982

IEEE TRANSACTIONS ON MOBILE COMPUTING, VOL. 19, NO. 4, APRIL 2020

Unraveling Impact of Critical Sensing Range
on Mobile Camera Sensor Networks

Xiaoying Gan", Zesen Zhang, Luoyi Fu™, Xudong Wu, and Xinbing Wang

Abstract—In camera sensor networks (CSNs), full view coverage, meaning that any direction of any point in the operational region is
covered by at least one camera sensor, plays a significant role in object identification. While prior work is dedicated to static CSNs for the
sake of critical condition to achieve full view coverage, such performance still remains unknown in mobile CSNs. In this paper, we take the
initiative to address this issue, where a centralized parameter, i.e., equivalent sensing radius (ESR), is defined to unravel the critical
requirement for asymptotic full view coverage in mobile heterogeneous CSNs in the sense that camera sensors of different sensing
capabilities are moving around in target area. Specifically, we derive ESR under three different mobilities, i.e., 1-dimensional and
2-dimensional random walks and random rotating model, and then explore respectively the corresponding critical conditions to achieve
almost surely coverage. The static network is introduced as a baseline in order to gain a clear understanding of how mobility affects
coverage performance differently. Interestingly, we find that both 1-dimensional and 2-dimensional random walks exhibit a smaller ESR
than static one whereas ESR is even larger in random rotating mobility than that in static CSNs. Moreover, the almost surely coverage is
found to be around 1.225 times of the critical condition to achieve coverage with high probability,? and therefore turns out to be a stronger
result compared to the traditional coverage with high probability. We then turn to the impact of various mobility patterns on sensing energy
consumption, a metric that is closely related to ESR, and show that it can be decreased by random walks under certain delay tolerance. The
relationship between ESR and percentage of full view coverage is also discussed and the results unify those under homogeneous CSNs.

Index Terms—Ciritical sensing range, camera sensor networks, coverage
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1 INTRODUCTION

C OVERAGE, as a crucial performance metric, is commonly
used in Wireless Sensor Networks (WSNs) in measure-
ment of how well a target field is monitored by sensors.
Intuitively, a better guarantee of coverage can lead to higher
network controllability, and therefore manifests its impor-
tance in a wide range of control-aware applications such as
security surveillance, traffic control, environmental moni-
toring, intrusion detection, industrial process control [1]
and etc. As a kind of derivative of WSNs, Camera Sensor
Networks (CSNs) have recently attracted an increasing

1.Let A, be a countable collection of sets, and limsup, .. A, =
N2y U ysnAm, which means that for every element in the limsup, for
every N, there exists an A, withn > N that has the element. For event 4,,
if P(limsup,,_.,, A,) = 1, we say the event A, will almost surely happen or
happen infinitely often. Let liminf, ..o A, = U o) (Nyon Am, which
means that for any element in the lim inf, there is an N such that the ele-
ment is in every A, for any n > N. For event A,,, if P(liminf, .., A,) =1,
we say the event A4, will happen eventually.

2.If event A, satisfies lim,,— P(A,) = 1, then event A,, will happen
with high probability.
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amount of attention due to the significant ability of visual
information collection, and consequently can provide more
comprehensive and accurate information about real-time
situation. Different from traditional sensors that possess
omnidirectional sensing ability, a camera sensor is only
capable of sensing within a certain angle of view, beyond
which it fails to capture any information.

Such phenomenon can be briefly attributed to the view-
ing direction, which, as a property that exclusively belongs
to camera sensors, distinguishes the coverage issue of CSNs
from the one that has been intensively studied in conven-
tional WSNs [2], [3], [4], [5], [6], [7], [8], [9], [10], [11], [12],
[13]. The main reason is that the model suggested by those
works characterizes coverage through simply assuming
that an object is considered to be covered if it is within the
sensor’s sensing range, which is usually supposed as a disk.
However, when it comes to a CSN, such simplification falls
short of well reflecting the features of camera sensors in the
sense that the model fails to embody viewing direction. To
solve this, Wang et al. [14] took a pioneer step ahead by pro-
posing a novel concept called full view coverage in judgement
of coverage performance in CSNs. An object is said to be full
view covered if its viewed direction is always sufficiently
close to its facing direction, regardless of wherever it actu-
ally faces. The advantage of full view coverage lies in incor-
porating the object recognition [15], and meanwhile
guarantees that every perspective of an object at any point
is under the view of some camera sensor if the target area is
full-view covered.

A key step to construct a full-view covered CSN is to find
out under which conditions such full view coverage can be
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achieved. Nevertheless, in contrast to the huge efforts made
in traditional WSNSs, the issue of coverage in CSNs still
remains underexplored. With their proposed coverage met-
ric as stated above, Wang et al. [14] considered two types of
deployment, i.e., random and uniform deployment and the
lattice based one in CSNs, and provided a sufficient condi-
tion for full view coverage in the former one as well as a crit-
ical (i.e., both necessary and sufficient) condition under the
latter. Following that, Wu et al. [16] introduced heterogene-
ity into the CSN, where they also analyzed the necessary
and sufficient conditions to achieve full view coverage,
respectively. Another line of existing works are concerned
with full view barrier coverage in CSNs [17], [18].

All these works are commonly based on static networks for
the seek of coverage condition. With recent development in
electronic technology and image sensors, it is possible to
deploy mobile CSNs with camera sensors moving in the area
of interest and takeing pictures or live videos simultaneously.
The ability of mobility greatly expands CSN'’s application
range [19], while the use of mobile camera sensors also brings
about benefit of enlarging the monitored area as mobile cam-
eras are able to move toward any corner of the area of interest.
Specifically, as demonstrated by Liu et al. [20] and Saipulla
et al. [21], mobility can lead to improvement of barrier cover-
age performance since it may reduce the detection time of
intruders. However, a question remains unknown: how could
mobility potentially enhance coverage in CSNs? And to what extent?

