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Abstract—How to sense and monitor the environment with
high quality is an important research subject in the Internet
of Things (IOT). This paper deals with the important issue of
the balance between the quality of target detection and lifetime
in wireless sensor networks. Two target-monitoring schemes are
proposed. One scheme is Target Detection with Sensing Frequency
K (TDSFK), which distributes the sensing time that currently is
only on a portion of the sensing period into the entire sensing
period. That is, the sensing frequency increases from 1 to K.
The other scheme is Target Detection with Adjustable Sensing
Frequency (TDASF), which adjusts the sensing frequency on those
nodes that have residual energy. The simulation results show that
the TDASF scheme can improve the network lifetime by more than
17.4% and can reduce the weighted detection delay by more than
101.6%.

Index Terms—Delay, moving target detection, network lifetime,
sensing frequency, wireless sensor networks (WSNs).

I. INTRODUCTION

NTERNET of Things (IOT) is a worldwide network of

interconnected objects based on standard communication
protocols, and it is commonly accepted as the next generation
of Internet [1]. A wireless sensor network (WSN) is composed
of a large number of cheap sensor nodes that deployed in the
monitoring area and communicate with each other to sense and
measure the surrounding environment. A WSN is an important
form of the underlying network technology of IOT. An impor-
tant application in WSNs is to sense and monitor the moving
target intelligently.

Although there have been many studies on target detection,
most of them focus on how to optimize the duty cycle of nodes
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to optimize the target detection quality [2]-[7]. The quality
of target detection mainly includes the delay for detection,
the probability of missing a target, and the network lifetime.
Wu et al. [5] pointed out that, in WSNs, a node wakes up
periodically to detect the target and to receive or send data to
the sink or the next-hop node. After that, it will reenter the
sleep mode. Therefore, a nodal cycle consists of wake and sleep
states. Generally speaking, the duty cycle of nodes should be
relatively small in order to save energy. Thus, the nodes will
go through a short wake time after the long sleep state. When
a node is in sleep, the target will not be detected, which leads
to a blind period in the detection. The sensing frequency of this
scheme is 1 in a perceived cycle. We call it the Target Detection
with Sensing Frequency One (TDSFO) scheme. To improve the
target-monitoring quality, a new intelligent solution called the
Target Detection with Sensing Frequency K (TDSFK) scheme
is proposed. The main idea of the TDSFK is to divide the
sensing duty cycle into small pieces within the wake state
of nodes, so that there is no long sleep state for nodes. The
quality of target detection is thus enhanced. However, the
TDSFK scheme has to pay the energy consumption for the state
transition, which is given less consideration by the previous
studies. The authors in [5] noticed that the processors and
sensors for the state transition need certain energy. They also
pointed out that the Mica mote sensor requires 4 ms to start [5].
Hence, how to optimize the given sensing frequency of node to
increase the lifetime and improve the monitoring quality is an
important research issue. We also propose a method called the
Target Detection with Adjustable Sensing Frequency (TDASF)
scheme, which is based on adopting different sensing frequency
in distinct regions of the network. The TDASF scheme can
further improve the quality of target detection. The main con-
tributions in this paper are presented as follows:

1) We first analyze the relationship between the sensing
frequency of nodes and sensing quality of the network
and the relationship between the energy consumption of
a node and its sensing frequency. Then, a tradeoff opti-
mization scheme between detecting quality and network
lifetime is given.

2) Based on the aforementioned optimization, an optimized
method of unequal sensing frequency is put forward,
which can improve the monitoring quality of the net-
work greatly. A novel measurement framework called the
Weighted Quality of Target Detection (WQTD) is also
proposed for evaluating the quality of target detection.
Nodes from area to area have different duty cycles; hence,
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the quality of the target detection is also different with
their distances to the sink. In this paper, we measure
the overall quality of target detection by the weighting
method. As the WQTD considered the uneven nature
of the system, it can be effectively used to evaluate the
quality of target detection and the performance of the
detection scheme.

3) Through our extensive theoretical analysis and simulation
study, we demonstrate that, for such systems, both tar-
get detection performance and energy efficiency can be
achieved simultaneously. We also demonstrate that our
scheme has significantly improved from both a single
quality indicator and the overall performance indicators.
This is difficult to be achieved in the past study.

The rest of this paper is organized as follows: In
Section II, the related works are reviewed. The system model is
described in Section III. In Section IV, a novel TDASF scheme
is presented. Performance analysis is provided in Section V.
Section VI presents the experimental results and comparison.
We conclude in Section VII.

