constructing WRP P.

the constructed WPP P. To minimize the length of the WRP,
as shown in Lines 4-7, the DM selects an appreciation break
edge according to (11). Finally, the WRP P is constructed by
connecting the break points to the recharge station R, as shown
in Line 9.

VI. PERFORMANCE EVALUATION

The proposed TCTP algorithm was compared with a
Random approach and with existing approaches [20], [21] in
VI, the SD of the visiting interval, movement distance of each
DM, and the DM energy efficiency. In the Random approach,
unvisited targets were randomly selected as the next desti-
nation to construct a patrolling edge until all targets were
visited.

Because none of the mechanisms to which the proposed
mechanism was compared considered the weight of each
target or the recharge problem, these mechanisms were mod-
ified to address these two concerns. The CSweep and CHB
mechanisms were applied round-by-round. In each round, the
CSweep and CHB mechanisms were used to construct a path
passing each target. Subsequently, the weight of each tar-
get is reduced by one since the DM will visit each target
once along the constructed patrolling path. At the end of
the round, the target was removed if its weight was zero.
Afterwards, CSweep and CHB were repeatedly applied in the
next round to construct more paths and change the weight
of each remaining target, until all targets were removed.
In the DSweep mechanism, based on the exchanged infor-
mation, the DM locally determined which target points to
visit until the weights of all target points were satisfied. To
compare the performance of the proposed W-TPP mecha-
nism with the other mechanisms, the quality of monitoring
(QoM) was defined. The weight w; represents the QoM of
target point g;. That is, a g; with weight w; indicates that the
target point g; should have w; visits within a given period
of time.
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Fig. 10. Three scenarios are considered in the experiments.

A. Simulation Model

The following illustrates the parameters considered in the
simulation environment. The velocity of eachDM was set at
2 m/s and the sensing range of each DM was set at 10 m.
Receiving data from a target and moving a unit distance
consumed energy at rates of 0.075 J/s and 8.267 J/m [25],
respectively. The network size was 800 x 800 m, and the
locations of the targets were randomly distributed throughout
the monitoring region. The distance between every two targets
was longer than the communication range (20 m) of a DM.
Thus, the targets were disconnected in the experimental envi-
ronment. In addition, the number of targets was dynamically
adjusted, and the sink was treated as a target. Each simulation
result was the average of 100 simulations. The 95% confidence
interval was consistently lower than 5% of the reported values.
To further investigate the performance of the three proposed
mechanisms, three scenarios with three distinct target point
arrangements were simulated. As shown in Fig. 10, the target
points in Scenario 1 were distributed throughout the monitor-
ing region. The target points in Scenario 2 were arranged close
to each other but far from the sink node. In Scenario 3, the
target points were divided into two groups, and the targets in
each group were closed to each other.

B. Performance Study

The VI index denoted the average visiting intervals of all
targets and was expressed as

Fig. 11 compares VI indices of the proposed B-TPP
algorithm with the Random, DSweep, CSweep, and CHB
approaches in various scenarios. The simulation environment
featured 25 targets with identical weights. VIs are reduced
when greater numbers of DMs execute the target patrolling
task along a given constructed path. Therefore, the value of
the VI index generally decreases with an increasing number
of DMs. This tendency is exhibited in Fig. 11(a)—(c). A high
VI index value indicates that the constructed path is not effi-
cient because the average distance between two consecutive
DMs is long, increasing the average VI. The Random approach
exhibited the highest VI index valueof all the cases, because
it determining the next destination by randomly selecting
unvisited targets. The DSweep approach exhibited the second
highest VI index value of all the cases; in this approach, DMs
locally determined the next visiting target point. The CSweep
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Fig. 11.  Comparison of the Random, CHB, DSweep, CSweep, and B-TPP
approaches in terms of VI index in three scenarios. The weights of all targets
are identical. (a) Scenario 1. (b) Scenario 2. (c) Scenario 3.

approach initially divided the DMs into several groups; subse-
quently, each DM individually patrols the targets of one group.
Let sink edge denote the edge connecting the last visited target
to the sink. Each DM applies CSweep, and must deliver the
collected data to the sink node along the sink edge. Certain
DMs must construct long paths if all targets in a group are far
from the sink node. This lengthens the average length of sink
edges constructed by all DMs. Thus, the CSweep approach
also exhibited a higher VI index value than the CHB and
B-TPP approaches in all cases. The CHB and the proposed
B-TPP approaches yielded similar VI index values. Targets
far from the sink node connected to targets that were closer
to the sink node. Therefore, unlike the CSweep approach, the
CHB and B-TPP approaches avoided the construction of long
sink edges. Therefore, the lengths of the sink edges constructed
using the CHB and B-TPP approaches were shorter than those
constructed using the CSweep approach, and these approaches
yielded lower VI index values. The proposed B-TPP approach
yielded smaller value of VI index than CHB, because the
B-TPP approach required each DM to execute location initial-
ization to maintain the stable VIs between each target point.
In general, the B-TPP outperformed the VI index values of
the other four approaches in all cases.