To address this issue, we present a first look into coverage
problem in mobile CSNs. Leveraging the conception of full
view coverage in [14], we focus on the critical coverage con-
dition in three different mobility models, i.e, 1-dimensional
and 2-dimensional random walks as well as random rotating
mobility. Moreover, we use static network as a baseline to
get a clear understanding of the benefit brought by mobility.
For the sake of tractability, here we consider asymptotic
coverage in the sense that the total number of cameras
approaches to infinity. Specifically we focus on a metric
Equivalent Sensing Range (ESR), which, as pointed out by
previous study [13], plays a vital role in determining the full
coverage of the whole sensor network, regardless of the total
number of sensors or the sensing radius of a single senor
under random mobility patterns, and is thus a much easier
and more general way to operate coverage control. However,
unlike the sensing range of traditional sensors, here it relies
heavily on several key factors such as the angle of view (or in
other words, viewing direction), sensing radius, deployment
density of camera sensors, and etc. To quantify this element,
we introduce the conception of Equivalent Sensing Range, of
which rigorous definition will be provided in Section 2.

Here it is worthwhile noting that in our definition of ESR,
we also take into consideration the heterogeneity of camera
sensors. The introduction of heterogeneity coincides well
with the fact that camera sensors may come from different
manufacturers and thus have different sensing parameters, or
the sensing capability of cameras will decline with the elapse
of time or vary under different obstruction of terrains. Specifi-
cally, we deal with camera heterogeneity through dividing
them into different groups according to their sensing parame-
ters as is similarly conducted in [22], [23]. Then we define in
all the four scenarios the corresponding ESRs, which incor-
porate the combined effects of viewing direction, camera het-
erogeneity and mobility patterns. Based on those, we derive

critical ESRs under four mobility cases® with uniform sensor
deployment.* The merit of critical ESR lies in facilitating the
evaluation of the overhead for a CSN to achieve full view cov-
erage, and both the advantages and drawbacks incurred by
mobility are disclosed through the results.

However, there are several significant works that seem to
be similar with our work. The work [29] is one of them. We
have to admit that our work does share some similarity with
Kumar’s literature in terms of the technical structure.
Despite of that, there still exist may differences between the
two works. First of all, our work assumes that the sensor just
have partial view, which is much closer to the reality. And
the ® considered is not simply a constant, as we shown in
Section 2.1 that “All sensors in group G, have identical sens-
ing radius 7, and angle ®,, but either r, # r, or ®, # ®, will
hold if y # 2. So our ® will change as n varies. In addition,
though our analysis looks similar to that in Kumar’s work in
terms of the structure, our main contribution is on the CRITI-

CAL ESR, which is \/% ESR in the literature. With the intro-

duction of critical ESR, we are able to find the tighter

condition than that discovered in Kumar’s work. Last but

not least, our work addresses the first of several future direc-

tions that Kumar pointed out in Section 4 in his work. Over-

all, all those factors suffice to differ our work from Kumar’s.
Our main contributions are highlighted as follows.

1. We provide the critical conditions (critical ESR) of
full view coverage or coverage with high probability
under four different mobile situations. Specifically,
our results disclose that the critical ESRs derived
under random walks can be reduced by approxi-

log n+loglogn
no

respectively represent the number of camera sensors
and viewing angle, compared to that under static
CSNs, whereas the random rotating mobility leads
to a critical ESR twice than that of static CSNs.

2. We also derive the critical condition to achieve
almost surely coverage, which is shown to be
approximately 1.225 times of that to achieve cover-
age with high probability. Therefore, the almost
surely coverage result turns out to be stronger com-
pared to the traditional coverage with high probabil-
ity. More delicate relationship between the two
types of coverage is also discussed.

3. We present an extra look into sensing energy con-
sumption, a metric that is closely related to ESR.
Comparing with static networks, we demonstrate
that both 1-dimensional and 2-dimensional random
walks can reduce the sensing energy consumption

by an order of @(%), at the expense of ©(1)

delay under uniform deployment. In contrast, ran-
dom rotating mobility incurs no change on energy
consumption, but with the same delay cost.

While a general analysis framework of the coverage pro-
cess was given out by [28], we would like to state some
major differences between the results in our work and those
in the book [28]. First of all, as shown by Kumar et al. [29]

mately an order of ©( ), where n and 6

3. We can treat static network as a special case of mobility.
4. As the major concern in the present work lies in the effect of mobility,
we leave it a future work for exploration of other deployments.
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Fig. 1. For sensor S and point P, the orientation, viewed direction, and
facing direction are depicted, respectively.

(Theorem 3.11 in [29]), the correspondmg lower bound of
r(n) is 7r’(n) = 4% for ¢(n) — oo. In contrast,
our result discloses that the whole coverage area can be sat-
isfied once 7r%(n) = 2% Therefore, we obtain a
stronger result. Further, we notice from the book by Hall
et al. [28] (Chapter 1.6) that the expected amount of the tar-
get destroyed by salvo of size n is

en = 71—/ [1—(27n0)"
vl <1
/ exp{—(20%)""
\1:*;[/\§r&6§%§

After simplification, we have

N
oo ext=n= [ el L5 fay

Although we cannot obtain the exact expression of \ as n
goes to infinity, the simplified expression returns a more
refined result.

The rest of the paper is structured as follows. The basic
models and definitions are described in Section 2. We show
the geometric analysis and preliminaries in Section 3. In
Section 4, we study the static model and derive the ESR to
achieve full view coverage. The corresponding analysis in
mobile CSNs are available in Section 5. Section 6 is dedicated
to detailed discussion of theoretical results while Section 7
presents simulations. In Section 8, we give the concluding
remarks.

(1% + x%)}dmldmg]"dyldyg.