II. RELATED WORK

There have been many studies on target detection.
Huang et al. [8] studied the optimal placement of sensors
with the goal of minimizing the number of installed devices,
while ensuring coverage of target points, and wireless con-
nectivity among sensors. There were some researchers who
took a different approach by choosing proper nodes from the
deployed network to compose coverage and connectivity to
play a monitoring role [9]. Liu and Towsley [10] evaluated
coverage quality when sensors are distributed according to a
2-D Poisson point process. Different from the previous re-
search, Rout and Ghosh [11] introduced and studied the prob-
lem of designing WSNs for the detection of mobile targets
traversing a sensitive region along specific paths.

On one hand, the sensing range of sensor nodes has to cover
the monitoring area. On the other hand, because the energy
of sensor nodes is very limited, if a node has been always
in the active state, the energy consumption of the node is
considerably high, although the targets within the scope of
coverage can be detected. Hence, the method used by most
studies on target detection makes the nodes work and sleep
periodically to save energy. Due to the fact that the sensor nodes
often have redundancy when deployed, the monitoring quality
still can be achieved at a higher standard even if the duty cycle
is small, and the network lifetime will be greatly prolonged.
Therefore, most researchers focus on how to optimize the duty
cycle of nodes (nodes’ wake-up strategies) to optimize the
target detection quality [2]-[7], [11]-[13]. The sensor node
consists of sensing and communication devices. The sensing
device is for target detection, and the communication device
is used for data communication. The total energy of the node is
certain, and there is a tradeoff optimization relation between the
energy consumption used for detection and for communication:
if we assign more energy to the sensing device, the monitoring
quality is high. On the contrary, if we assign more energy to the
communication device, the internal nodes are at the working
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state with high probability when the external nodes have data
to be transmitted in the route. Then, the delay for data getting
to the sink will be less. Based on the previous analysis, the
main design goal in [2] and [7] is to maximize the operational
lifetime of the system, while ensuring high target detection
performance and short response time. They put forward a cross-
layer optimization method between sensing (for detection) and
communication layers.

There are many optimization algorithms. However, the duty
cycle of nodes is often in connection with the network load.
Therefore, we need a method with adaptive duty cycles that
can meet the monitoring quality when adopting the minimum
duty cycle, to maximize the network lifetime. Based on the
aforementioned ideas, Byun and Yu [14] and Ota et al. [15]
proposed a control-based approach for the duty cycle adaptation
through the queue management to achieve high performance
under variable traffic rates for WSNs. To have energy efficiency
while minimizing the delay, they design a feedback controller,
which adapts the sleep time to the traffic change dynamically
by constraining the queue length at a predetermined value.

In conclusion, the current research has two shortcomings:
1) the entire network adopts the same node duty cycle. This
results in the unbalance of energy consumption. The residual
energy of nonhotspot nodes in the network will be wasted.
2) The nodes in the active state were arranged in a continuous
period of time. It leads to a longer perceived gap and then
affects the monitoring quality. In this paper, we propose the two
target-monitoring schemes TDSFK and TDASEF to intelligently
adjust the sensing frequency, thus overcome these two short-
comings.

III. SYSTEM MODEL AND PROBLEM STATEMENT
A. Network Model

Our network model is similar to the model used in [2] and
[7]. In this network, a large number of acoustic sensors are
deployed with density p to monitor the activities and locations
of the animals in a natural habitat continuously [16]-[18]. As
soon as the trends of endangered species (incoming targets)
are detected, the corresponding source nodes nearby will report
data periodically to the sink node [19]. WSNs can also keep
monitoring when the hunter enters the protected area. Once the
hunter appears, an alert message will be sent to the sink. In this
way, the message sent for the control center outside the network
protects the endangered species from hunters [20].

The network radius is R. All the targets are randomly dis-
tributed in the network. Hence, the probabilities of the targets
monitored by each sensor node are equal. Likewise, the proba-
bilities of generating data are equal as well.

B. Problem Statement

Mobile target detection is a problem of multiple-target op-
timization. The goal here is to maximize the network lifetime
and, at the same time, to minimize the probability of missing
a target. Similar to that in [2] and [7], the target detection of a
WSN can be characterized by several performance indicators,
as explained in the following.
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1) Delay for detection (denoted by Dget). Dget refers to
the time from the ingoing moment of the target to being
detected by any sensor for the first time.

2) The probability of missing a single incoming target (de-
noted by Pp,q). Pnq refers to the probability of not being
detected by any sensor node, when the target goes through
the monitoring area.

3) The probabilities of missing all incoming targets (denoted
by Pua)- Pua refers to the probability of all the targets
not being detected by the node when passing through the
monitoring area.

4) The probabilities of missing at least one of the incoming
targets (denoted by P,.). P, refers to the probability of
at least one target not being detected by the sensor node,
when multiple targets go through the monitoring area.

5) Lifetime (denoted by ¢). Similar to the definition in [21],
lifetime is defined as the death time of the first node in the
network.