Figs. 12 and 13 compare the performance of the proposed
W-TPP algorithm and the other four approaches regarding the
VI index and SD, respectively. There are five VIPs out of 25
targets in the networks and the weights of VIPs are set to 3.

As shown in Fig. 12, a target was randomly selected to
observe its VI value. The Random approach, which randomly
selected the next target to be visited, exhibited VI index val-
ues that changed considerably between scenarios. In DSweep,
each DM locally determined the next visited target point until
the QoMs of all target points were satisfied, resulting in
lengthy patrolling paths. Consequently, the DSweep yielded a
higher VI index value than did the CSweep, CHB, and W-TPP
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Fig. 12.  Comparison of the Random, CHB, DSweep, CSweep, and the pro-
posed W-TPP approaches in terms of VI index. (a) Scenario 1. (b) Scenario 2.
(c) Scenario 3.

approaches in all cases. In the CSweep and CHB approaches,
each path constructed in a round contained a distinct number of
targets. Hence, the lengths of the constructed patrolling paths
differed, leading to unstable VI index values. Moreover, DMs
applying the CSweep and CHB approaches constructed longer
sink edges, resulting in higher VI values compared with the
proposed W-TPP algorithm. This is because the proposed W-
TPP mechanism applies the proposed balancing length policy.
All DMs patrol targets along the same constructed patrolling
path. Therefore, the curve of the proposed W-TPP algorithm
was much more stable than those of the other four approaches
in all cases. Overall, the proposed W-TPP algorithm outper-
formed the Random, DSweep, CSweep, and CHB approaches
regarding VI index values.

To further investigate the impact of locations of target
points on VIs of target points, the following defines the stan-
dard deviation, called SD;, for a single target g;. The SD; is
formulated as

1 & _
DN

k=1

A low SD; value indicated that the VIs of target point
gi were similar, and thus, the data collection frequency was
stable.

As shown in Fig. 13, a target was randomly selected to
observe its SD value. In general, the curves of all five com-
pared mechanisms decreased with an increasing number of
DMs. The primary reason for this is that a large number of
DMs can share the interval lengths, leading to lower SD val-
ues. As indicated by Fig. 12, the Random approach yielded
the highest SD value of all scenarios because DMs using the
Random approach constructed the longest patrolling paths. In
DSweep, each DM locally exchanged information with other
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Fig. 13. Comparison of the Random, CHB, DSweep, CSweep, and the
proposed W-TPP approaches in terms of SD. (a) Scenario 1. (b) Scenario 2.
(c) Scenario 3.

DMs to determine the next target, leading to the construc-
tion of inefficient patrolling paths. Consequently, the DSweep
approach yielded a higher SD value than the CSweep, CHB,
and W-TPP approaches did. The CSweep and CHB approaches
yielded longer sink edges, resulting in longer patrolling paths
and higher SD values compared with the proposed W-TPP
algorithm. By applying the balancing length policy, the SD
value of the proposed W-TPP mechanism was maintained
constant. In general, the proposed W-TPP algorithm exhib-
ited more favorable network performance than the Random,
DSweep, CSweep, and CHB approaches regarding the SD
value.

Fig. 14 compares the DM movement distance of each of
the five approaches. Scenario 2 had the shortest average dis-
tance between targets, thus, all the patrolling mechanisms had
the shortest movement distances in Scenario 2, as shown in
Fig. 14(b). In all cases, the DMs using the Random approach
constructed the most inefficient path, leading to the longest
movement distance. The movement distance of DMs using
the CHB approach was longer than those of DMs using the
CSweep and DSweep approaches. This is because the average
sink edge of paths constructed using the CHB approach might
have been longer than the average sink edge constructed using
the CSweep and DSweep approaches. DMs using the proposed
W-TPP approach constructed the shortest patrolling path, with
the shortest sink edge length, while satisfying the QoMs of all
target points. Consequently, the proposed W-TPP mechanism
outperformed the other four patrolling mechanisms regarding
movement distance in all cases, as shown in Fig. 14.