2 MODELS AND DEFINITIONS

2.1 Deployment Scheme and Sensing Model
In this paper, the operational region of the sensor network is
assumed to be a square of unit area. Similar to the previous
literature, we ignore the boundary effect by considering a
torus topology to simplify the analysis.” n sensors are ran-
domly and uniformly deployed in the operational region,
independently of each other. The random strategy is
favored in the situations where the operational region is
inimical and hostile, or it is expensive and difficult to place
sensors by human or programmed robots. Under such cir-
cumstance, wireless sensors may be sprinkled from air-
crafts, delivered by artillery shell, rocket, missile or thrown
from a ship, instead of manual placement by human beings
or programmed robots.

A camera sensor S can sense perfectly in a sector of radius
r and angle ¢, but has no sensing capability outside that sec-
tor. Without confusion, S also represents the location of the

5. Actually, the coverage problem near the boundaries differs signif-
icantly from general situations. However, it is beyond the scope of this

paper.
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sensor. The angular bisector of ¢ is recognized as orientation
of S, denoted by f. This model is commonly used in litera-
ture [24] and [25], called binary sector model. Further, since the
quality of information provided by a camera is sensitive to
its viewpoint, there are other two essential directions to be
considered. The direction towards which a point P faces is
called its facing direction, denoted by p. The vector PS is
called viewed direction of the object, which reflects the view-
point of sensor S. Fig. 1 illustrates these directions which
will be considered in subsequent discussion.

We consider heterogeneous sensors, of which the different
qualities are described by partitioning sensors into u groups
G1,Gy, ..., G, As the total number of sensors is n, each group
Gy (y=1,2,...,u) has n, = ¢,n sensors, where ¢, is a con-
stant invariant to n. Clearly, ¢, satisfies 0 < ¢, < 1 and
> 41 ¢y = 1. All sensors in group G, have identical sensing
radius r, and angle ¢,, but either r, # r. or ¢, # ¢, will hold
ify# 2z (y,z=1,2,...,u). We mainly study the asymptotic
coverage here, implying that n is a variable approaching to
infinity, whereas r, and ¢,, which is sometimes denoted by
ry(n) and ¢,(n), are dependent variables of n. Hence, the
requirements for r,(n) and ¢, (n) change as n varies.

2.2 Static and Mobility Patterns
For mobility patterns, we divide the sensing process into
time slots with unit length, and sensors can move according
to certain mobility patterns in each time slot. When assum-
ing the network works in a large amount of time slots, a sin-
gle time slot can also be viewed as an instant.

Static Model. Wherever a sensor is located, its orientation
f faces towards all possible directions with equal probabil-
ity. And once a sensor is deployed, neither its orientation f
nor its location will change, which means that the camera
will not steer its lens during the operation.

2-Dimensional Random Walk Mobility Model. At the very
beginning of each time slot, each sensor uniformly chooses
a random direction o € [0,27), and then it rotates its
sensor’s orientation to the chosen one and moves along the
direction with a constant velocity v in each time slot on a 2-
dimensional surface and the velocity is ©(1).

1-Dimensional Random Walk Mobility Model. Sensors are
classified into two types of equal quantity, i.e., H-nodes and
V-nodes. And sensors of each type move horizontally and
vertically, respectively. At the very beginning of each time
slot, each sensor randomly and uniformly chooses a direction
along its moving dimension and travels in the selected direc-
tion for a certain distance D, a random variable uniformly dis-
tributed from 0 to 1.° The velocities of the sensors are not
considered, as long as the sensors could reach the destination
within the time slot, and remain stationary until the next slot.

Random Rotating Mobility Model. Cameras can rotate and
change their orientation in a clockwise/counterclockwise
manner. At the very beginning of each time slot, each sensor
randomly chooses a rotating direction, i.e., a clockwise or
counterclockwise one, and then rotates an angle ¥, a ran-
dom variable uniformly distributed between 0 and 27. Note

6. Long distance travel is energy-consuming. And if the sensor can
travel beyond the dimension of the operational region (i.e., D > 1), it
can always cover the area along its moving dimension which is
meaningless.
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7

w <6

PA 4

Fig. 2. The sensor’s angle is ¢, and the angle ¢ between the viewed direc-
tion and the facing direction needs to be less than the effective angle 6.

that the results can be easily expanded to more general
cases where W follows a certain distribution function fy (V).
We omit it here for the sake of brevity. Similarly, the veloc-
ity of sensors is also ignored.

The static model has been widely adopted due to its
favorable property of characterizing lower and upper
bounds of the performance. Note that in some previous lit-
eratures, it is also called LI.D. mobility pattern. Since I.I.D
mobility model does not change the coverage area of sen-
sors, we can simply treat it as a quasi-static model, or view
static model as LI.D. mobility model with an infinity period.
Comparatively, the 2-dimensional random walk mobility
model can highly exploit the randomness of the motion of
the nodes and is closer to realistic situations where the sta-
tistics of the moving habit is unknown. The 1-dimensional
random walk mobility model is motivated by certain net-
works where nodes move along determined tracks such as
the networks employed in streets, systems consisted of sat-
ellites moving in fixed orbits and etc. In the random rotation
mobility that we propose, camera sensors are allowed to
rotate their orientation to broaden the viewing angle.

2.3 Performance Metrics
To assess the full view coverage performance in CSNs, we
give the following five definitions.

2.3.1 Definition of 6-View Coverage

For a specific facing direction p of point P, it achieves 6-view
coverage if it is covered by at least one sensor and the angle
between p and its viewed direction is no more than 6. Here,
6 € (0,7] is a predefined constant parameter called effective
angle. A more intuitive illustration is shown in Fig. 2.

2.3.2 Definition of Full 6-View Coverage

For a point P, itis said to be full 6-view covered if every possi-
ble facing direction p is #-view covered. The operational
region achieves full 6-view coverage if and only if (iff) every
point in this region achieve full -view coverage. For the sake
of simplicity, we also call it full view coverage without incurring
too much ambiguity throughout the rest of the paper.