Obviously, the goal of target detection can be stated as
follows:

min(Dget ), min(Ppq)
min(Py,), min( P, ), max(f)

(D
S.t. Ddet S D?ep Pmd S Rgd
Pra < P9, Puo < P,

In (1), DY, P9, PS,, and PS, represent the minimum
requirements of monitoring performance thresholds Dget, Pnd,
Ppa, and Py, in applications. The goal of (1) is to minimize
the monitoring performances Dget, Pmds Pma, and Py, and
to keep them not less than the minimum requirements of the
application performance. Meanwhile, maximize the lifetime as
much as possible.

In the previous studies [2], the authors assume that all sensor
nodes have the same values of network parameters and sensing
frequency. This strategy is referred to as Target Detection with
Same Sensing Frequency (TDSSF) in this paper. Therefore, the
monitoring performances of nodes are equal everywhere in the
network. As indicated before, if using the same monitoring
parameters, the nonhotspot area will have a lot of residual
energy. In this paper, the nonhotspot nodes are set with greater
sensing frequency for higher monitoring performance. Thus,
the target detection performance of different regions of the
network will be unequal. In order to evaluate the uneven mon-
itoring performance better, a novel measurement framework
WQTD is proposed. The monitoring performance of WQTD
is represented as follows:

fr=Y"(re72). @

jeQ

In (2), f}¥ represents the performance indicators of node ¢
after weighted (refers to Dget, Pd, Pma, and Py,). Lifetime ¢
is not included because it means the death time of the first node.
f7 represents that the performance index order of the ith node
is j. n is the total number of nodes in the network. n; is the
number of indicator in j indicators.

In the scheme of TDASF, increasing the sensing frequency
of the nonhotspot nodes uses their remaining energy. The mon-
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itoring performances are different from area to area because the
energy is often not equal. Let the delay for detection be DY, for
nodes at x meters away from the sink. The delay in the entire
network is given by

R 27

g’et://Dﬁet-xdz-d@. 3)
0

0

Similarly, other weighted monitoring performance indicators
can be given as follows: PY;, P.Y  and Py .

The network lifetime ¢ depends on the node that spends the
most energy. The energy consumption of node ¢ consists of 1)
communication energy. For instance, e/ and e/ are used for
transmitting and receiving data; 2) sensing energy consumption
e5°"; 3) the consumption in the Low-Power-Listening (LPL)
state, i.e., e%PL; and (d) the consumption in the sleep state,
i.e., ef. Because the death time of the first node is defined as
lifetime, minimizing the energy consumption of the node that

spends the most can be expressed as the following formula:

. - 1 LPL )
max(¢) = min Juax (! + e +esom 4 eLPL 4 ee) (4

In conclusion, the design of TDASF is prolonging the system
lifetime to meet application requirements. The goal of TDASF
proposed in this paper can be obtained as

min (D) , min (Byy) , min (B,)  min (P)
max({) = min max (e + ] + i + elPl 4 ef)
0<i<n ) )

s.t. max (D%,) < DY,
max (P7,) < Pel)d, max (P2

—_ jus ma

)< PI(I?&, max (Pfflo < PI;?O) .
©)

Equation (5) is the same as (4) for lifetime ¢. As for other
monitoring performances, it means to optimize the weighted
performances and make the maximum performance indicators
meet the required thresholds of application.

C. WSN Model

A sensor node is composed of two major units: a sensing
device and a communication subunit. Ideally, each unit can
have separate power control [2]. The communication subunit
does not necessarily have the same duty cycle with the sensing
device [21]. In order to reduce the energy consumption of the
system, the sensing part and the communication subunit can
be periodically switched off, according to a normalized duty
cycle. The duty cycle of the sensor node is defined as its
active/working period. Every unit has its own duty cycle since
the two major units control their status independently.

For the sensing device, its duty cycle called sensing duty cy-
cle is denoted by ¢sep, in (6), and the other called communication
duty cycle is denoted by ¢cop in (7), as follows:
= tgen/tsen = tgen/ (tgen + tggl + tc) (6)

Ssen

where %50y, is the time length of a unit sensing cycle, and tg,, is
the valid sensing time by the sensing device. While 2 is the

time that the sensing device lasts when it is off in a cycle. ¢,
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Fig. 1. TDSFO scheme (sensing frequency is 1).
TABLE 1
MAIN NOTATIONS AND VALUES ADOPTED IN THIS PAPER
Symbol Description Value
Communication period of
leom durationp 230ms
Lsen Sensing period of duration 15s
rg Perceived radius 20m
e Conversion power 0.005W
consumption
Esen Sensing power consumption 0.0036W
R The power used by a n_Ode o Calculation-specific
receive a packet;
oy The power used to transmit an Calculation-specific
alert packet
g Transmlssmn'power 0.0511W
consumption
e Reception power 0.0588W
consumption
N Sleep power consumption 24%107W
P, The target d_e‘tectlon 01
probability
The number of times that a
Niar target appears during a 10
reference period
o, The power when node is in Calculation-specific
sleep
Sy Preamble duration 0.26ms
Sal Ack window duration 0.26ms
Sy Packet duration 0.93ms
&g Sleep power consumption 24%107W

is the time for the transition from the sleep state to the sensing
state (in Fig. 1, t. = ¢). That is

Scom

ff
= tgom/tcom = tfslom (tlclom + tgom) (7)

where fcom 1S @ communication cycle time, t2,  is the duration
when the communication subunit is active, and 2% is the time
length when the communication subunit is in sleep. The duty
cycle starts over between two consecutive periods.