Fig. 15 shows the average QoM satisfaction rates, denoted
by ¥, yielded by applying the five patrolling mechanisms
under various time constraints and with various numbers of
VIPs. The number of VIPs was set to 5, 10, and 15 out
of 25 targets, and the results are shown in Fig. 15(a)—(c),
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respectively. The QoM of each target point was required to
be satisfied within the given time constraint Teonggraint- A high
value of Tionstraint indicated that each DM had more time to
execute the patrolling task, hence, the QoM of each target
could be satisfied with a higher probability. Let f;” denote the
number of visits of target g; in a given T¢onstraint- 1he average
QoM satisfaction rate ¥ can be measured according to

h h
U= Zfl-/ Zwi
i=1 i=1

A high value of ¥ indicated that the QoM of each target
could be satisfied within a given Tconsraine. In general, the
curves of all five patrolling mechanisms are increased with
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Fig. 16.  Comparison of the proposed RW-TPP and RV-TPP mechanisms
in terms of efficiency index by varying the number of targets. The recharge
station is located at the opposite side of sink node in three scenarios.

increasing Teconstraint Values. The Random mechanism yielded
the lowest ¥ value in all cases. By contrast, the proposed W-
TPP mechanism yielded the highest ¥ value because it enabled
DMs to construct patrolling paths based on the weight of each
target. As shown in Fig. 16, the proposed W-TPP mechanism
outperformed the other four patrolling mechanisms regarding
the average QoM satisfaction rate in all cases.

To manage the recharge problem, the recharge station can be
treated as a target which must be visited by the DMs running
low on energy. Fig. 16 displays the efficiency of the proposed
RW-TPP mechanism. As shown in Fig. 16, 10 of the 50 tar-
gets were VIPs, and the weight value of each VIP was set
to 3. Three scenarios were considered in the simulation, and
the recharge station was located at the opposite side of sink
node. The RW-TPP_S1 approach denotes the results obtained
by applying the RW-TPP in Scenario 1. Let ¢ denote the total
energy consumption of all DMs patrolling all paths in each
round. The energy consumption efficiency of the DMs was
measured according to the efficiency index

h
Efficiency index = Z w; ¢.
i=1

The proposed RW-TPP mechanism was compared with the
RV-TPP approach, which was modified based on W-TPP. More
specifically, in the RV-TPP approach, the recharge station was
treated as a target with a weight of 1 and the W-TPP approach
was applied to construct a patrolling path. In each round of
the RV-TPP approach, the QoMs of all targets were satisfied
by the constructed patrolling path, even though the DM con-
tinued to retain sufficient energy. Unnecessary visits to the
recharging station resulted in additional energy consumption,
reducing efficiency index values. Using the proposed RW-TPP
algorithm, each DM initially calculated the maximal number
of rounds, », which its energy could support, as shown in
(12). The weight w; of all targets g; should be changed by
r x w;, and the weight of the recharge station was set to 1.
Subsequently, the W-TPP approach was applied by each DM
to construct a patrolling path. Consequently, the recharge sta-
tion was visited by DMs only when their remaining energies
were insufficient to finish traveling the entire patrolling path.
Consequently, the proposed RW-TPP outperformed the RV-
TPP approach in all cases regarding efficiency index values.
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In summary, the number of DMs, the number of VIPs, and
various scenarios were considered to evaluate the performance
of the proposed approach. VI values decrease with an increas-
ing number of DMs, because VI values are highly dependent
on the length of the patrolling path of each DM. Reducing
the number of DMs increases the average patrolling path of
each DM, resulting in a high VI value. In addition, the number
of VIPs affects the average QoM satisfaction rate. To reflect
the unequal importance of VIPs and NTPs, VIPs require more
edges that pass them, increasing the movement distance of
each DM. Because increasing the movement distance of each
DM results in a lower visiting frequency for each target, the
average QoM satisfaction rate is reduced when the number
of VIPs is increased. Finally, the locations of the sink and
the targets also affect the performance of the proposed TCTP
mechanism. Separating the sink and the targets lengthens the
patrolling paths, resulting in higher VI index values, and longer
DM movement distances.

VII. CONCLUSION

This paper proposes a B-TPP algorithm aiming at construct-
ing an efficient patrolling path along which all DMs can patrol
each target with stable VIs. A W-TPP algorithm was pro-
posed to enable VIP targets, which have higher weights than
other targets, to be visited more frequently in each round.
Considering the energy constraint of each DM, the RW-TPP
algorithm was proposed; the RW-TPP algorithm treats the
recharge station as a weighted target and arranges for all DMs
to visit the recharge station before running out of energy. The
performance of the proposed algorithms was evaluated, and
the results demonstrated that the proposed TCTP mechanism
outperformed existing approaches [20] and [21] regarding SD
value, average visiting frequency, DM movement distance,
average QoM satisfaction rate, and efficiency index.
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