2.3.3 Definition of Full View Coverage in a Period T

If during a time period 7" (1" time slots), the network is in the
state of full view coverage for at least one time slot, we say
the network achieves full view coverage in period 7.

2.3.4 Definition of Equivalent Sensing Radius

For heterogeneous camera sensor networks, we define
the equivalent sensing radius for each static and mobility
pattern to analyze the asymptotic full viewcoverage.

Specifically, the ESR is r=/D 1 Cyae ] 212 for static
model, and is r =3/, Cu2 ry for both 1-dimensional and
2-dimensional random walks and the ESR and is r =
VI e —%@ — 0?2
model.

In this part 2 is viewed as the weight of each sensor’s
radius. When ¢ = 2m, it is equivalent to a sensor whose
sensing range is a circle, and ESR in this case is reduced to
that of omnidirectional sensors [22].

As we mentioned above, we would like to discuss three
moving states of sensors. Thus, the motivation of ESR is to
unify them as well as present the combination of 7, and ¢,
of the camera sensor. And our goal is to find a suitable char-
acteristic of sensors to achieve the full view coverage of a
given area with a given number of sensors. The critical ESR
enables us to find the suitable characteristic of sensors. It is
undeniable that there are many alternative indices that can
be used. However, the reason that we choose ESR in the
present work is that the parameters of both the sensing
radius (r,) and viewing angle (¢,) required in ESR can be
easily obtained when we purchase a camera sensor. In this
way, we can easily confirm our results in real practice.

Intuitively, the coverage of the network is positively cor-
related with ESR. The ESR needed when the network
exactly achieves asymptotic coverage is called critical ESR,
which is defined as follows.

for random rotating mobility

2.3.5 Definition of Critical ESR

Let H denotes the event that the operational region is full
view covered. Then

lim P(H) = 1,if r; > ¢R;(n) for any ¢ > 1;

n—00

lim P(H) < 1,if r; < ¢éR;(n) for any 0 < é < 1,

n—oo

where R;(n) is the critical ESR under four different static
and mobile patterns, with i = stat, r.r., 2.r.w., 1.r.w., repre-
senting the abbreviations of “static model”, “random rotat-
ing mobility model”, “2-dimensional random walk mobility
model” and “1-dimensional random walk mobility model”,
respectively.

When ESR exceeds the critical one, the operational region
will be full covered with probability one when n is suffi-
ciently large, and guarantees the sufficiency of critical ESR.
In contrast, when ESR is below the critical value, even
though n is large enough, the operational region still cannot
be full covered with probability one, which reflects the
necessity of critical ESR.

3 OVERVIEW OF THE GEOMETRIC ANALYSIS

It has been shown in Wang et al. [22] that a dense grid M
with \/m X y/m is almost always covered when m = n logn.
Based on which we can also prove that the 6-view coverage
of a facing direction set K formed by k directions of a point
can guarantee its full view coverage when k =n logn.
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Fig. 3. (a) A set of four nearest directions including a and b in the direc-
tion set K. (b) The possible area T to #-view cover orientation O;.

()

Technically, a key factor behind such result lies in the facing
direction set of a point. Fig. 3b illustrates an example of a
facing direction set K of point P. We use k = 8 facing direc-
tions to uniformly distribute the angle of circumference into
8 parts. The correlation between full view coverage of P
and k directions is presented in Lemma 1.

Lemma 1. Assume 6, 6y, k are constants and 6y = 0 + 27” K is
what we shown above. If these k directions can all achieve
O-view coverage, then point P can achieve full view coverage
with effective angle 6,.

Proof. Let v be an arbitrary facing direction of point P.
Without loss of generality, we assume it is inside the sec-
tor formed by virtual orientation ¢ and b in K and is clos-
est to orientation a, as shown in Fig. 3a. By assumption,
there exists at least one sensor that can cover a, with effec-
tive angle 6. Suppose one of them locates at point s (in
Fig. 3a), and /(s,a) < 6. s also represents the viewed
direction without confusion. Besides /(a,v) < 2%, then

2
<o+ 9, )

/(s,v) = /(s,a) + /(a,v) 5

a

Obviously Eq. (1) still holds when the sensor locates
between a and b. Also limy,_.« 6y = 6, which means 6 is only
slightly larger than 6, when £ is large enough. With THEOREM
4.11n [3], the following theorem is derived.

Theorem 1. For point P, if a k facing direction set K satisfies
k = nlogn, the 6-view coverage of set K can promise the full
view coverage of P with effective angle 0 when n is large enough.

Thus we can focus on the #-view coverage of orientation
set K for the dense gird M to estimate full view coverage
performance of the operational region.

4 CRITICAL SENSING RANGE IN STATIC CSNs

We start with the analysis of full view coverage for static
camera sensor networks, and obtain the critical ESR of het-
erogeneous cameras for coverage with high probability. We
also derive the critical equivalent sensing range for almost
surely coverage. We first have the following theorem.

Theorem 2. Under the uniform deployment with static model,
the critical ESR for static heterogeneous CSNs to achieve
asymptotic full view coverage is

IEEE TRANSACTIONS ON MOBILE COMPUTING, VOL. 19, NO. 4, APRIL 2020

2(logn + loglogn
Rsmt(n):\/( g neg gn)

Let P;; 5, denote the probability that orientation O; of
point P; is #-viewed covered by Sensor S in group G,. To
make O; of set K #-viewed covered, at least one sensor
should locate in sector 7, as shown in Fig. 3b. For sector T},
the angular bisector is orientation j, with an angle 26. Then

P; ;s, = P(S falls in Tj) x P(S has proper orientation)

20, ¢, Ti(n)g,0
=5 X nry(n) X T

4.1 Necessary Condition of Theorem 2

Let Ggat(n,u) denote the network that each point in M
achieves full view coverage when the category of sensors is
u. And we use Py_yq(n,u) to represent the probability that
Gstat(n, w) has at least one point that is not full view covered.
Then we derive the following proposition. For simplicity,
we say a direction uncovered and not #-view covered equiv-
alently, and a point uncovered and not full view covered
interchangeably. To simplify the proof, we define a variable
(n) to combine the 7, (n) with the Ry (n).