The main notations and values adopted in this paper are

concluded in Table I.

IV. DESIGN OoF TDSFK SCHEME
A. Proposal of TDSFK Scheme

In the previous studies [7], researchers divided the sensing
cycle of a node into two states: one is the sensing state, and the
other is the sleep state. The change from the sleep state to the
sensing state lasts for € (i.e., ¢.), and the energy consumption

o

42 m 7y

i (>_>
target < »le >< >

ds ‘ ds ds ‘

Fig. 2. Schematic diagram of target detection in a linear network.
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Fig. 3. Moving distances in different sensing duty cycles.

for state transition is e.. The minimum time slot for a node to
sense once is 7. If the node in the sensing state is composed of k
minimum time slots, then t%, = k7|k > 1. In such a strategy,
a duty cycle is composed of a continuous sleep time (2 ), the
transition time from sleep to sensing state (t..), and a continuous
sensing time (t2,,), as shown in Fig. 1. In this strategy, a duty
cycle has only one continuous sensing period, i.e., the sensing
frequency is 1. It is called the TDSFO scheme.

In TDSFO, if a node is in the sleep state for a long period of
time % and cannot detect the target, it may miss the target.
Here, we illustrate the performance of TDSFO scheme by a
simple example. Suppose that, in a linear network such as that
shown in Fig. 2, the target accesses the network from the left
and tries to pass through the network. The movement speed of
target is v (m/s). The sensing cycle time of node is 1" (s), and
the sensing duty cycle is Gen (%). Suppose that the target is
intelligent and able to enter the network just when the first node
(n1) begins to change over to the sleep state. Then, when the
target passes by a node (n1), it is able to move for a distance
Ly = vT(1 — Gon) without being detected. If L < 2ds (the
monitoring range of n;), the overall moving distance of not
being detected is L;. On the contrary, if L, > 2ds, the target
can move to ns’s monitoring range. The target can still be
undetected and move some distance in a certain probability.
Fig. 3 is given when v = 15 m/s, T' = 15 s, the distance that
the target is able to move when ¢, increases from 10% to 90%,
and the probability of missing a target is less than 60%.

It can be observed from the previous discussion that, in
TDSFO, the nodes stay in the sleep state over a period of time.
Therefore, it is possible that a target passes by a node just when
the node is in the long period of sleep state, and the performance
monitoring of network worsens in this way. For this reason, a
scheme named TDSFK is proposed. In the TDSFK scheme, the

sensing period is dispersed throughout the whole cycle ¢, as
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Fig. 4. TDSFK scheme (sensing frequency is k).

shown in Fig. 4. Nodes are first converted from the sleep state
to the sensing state, after the sensing time 7, and then returned
back to the sleep state. They run in circles similar to this, until
the sensing cycle is complete. In this way, the sensing frequency
of nodes is k, which avoids the shortage of long sleep time in
a period. Hence, the target is difficult to be undetected. Fig. 3
shows the performance of TDSFK. It is thus clear that, under
the same power consumption, the moving distance of target
is almost only 1/k of the original in TDSFK, which greatly
enhances the network monitoring performance.

B. Calculation of Sensing Frequency k

First, the calculation method of the sensing frequency k
is presented here when adopting the TDSFK scheme instead
of TDSFO, and the energy consumption of nodes remains
unchanged. As in the TDSFO scheme, the state transition is one
time, and in the TDSFK scheme, it is k times, and each time
it needs to consume energy, its energy consumption for state
transition is higher than that of TDSFO scheme. Therefore, in
TDSFO scheme, when the nodes are in the sensing state, with
sensing frequency k; and sensing slot number 7, and converted
into TDSFK scheme, if the sensing frequency is ks, then there is
k1 < ko. The calculation method of k5 is given in the following.

Theorem 1: Assuming that the TDSFO scheme changes state
only once in a sensing cycle ts.,, the sensing time can be
divided into k; blocks (sensing frequency is actually 1). When
keeping the same total energy consumption, the greatest sensing
frequency of TDSFK scheme is given by

- 53) + Ectc
- Es) + Ectc '

le(gsen

7—(Esen

ko < ®)
Proof: Equation (6) provides the calculation formula of
sensing duty cycle. Set t% = ki 7; after optimization, t2 ' =
]{?27' .
If the total energy consumption of sensing data remains
unchanged, then

k1 k1
€c + €sen

kit
= 652 + efgn = ecte + Llssen + &g <1 —

sen

k‘l T "
teon sen
]CQT

tsen) :| tsen-

That is, ecte+ k17(€sen — €s) > kocete + kaT(Esen — €5)s
where ko < (k17 (€sen — €5) + cte)/(T(Esen — €5) + Ecte). B
Fig. 5 shows the maximum ko corresponding to k; when the

initial sensing frequency is 1. It is shown in the figure that ks
increased with the increase in k1. When taking different 7, the

kot
> koecte + |:tz€sen + €5 <1 -

sen
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Fig. 5. Corresponding k2 when the initial sensing frequency is 1.
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Fig. 6. Corresponding maximum P,,q when the initial sensing frequency is 1

growth of ks is also different. It follows that the relationship
between k1, ko, and 7 in (8) is correct.

C. Performance Analysis of TDSFK Scheme

When the sensing frequency increases to ko, the time that the
sensor is in the sleeping state declines with the increase in the
sensing duty cycle. The time of monitoring lengthens, and
the probability of missed target detection becomes less. As
Fig. 6 shows, the TDSFK scheme improves the performance
of Pq after the frequency is dispersed. When the frequency is
divided into four, the performance is improved the most.

Theorem 2: In the TDSFK scheme, the probability of missed
target detection of nodes with sensing frequency k- is expressed
as follows:

Prd(k2) > {1 - {kﬂ + (1 - kQT) Pa(kg)} “’}N )

sen sen R
where
71—77%2&2)”3 if 2% < n(kQ)
4rs—2+/4r2—n(ks)?v?
Pa(k2) = wn(ks)v :

2a sin(m)

2rg

+1 — , else

s

where 1)(ks) = tsen/ka — T — L.
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Proof: According to [2, Th. 8], the probability of missing U\' T ' T T '
s . . —A—TDSFO
a target within a circular region can be expressed as 2o | I —a—TDSFK |
.
’g 21+ \ \A\ T
re NV = A
Pmd > {]- - [gsen + (1 - gsen)P(gl)] E} ;§ 18- \ “\\ |
o}
If 2ry/v>c B o 4 |
AN
dry — 2 4r2 — 292 2a sin (%) % 124 B—r— 4 B
Ple} = : 1 8 % .
TCU s \]*D\U A
9 4
4rs ——f
elseif 2rs/v<e, Plei}= Is : : , , s i
ey 2 4 6 8 10 12

Among them, 7 is the sensing radius of each node, R is the  Fig. 7. Corresponding maximum Dge, when the initial sensing frequency
radius of the whole monitoring area, ¢ = (1 — Gsen )tsen- is k1.
Due to the fact that ¢sop = k7 /tsen and Gsen varies with the
change of k, therefore, let n(k;) and n(ko) substitute for ¢ in
the previous formula; when sensing frequency is 1, we have A. Presentation of Questions
(k1) = tsen — (k17 + tc). In the TDSFK scheme, due to the As aforementioned, we have proposed the TDSFK scheme.
increase in frequency, the times of state transition increases  The uniform dispersion of sensing time slot in the sensing cycle
from 1 to ko; hence, n(k2) = tsen/k2 — 7 — te. B Can improve the monitoring quality of the network. However,
Theorem 3: In TDSFK scheme proposed in this paper, the  according to our findings, the monitoring quality of the network
delay for detection of nodes with sensing frequency k2 iS can be further optimized. Therefore, the TDASF scheme is
presented as (10), shown at the bottom of the page. presented here. Its main idea is presented as follows: the “many
Proof: According to [2, Th. 9], if to one” model is applied in WSNss to collect data, and then, all
the data are finally sent to the sink. In this way, a region (i.e.,
I hotspots) around the sink is formed, and its energy consumption
—>n(s¥.), P{esoT;Edet } =0, Dot (s2,)) is higher than other regions, which leads to an early death of the
v network. This phenomenon is called the “energy hole.” Many

V. TDASF SCHEME

—B(Q)/v= (2qmaxTs — WRQ)NH studies indicate that, when the sensor network dies in advance
2N R2Np (N +1)v because of the “energy hole,” there still remains as much as

I 90% energy. Thus, the TDASF scheme makes full use of the

else if > <N(Sien) » Daet (ston) =E(Q) /v remaining energy by increasing the sensing frequency energy of

_ nodes in the nonhotspot region. Generally speaking, the farther
N—i g2 ; Y . . ; .
) (iqR F(1—¢7 )1+ Py(c, ))) dg the node is away from the 'smk, the more 1t's residual energy, th'e
higher sensing frequency is needed, and vice versa. Hence, this
v " kind of scheme using different sensing frequency in different
areas is called the TDASF scheme.