Proposition 1. In the static heterogeneous CSN, if

2(logn + loglogn + w(n
Tm(n):\/( g gneg (m)

m = nlogn and k = n logn, then

liminf Py g (n,u) > e 20— LTS
n—0o0 ’

where w = lim,,_,,, w(n).

Proof. To simplify the complexity of the proof, we provide
the following lemma first. 0

Lemma 2. Given a variable z = x(n) satisfies 0 < z(n) < 3,

and a variable y=y(n) > 0, then (1 —x)" ~e™™ if 2%y
approaches to zero as n — co.

Using the similar method in the proof of LEmma 1 [16],
the proof of Lemma 2 can easily follow. Then we study the
case that 7(n) = w for a fixed w. Referring

to Bonferroni inequalities, we get

Pi_star(n, (1))
> Z P({some point P; is not full view covered})

P,eM
> Z P({P; is the only uncovered point})
PeM

> Z Z P({only O; of P; is uncovered})

P,eM O;eK

1
> Z Z P({O; of P, is uncovered})

PeM OjeK
0,40y,
- Z Z P({O; and Oy, of P, are uncovered}).
PeM 0;.0,€K

2)
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1
The > is where Bonferroni inequalities applied. For the first
term of the R.H.S. of Eq. (2)

P({O; of P, is uncovered})
> H P({O; is uncovered by sensors in G, })
y=1 (3)

)«/a/
()

where T”(;'])f” represents the probability that orientation O;
of point P; is 6-viewed covered by Sensor S in group G,
while ¢,n represents the number of sensors in group G,.
Then with Lemma 2 and Eq. (3), we obtain that

> D K

P,eM OjeK

‘ T (n)%
= m’fH < ) (4

by,2
7"92;,/:1 Cyzery(n) = mke ”9’5!(1[( n)

{O; of P; are uncovered)

~ mke
_ (TL log n>2672(logn+loglogn+w) _ 672(».
For the second term of the R.H.S. of Eq. (2)

P({O; and Oy, of P; are uncovered})

20 <& 371/( )¢1, cyn
= %H (1 2 2 (5)

(?l n
) rf/(n)qbye /
o2 ’

where the two terms on the right side correspond to the cases
where /(0;, Oh) <20 and /(0j,0;) > 20, respectively. For

the first term, 2 5 (23[% is the average area sensors may locate

to 6-view cover O, or Oy, Since the overlapping area between
O, and Oy is a random variable uniformly distributed

between 0 and 6r%(n), the corresponding possible area is also
7'§(n)¢y9
21

. The second

a random variable, uniformly distributed between

and 2 ”w b , so that its expectation is 3 y(n)dn
term can be analyzed in a similar manner
Then according to Lemma 2 and Eqn. (5), we obtain

0,#0;,
Z Z P({O; and Oy, of P; are uncovered)

B;eM 0,05,€K

3,2 cyn
—— 20 H 2 — %ry(n)q)?ﬂ v
2 21

y=1
2 21 — 2r2(n)g, 0\ "
+ k2<1 ——> 11 <7J( 9y )
2w ) L. 2
y=1
~ mk‘Z 26_¥T§mt + ka (1 — Q) 6—21797“’“
T T

0 —3w ( 0) —4o 1
=—e Y4+ (1-——])e .
b4 b4 n logn

Since we consider the asymptotic coverage problem where
the total number of cameras n approaches to infinity, for

any fixed w, we can obtain liminf,,_..c Pf_sat(n,u) > e 20

8¢~3 Now we consider the w = lim inf, o w(n), which indi-
cates that w(n) < w+ 8 forany 8§ > 0, for all n > Nj. Since
Pf_star(n, u) is monotonically decreasing in ryq and thus in
w, we have liminf, . Pf_ga(n,u) > e 2td) _ 9 e 3@t for
alln > Ns.

It has been known that Pj_gq(n,u) is bounded away
from zero. Combined with the definition of ESR for static

2(log ntloglogn)
model, we know that ry4 > Raar = W is neces-

sary to achieve the full view coverage of M. Moreover, if
sensing range 7, is smaller than \/é of critical ESR of static
model, the result can be extended as stated in the following
theorem.

Theorem 3. Under the uniform deployment with static model, if

the CSN satisfies 1 (n) < \/gRsmf,, there still will be an non-

2
egligible probability that the network is uncovered. So we can
say that the rgq(n) > \/g

3R is the necessary condition of
Theorem 2.

Proof. We denote the event that the operational region with
n camera sensors has at least one point that is not full
view covered as ’H,L, and use ]P’(H,L) to represent the corre-
sponding probability.

Assuming 7, (n) = ¢ gRgm, and referring to Bonfer-
roni inequalities, we get

Ha) > > > B

Pe OjeK
Oﬁﬁoh
— Z g P({O; and O, of P; are uncovered})
PeM Oj'()heK

u 2(n)g,0\ " 20 {4 372(n)p,0\ "
_ _nmely 020 _ 3oy
_mkH<1 o mi S I3 75

y=1 y=1

(. 20\ i r2(n)g,0\ "
—mk <1_E> H (1—2 o=

y=1
— u Py 2 0 75/19 by 2
~ mke ”921/:1 gty (n) k2 Zq 1(1J2n’u (n)

— mk? (1 — Q) 6_2n02y:1 "';t/ﬁry(n)
T

{O; of P; is uncovered})

1 % 1 0 1
= 322 el - 62-3"
(nlogn) (n logn)? (nlogn)

If ryq(n) is smaller than \/%Rstat/ namely, ¢ < 1, then

according to the characteristic of P-series, we know that

o (A > 1 N 1
P(Hn) > =2 5 e
; ; (n 108;”)36272 ;7[ (n logn)%cL3
- 6 1
B Z(l - *) PRSI
n=1 7/ (nlogn)™

And {7/-(\”} is a sequence of independence events. Then
using Borel-Cantelli Lemma in [26], we know that

]P’(limsup’?/'(\n) =1,
n—oo
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which means the event ’}/—[77 will infinitely often happen
under an asymptotic network. Namely, when 7y (n) <

%Rsmt, for any N, there is always an n which is larger

than N, that event 7/1\,1 will happen. Shortly, the network
is almost surely uncovered when rg,(n) is smaller than

\/%Rstat . a

4.2 Sufficient Condition of Theorem 2

Now we turn to explore the sufficient condition. First, we
obtain the following proposition.