i
— =0

In the TDSFK scheme, the frequency is k2. Replace ¢Z,, in the
previous formula with ¢se,, = ko7 /tsen, and other values remain
unchanged. Now, (10) is proved. | The main idea of the TDASF scheme is to improve the

From (10), we can observe that the more the divided fre- sensing frequency of nodes far away from the sink by using
quency, the more times the node will sense. It is easier to their residual energy, which can improve the quality of mon-
be detected after the target enters the network; hence, the itoring. Therefore, we first calculate the energy consumption
delay will be smaller. Fig. 7 shows that the performance is of the nodes in different regions at different distances from
improved after the frequency is divided into several fragments. the sink. The information can help to calculate the remaining
In addition, when the frequency is 6, the performance improved energy consumption of nodes in different places, and then, the

B. Calculation of Adjustable Sensing Frequency

the most. sensing frequency of different nodes can also be computed.
— ro—mR2)N+1 .
(QZZR;BR?(QNT (N—)i-l)v ’ lf% > n(kg)
Pacalba) =3 s Z -2 )" (2 () (o)) ) 1

else.

v )
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The following Theorem 4 gives the energy situation of nodes
at different distances from the sink.

Theorem 4: At the region x meters away from the sink, the
energy consumption of the nodes is as follows:

Y

Proof: With the different distances to the sink, the data
amount of node varies from area to area; hotspot nodes have to
receive and forward more data packets.

wi, denotes the total power consumed by sensing and
communication operations of the nodes at x meters away
from the sink in a communication cycle t¢on,. According to
the description of the X-MAC protocol in [6], there are four
possible states in the energy consumption wi. . : 1) transmission,
2) reception, 3) sleep, and 4) LPL. wg, denotes the power
consumption for sensing in an activity duration tsep. wWi'py, is the
required power of the LPL operations. Suppose that the node at
2 meters apart from the sink has 7 packets to be transmitted
in a communication cycle ¢.on, and 67 packets to be received.
w% is the power used for receiving a packet. w7 is the power
for transmitting an alert packet. w? is the power consumed for
state transition. Summing up the aforementioned, w{; can be
computed by (11). ]

Theorem 5: Supposing that all the residual energy is used to
increase the sensing frequency, then the sensing frequency of
the nodes at the smallest distance is denoted by k“min, those
at  meters away from the sink is denoted by k*, and the
relationship between k™=i» and k% can be expressed as (12),
shown at the bottom of the page.

Proof: The largest energy consumption comes from the
nodes nearest to the sink node. From Theorem 4, we can arrive
at © = Ty,i,y, When its energy consumption is given by

r _ T T T ST T ST T
wtot_wsen+wLPL+wR5r+wT§t +wc'

LTmin _— ,Tmi Tmi Lmin Lmin Zmin

Ciot —CEMT + €sen + €LPL + er + €r where

egmin — kzmingctc eCSEernnin — gsenkxnﬁnT + & (tsen _ kmminT)
Tmi T

e1pL = [57'§com + 53(1 - gcom) - — T mm] tcom

Tmin __ Tmin
eR™t = wRr O™,

Tfmin
Lmin __ Lmin
e =wr o

Suppose that the nodes nearest to the sink and those at x
meters away from the sink have equal energy consumption;
hence, there is ef» = el ,, which is given by the equation
shown at the bottom of the page. |
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Fig. 8. Sensing frequency in different distances from the sink.

Fig. 8 shows the variation of sensing frequency in different
areas in the network. It adopts the TDASF scheme, and the
sensing frequency of the hotspot region is 2. Here, it is shown
that, in Fig. 8, the sensing frequency that the TDASF scheme
adopts in most of the region in the network is more than two
times that of TDSSF. It means that the TDASF scheme can
improve the monitoring quality of the network significantly.

C. Performance Analysis

1) Probability of Missed Target Detection:

a) Single Target Detection

Theorem 6: In the TDASF scheme, the probability of miss-
ing target detection of the nodes at x meters away from the sink
is expressed as follows:

Pmd(k“”)z{l— {kxﬂL (1-kx7> Pa(k:x)} ;;}N (13)

tSCn tSCn
where
4r if 27
Trn(;z)'u’ if Ti < U(kz)
drs—2+/4r2—n(k*)2v?
Pa(km) = mn(k®)v
2asin (2
+1— 2asin(25) else

T )

where 1)(k*) = tgen/k* — T — te.

km — kmxnin _

(rfmin — 78 4 78min — 72 ¢+ wrp (0F — 67™) + wg (0% — §Tmin)

12)

(Esen — €s)T + €t

e:en;lm _ eienJref""“ _ e? _ efPL + e% + eaé _ (ein_;,Ln + elmin 4 eRnun)

= (comim — i) (Esen — €s)tsen + (K™ — k7) ecte = (737 — 77 4+ 7,00 — 77) teom

+ wr ((5tx _ 6?’1“;“) + WR (5? _ §:mm)

Tmi .
TEmIn o pTmin @

s g e = L

)tcom + wr ((52” — 5?min) + WR (579:* _ 5fulin)

(Esen

—€5)T + Ecte
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Fig. 9. Py,q at different distances from the sink.