Proposition 2. In CSN, if n sensors are randomly and uni-
formly deployed in a unit square, and ryq(n) = cRga where
c > 1,then

~

liminf P(H) = 0. (6)

n—oo

where H denotes the event that the operational region is not
full view covered as defined in Section 2.

The proof is easy to complete so we skip it here due to
space limitations. Then from Proposition 2 and the defini-
tion of critical ESR for static model, we know that ry, >

S(logntloglogn) - . .
Ry = w is sufficient to achieve the full view

coverage of M. Based on that, we can further obtain the
result where sensing range is larger than critical ESR in
static network, as is stated in Theorem 4.

Theorem 4. Under the uniform deployment with static model, if
the CSN satisfies sqt(n) > cRstar, ¢ > 1, then it is sufficient
for the network to achieve full coverage.

4.3 Critical ESR for Full View Coverage of the
Operational Range
So far we have already proved that Ry, = :
the sufficient condition to achieve full view coverage for
dense grid M. Referring to Lemma 3.1 in [3], as well as
Lemma 1 and Theorem 1 in this paper and using similar
approach as THEOREM 4.1 in [3], the density of the dense grid
m = n logn and the density of the orientation set & = n logn
are sufficiently large to evaluate the full view coverage of
the whole area. Moreover, referring to Theorems 3 and 4,

2(log n+loglogn) is

we conclude that R, ;. = 4/ % Rat 18 the critical condition to

achieve almost surely coverage for static model.

5 THE CRITICAL SENSING RANGE FOR MOBILE
CSNs

Now we proceed to investigate full view coverage problem
for CSNs under uniform deployment mobile scenarios.
Recall that we particularly consider three different mobile
patterns, namely, 2-dimensional random walk mobility
model, 1-dimensional random walk mobility model and
random rotating mobility model.

5.1 Critical ESR Under 2-Dimensional Random Walk
We investigate full view coverage in one time slot under 2-
Dimensional Random Walk Mobility Model, and Fig. 4
illustrates the effect of random walk mobility of the sensor
on area coverage. We will first analyze full view coverage
for dense grid M, and then expand it to the whole area.
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0 /3 27/3 T me time T

Fig. 4. T/3, 2T/3, and T; the right one illustrates the trace of sensor
mobility during the whole interval [0, T'). The shadowed disks constitute
the area being covered at the given time instant, and the union of the
region inside the dotted line and the shadowed disks represents the
area being covered during the time interval.

Theorem 5. Under the uniform deployment with 2-dimensional
random walk mobility model, the critical ESR for mobile hetero-
geneous CSNs to achieve asymptotic full view coverage is

logn+loglogn - e

Rou(n) = Safosing -~ L0 <3
2w log n+loglogn ifo>z
2nTv =2

We will focus on the proof of the case where 6 < 7, and
the proof is similar when 6 > 7.

5.1.1  Failure Probability of an Orientation in K

Let F;; denote the event that orientation O; of point P; is
not #-viewed covered during the time slot 7, and P(F; ;)
denote the corresponding probability. We use P; ; 5, to rep-
resent that O; of point P, is 6-viewed covered by Sensor S in
group G,. Then we obtain

P;js, = ((9 + a)rf/(n) + 2vTr,(n) sin 0) % (@)

In Eq. (7), (6 + a)r’(n) + 2vTr,(n) sin 6 represents the pos-
sible area the sensor may locate in order to 6-view cover O;
during 7 slots, if it does not change its direction during the
process. (Similarly as we can see from the Fig. 5 that the
Eq. (7) can change into (6 + oz)rz(n) + 2vTry(n).) In this for-
mula 677 (n) represents the possible area where sensors in
group G,y =1,2,..,u might locate if it is stationary, like
sector T in Fig. 3. ari(n) represents the additional area due
to rotation, which is caused by the sensor’s initial orienta-
tion and its chosen direction §. Considering its mobility
character, the possible area can be 2vTt,(n) sin 6 more, like
the region inside the dotted line in Fig. 4. If the sensor
changes its direction during this period, the sensing area
will overlap, making it no larger than 2v7’r,(n) sin 6. For for-
mula %, it represents the probability that the sensor in
group G, has proper orientation to sense the point. With all
those factors determined, P(F; ;) can then be calculated.

5.1.2 Necessary ESR for Full View Coverage

Here, we use 7/-(\T to denote the event that the dense grid M is
not fully full view covered in the time slot 7, and present the
following proposition regarding the necessary condition.
We will slightly abuse the notation and use the w which rep-
resent the same meaning as that in Proposition 1.
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Fig. 5. lllustration of calculating the mobility area. It is difficult to calculate
the mobility area directly, so we rearrange the area into a square and
then can easily obtain the result.

Proposition 3. In the mobile heterogeneous CSN with 2-dimen-
sional random walk mobility model, if ro,..,, = W
and the density of the dense grid M is m = n logn, the density

of the orientation set K is k = n logn, then

liminf B, (H7) > e 2 — e,
b

n—oo
where w = lim,,_o, o(n).

Proof. Similar to the proof of Proposition 1, we first study

the case where 7., = SLHOB 08I0 for 3 fix o,

) > Z Z P.({O, of P; is uncovered})

PeM Ojek
0,#0,

-y Yo

PieM 0;,0,€K

({O; and Oy, of P; are uncovered).

®)

And we calculate that

P.({O; of P;is uncovered})
= lj (1 — ((9 + ot)r?/(n) + 2vTr,(n) sin@) %) .
_H(l (14 ¢, vTry(n )sin9> (4 '7

where \, = % = 0O(ry(n)) = o(1), since the asymp-

totic coverage problem is considered.
Then we can bound the first term of R.H.S of Eq. (8),

Z Z P.({O; of P, is uncovered}) ©

P;eM OjElK

u é
> mke—41}T5111 on § ¢y Yy T

2m
y=1

— 7)”Lk674UT SinOnry .
=e 2
Similarly, we bound the second term

0,#0;, )
Z Z P.({O; and O}, of P, are uncovered) ~ ;6_3”’.

P,eM 0‘7',0}1 ek

Then we have liminf,_ ., Pr('l/'l\r) >e % — %e*“’. Since @
is a function of n, the conclusion holds. ad

According to Proposition 3, we know that Ry, >
log n+loglog n+w(n)
2nTvsin 6

age of M. Moreover, if sensing range is smaller than

is necessary to achieve the full view cover-
\/g of
critical ESR of the 2-dimensional random walk mobility
model, we can extend our result to the following theorem.
We omit the proof here since it shares a similar technique
adopted in the proof of Theorem 3.

Theorem 6. Under the uniform deployment with the 2-dimen-
sional random walk mobility model, if the CSN satisfies
T2.rw. ('I’L)

bility that the network is uncovered. So we can say that the

< \/éRg,,.,w,, there still will be an nonegligible proba-

T, > \/%RQ‘TAU;A is the necessary condition for the network

to achieve full view coverage.

5.1.3 Sufficient ESR for Full View Coverage

Before we proceed, we first present the following
proposition.

Proposition 4. In CSN, if n sensors are randomly and uni-
formly deployed in a unit square, and ro,., (n) = c¢Ropu. (N)
where ¢ > 1, then

liminf P,(H,) = 0.

n—oo

(10)

The proof can be completed using a similar approach as
in Proposition 2 following that fact that Eq. (10) can be fur-
ther written as

2 . ¢ cyn
11 (1 - ((9 + a)ry(n) + 20T, (n) sin 9) ﬁ) 0

2 —4vT sinbnry .,
~ (TL logn) e 4uT sinOnrg ;4.

! 0
= — 0,
(n log n)QCL2

foranyc > 1.

From Proposition 4 and the definition of critical ESR for
2-dimensional random walk mobility model, we know that
790w, > CRo . = W namely ¢ > 1, is sufficient
to achieve the full view coverage of M. Moreover, Theorem
7 states an extended result if sensing range is more than crit-

ical ESR of the 2-dimensional random walk.

Theorem 7. Under the uniform deployment with 2-dimensional
random walk mobility model, if the CSN satisfies ry,.,,. (n) >
cRy ., c > 1, then it is sufficient for the network to achieve
full coverage.

5.1.4  Critical ESR for Full View Coverage of the
Operational Range

Similar to the analysis in the static model, Theorem 5 follows.

Namely, R .. = logntloglogn j¢ the critical condition to achieve

2nTv sin O
coverage with high probability. Moreover, referring to Theo-

rems 6 and 7, we conclude that R, . = %Rgm,, is the critical
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condition to achieve almost surely coverage for 2-dimensional
random walk mobility model. Apparently, there is a decrease
in critical ESR under 2-dimensional random walk compared
to static case. Further more, we proceed to analyze how it will
be affected in 1-dimensional random walk.

5.2 Critical ESR under 1-Dimensional Random Walk
5.2.1 Failure Probability of an Orientation in K

Similarly, let F;; denote the event that orientation O; of
point P is not 6-viewed covered during the time slot 7, and
P(F; ;) denote the corresponding probability. We use P; ; s,
to represent that O; of point P is 6-view covered by Sensor
Sin group G|,.

It can be derived from Wang et al. [22] that under 1-dimen-
sional random walk mobility model, the probability that S falls
in the circle around of P;, with radius r, is P; s = 37,. And it is
clear that P(S falls in cirle around P;) = P; s. Then we obtain

P; s, = P(S falls in T}) x P(S has a proper orientation)

20
= IP(S falls in the cirle around P;) x o7 = % (12)
94)7/]? 29‘1”1/7"11( )
27 372

based on which P(F; ;) can be easily calculated.

5.2.2 Necessary ESR for Full View Coverage

Here, we use 7/{\’ denote the event that the dense grid M is
not fully full view covered in time slot 7. And we now pres-
ent the following proposition regarding the necessary con-
dition.We will slightly abuse the notation and use the
which represent the same meaning as that in Proposition 1.

Proposition 5. In the mobile heterogeneous CSN with 1-
dimensional random walk mobility model, if 11, =
Snllogntloglosntoln)) gyd the density of the dense grid M is m =
n logn, the density of the orientation set K is k = n logn, then

0 _.
lim inf ]P’T(H’) >e 2 — —e,

n—00 s
where @ = lim,, o w(n).

Proof. Similar to the proof of Proposition 1, we first study

the case where 1., = w, for a fix &.

HT) > Z Z P.({O; of P; is uncovered})
PieM 05K
#Oh

-y Yo

P,eM 0;,0,€K

({0, and Oy, of P, are uncovered).