Proof: In the network, the nodes near the sink have a
larger load than those far from the sink. In order to use the
residual energy of the external nodes in the network effectively,
we define that the sensing frequency & of nodes increases with
their distance to the sink. Therefore, the probability of target
detection Pp,q(k*) becomes a related function with z. The rest
proof is the same as Theorem 2. |

Theorem 7: In this paper, the weighted probability of miss-
ing target detection of the whole network is expressed as
follows:

2T

R
P, 2//Pmd(kz)~x-dx~d9. (14)
0 0

Proof: Let k% be the sensing frequency of the nodes
at = meters away from the sink. &% varies with different x.
Therefore, if only the weighted average of Ppa(<L,) is
calculated, then the probability of missed target detection of the
whole network can be obtained.

In the place whose distance from the network center is z|x €
{0,..., R}, we take a fraction of fan-shaped ring ¢ with an
angle df and a width of dz. The area of this region is = - dz - df.
The probability of missed target detection of the entire network
can be expressed as - dx - df - Ppq(k®).

Equation (12) shows the probability of missed target de-
tection at z meters away from the sink. Integral to the entire
region, the weighted probability of missed target detection can
be obtained as

|
According to Theorem 7, Fig. 9 shows the probability of
missed target detection at x meters away from the sink. With
the increase in distance, P,q of TDASF is getting to less and
less, while the other line keeps horizontal. It is obvious that
the TDASF scheme can significantly decrease P,,q of external
nodes.
b) Multitarget detection: Similar to that in [2], the prob-
ability of missed target detection of the node at z meters away
from the sink is denoted by P,q(k”*). Hence, the probability
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Fig. 10. Probability of missed multiple-target detection (Pra )
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Fig. 12. Detection delays at different distances from the sink.

of missing all and at least one out of Ny incoming targets are
given respectively by

Pma(Ifx) = (Pmd(kx))NT
- Rnd(k$))NT .

Figs. 10 and 11 give the probability of missing all and at least
one out of Nr incoming targets under the TDASF and TDSSF
strategies, respectively. In the figures, it can be observed that
Pa and P, of the TDASF scheme are markedly less than
those of the TDSSF scheme.

Proo(E*)=1—(1
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Theorem 8: In TDASEF, the probability of missing all incom-
ing targets and the probability of missing at least one out of the
incoming targets of the entire network are expressed as follows:

R 2w

://Pma(k$)~x-dx~d6‘
00

R 2w
mo //Pmo

Proof: In the place whose distance from the network
center is x|z € {0,..., R}, we take a fraction of fan-shaped
ring ¢ with an angle df and a width of dx. The area of this
region is x dx df. The probability of missed target detection
of the network can be expressed as x - dx - df - Py, (k*) and
- dx - df - Puo(k®).

Integral to the entire region, the weighted probabilities of
missed target detection are expressed as follows:

~x - dx - db. (15)

R 27

ma / / Ina

0
2

~x - dx - df

T

R
//Pmo ~x - dx - db.
00

|
2) Delay for Detection
Theorem 9: Based on the proposed weighted approach, the
delay for detection at z meters away from the sink can be
calculated as (16), shown at the bottom of the page.

Proof: In the network, the nodes near the sink have a
larger load than those far from the sink. In order to use the
residual energy of the external nodes in the network effectively,
we define that the sensing frequency k of nodes increases with
their distance to the sink. Therefore, the probability of target
detection Dget(k®) becomes a related function with . The rest
proof is the same as Theorem 3. |

According to Theorem 9, Fig. 12 shows the delay for de-
tection at = meters away from the sink. With the increase in
distance, Dge; of TDASF is getting to less and less, while
the other line keeps horizontal. It is obvious that the TDASF
scheme can significantly decrease Dget Of the external nodes.

Theorem 10: The delay for detection of the entire network
in this paper can be obtained as

Ddet(km)7
R 27

J [ Daet (k") - @ - da: - d,
00

if £ > n(k)
DY, = 17
det else. an
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Fig. 13.

Energy consumption of TDSFO scheme (lifetime = 9 rounds).

Proof: If  L/v > n(k®), Dyet (k%) = (20 maxTs
aR2)N+L /27N R2Ny (N + 1)v. This formula has nothing to
do with z; hence, the expression is constant.

Else if L/v < n(k™), we take the position whose distance
from the network center is x|z € {0, ..., R} and then a fraction
of fan-shaped ring ¢ with an angle df and a width of dx. The
area of this region is x dz df. The probability of missed target
detection can be given by Dget (k%) - 2 - dx - d#.

Integral to the entire region, the weighted delay for detection
DY, = fo ™ Daet (K*) - 2 - daz - do). [ |

3) Network Lifetime

Theorem 11: According to the TDASF scheme, when the
sensing frequency of the hotspot is k*min, the lifetime of the
network can be calculated as

B Einit (18)
e'Emln + eﬂfmin + eTmm +e-’£min +6$min
sen LPL R c
where  eXmin = egonk"nT 4 g4 (tsen — K"™nT),  efBP =
x 5 xr
[Ergcom + 85(1 gcom) — Ty i — Trwmm}tcoms eTmm =
wpbZmin, glmin — (; p§Tmin and eFmin = fTming f .

Proof: In TDASEF, the calculation of the energy consump-
tion is based on the maximum consumption of the hotspot
nodes. The nodes nearest to the sink consume the most energy.
Equation (11) shows the power consumed in a state cycle.
Network lifetime means the maximum energy consumption,
i.e., the initial energy FEj,j; divided by the average energy
consumption taking the state cycle as a unit. |

VI. EXPERIMENTAL RESULT

OMNET++ is used for experimental verification [20]. If
not specified, the network parameters are set to R = 500 m,

(2o s = R2)NH
27TNR2NT‘ (N+1)v?

Ddet(klz) =

fqnnx ( 2qrS ) 2qr§
Z ©R3

if £ >:n(k®)

ﬁ)(l%(kr»)%dq (16)

(L,
s

v

, else
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r = 80 m, and the number of nodes is 1000. Other experimental
parameters and symbols are presented in Table I.

A. Energy Consumption

Figs. 13 and 14 show the energy consumption of the network
under different schemes. As shown in the figures, the energy
consumption of the TDSFK is basically balanced when the
lifetime is not lower than that of the TDSFO. This represents
that the new scheme has efficiently balanced the energy of the
whole network.

Fig. 15 is the total energy consumption of all the operations,
which includes data communication, sleep state, energy for
conversion, and LPL operations. It seems obvious that, in
TDSFK, the energy line of the network is much more balanced
than below. This fully testifies to the necessity of the new
scheme.

B. Network Lifetime

This section mainly compares the lifetime of TDASF and
TDSSF schemes under the same monitoring performance re-
quirements. The following comparative results make use of
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the same weighted performance in order to ensure fairness.
In the next place, the following experiment is the monitoring
performances of TDASF compared to TDSSF when they share
the same lifetime.

Fig. 16 shows the comparative lifetime in different schemes
when adopting the same weighted sensing duty cycles. TDASF
can improve the network lifetime by 17.4%-40.1% in the
figure.

C. Probability of Missed Target Detection

Fig. 17 shows the weighted probability of missed target under
different network radius R. In this figure, the line in red that
denoted the value of the weighted probability of missed target is
much less than the other one. In addition, with the increasing of
network radius, the growth is slower. The weighted probability
of missed target detection of TDSSF is 2.6 to 4.8 times the value
of TDASF. This illustrates that TDASF is more suitable for the
large-scale network.

As shown in Figs. 18 and 19, the weighted probability of
missing all and at least one out of the Np incoming targets are
given under the different network radius Rz, respectively. This
shows that P and P¥_ of TDASF are much less than those of
TDSSE.
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D. Delay for Detection

According to Theorem 10, the comparison of weighted delay
for detection between TDSSF and TDASF can be obtained. It
is shown in Fig. 20 that, under the same ¢J» and different
network radius, the weighted detection delays were reduced by
101.6%—130%. This illustrates the effectiveness of the TDASF

strategy.

IEEE SYSTEMS JOURNAL, VOL. 10, NO. 3, SEPTEMBER 2016

VII. CONCLUSION

In this paper, we have proposed an intelligent adjustable
sensing frequency for mobile target detection based on the
monitor quality optimization. Two schemes named TDSFK and
TDASEF are proposed. In the first scheme, the unequal sensing
frequency in different regions is used to improve the monitor
quality by taking the advantages of the residual energy through-
out the network. The second scheme provides the method for
the calculation of proper frequency value. The evaluation of the
performances of the proposed schemes was made with three
parameters: probability of missed target, delay, and lifetime.
Computer simulation results show that the TDASF scheme can
improve the network lifetime by more than 17.4% and can
reduce the weighted detection delay by more than 101.6%. The
algorithm proposed in this paper is for the static sink WSNss,
which is not suitable for mobile sink networks. Therefore, our
further work is to explore the optimization problem of target
detection in mobile sink network.
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