(13)
And we calculate that

U 200, : cyn
P.({O; of P, is uncovered}) = H (1 - W) .
T

y=1

Then we can bound the first term of R.H.S of Eq. (13),

Z Z P.({O, of P, is uncovered}) > e

P,eM O;€K (14)

forany y > landalln > N
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Then we bound the second term
0; #Oh

> > e

PieM 0;,0,eK

29 - ry(n)b, O\ "
2 Y Y
<o 21T (1-5)

y=1

) 20 4ry( )¢[, wn
+ k(1—§)]'[<1 - )

y=1

2n6
i & o)

0 8no
+ mk? (1 - —)e 3
T
8no,

0 2n 9
— mk2_6*¥rl.r.w. + ka (1 _ _)e B Lra.
T s

0 0\ _, 1
— _e—da) + (1 _ _> —dw )
T T nlogn
Since we consider the asymptotic coverage problem,

which means that the total number of cameras n
approaches to infinity, then we have

«({O; and Oy, of P; are uncovered)

[
y=1 q/ﬁry(n,)

0

P (HT) > e 2 — —e (15)

Taking into account that w is a function of n, the con-
clusion still holds. O

According to Proposition 5, we know that 7, (n) >

37(log n-+log
Ry, = %ﬁw can achieve the full view coverage of

M. Following that, the result can be naturally extended to

the case where sensing range is smaller than \ﬂ of critical
ESR of the 1-dimensional random walk, as is stated in Theo-
rem 8. And we omit the corresponding proof since it follows
a similar manner to that of Theorem 3.

Theorem 8. Under the uniform deployment with the 1-dimen-
sional random_walk mobility model, if the CSN satisfies

1w (n) < \/%Rlxr.w./ there still will be an nonegligible proba-
bility that the network is uncovered. So we can say that the
Trw (n) > %le.,w, is the necessary condition for the net-
work to achieve full view coverage.

5.2.3 Sufficient ESR for Full View Coverage
First, we obtain the following proposition.
Proposition 6. In CSN, if n sensors are randomly and uni-

formly deployed in a unit square, and 1y, = cRy,u.(n)
where ¢ > 1, then

liminf P(H,) = 0.

n—oo

(16)

The proposition can be proved using a similar approach
as in Proposition 2, given the fact that

—IP’,(Q ]—'i> <mkH(

~ (n lOg n)?@—%nr]_r.ur. — 7 s — 07
(nlogn)™ ™

20¢,ry(n )) o

3m?

forany ¢ > 1.
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Fig. 6. Full view coverage of CSNs under random rotating walk: The left
figure depicts a sequence of snapshots showing camera sensors’ posi-
tion change in time slots 7'/3, 27'/3, and T’; The right one illustrates the
trace of sensor mobility during the whole interval [0, 7). The shadowed
disks constitute the area being covered at the given time instant, and the
union of the region inside the dotted line and the shadowed disks repre-
sents the area being covered during the time interval.

From Proposition 5 and the definition of critical ESR for
1-dimensional rqndom walk mobility model, we know that
Tirw > Riw = W is sufficient to achieve the full

view coverage of M. Based on this we can make our conclu-
sion in the following theorem.

Theorem 9. Under the uniform deployment with 1-dimensional
random walk mobility model, if the CSN satisfies 71 ., (n) >
cRy ., c > 1, then it is sufficient for the network to achieve
full coverage.

The proof again can be done by adopting a similar
method ysed in the proof of Theorem 4, and we skip it for
the sake of concision.

5.2.4 Critical ESR for Full View Coverage of the
Operational Range

Similar to the analysis in static model, we can reach the fol-
lowing theorem regarding the relation between critical ESR
and full view coverage.

Under the uniform deployment with 1-dimensional ran-
dom walk mobility model, R, (n) = W is the
critical condition to achieve coverage with high probability.
Moreover, referring to Theorems 8 and 9, we draw the con-
clusion that R,,. = %Rl,.,w‘ is the critical condition to
achieve almost surely coverage for 1-dimensional random
walk mobility model. Again, we see a decrease in critical ESR
compared to that in static networks. This implies that even
restricted mobility such as 1-dimensional random walk can
lead to an improved coverage condition. The next part subse-
quently discloses the effect of random rotating mobility.

5.3 Critical ESR Under Random Rotating Mobility
We investigate the situation in one time slot under the ran-
dom rotating mobility pattern, the effect of which on area
coverage is illustrated in Fig. 6. To proceed, we will still first
analyze the full view coverage for dense grid M, and then
extend it to the whole area.

5.3.1 Failure Probability of an Orientation in K

Similarly, F; ; denotes the event that orientation O; of point
P, is not #-viewed covered, and P(F; ;) denotes the corre-
sponding probability. With P;;s, representing the same

Fig. 7. The figure on the left shows the sensor that locates in 7 with the
supposed viewed direction, and the one on the right illustrates the rotat-
ing process of the sensor.

meaning as that under 2-dimensional random walk, we
have

P; j5, = P(S falls in T}) x P(S has proper orientation)

20
= nrz(n) X - x P(S has proper orientation).
T

Here the event that the sensor has proper orientation means

that the supposed viewed direction PS locates in the sens-
ing region of the sensor. We will first calculate the probabil-
ity that sensor S has proper orientation, which is denoted as
P(S) in the following. .

The initial angle from the bisector of the sensor to PS' is
denoted as G, a variable random uniformly distributed
from 0 to 27 according to the deployment pattern. And the
angle the sensor moves in a time slot is denoted as H, which
is also a random variable distributed uniformly from 0 to
2. Still, the sensor can rotate clockwise or counterclock-
wise, and the results are the same. .

As shown in Fig. 7, we set orientation PS as angle 0.
When the bisector of the sensor initially locates in the secto-
rial area between P,S and PS5, it can surely have a proper
orientation. Otherwise when it_n}oves counterclockwise, the
bisector should go through PS5, and when clockwise, the

bisector should come cross %S, which can be formulated as

{G—H<"f;,

G+ H > 27(—%”,

if .S moves counterclockwisely,

if S moves clockwisely.

an
When the sensor moves clockwise, we obtain
_ ¢y ¢:t/ ¢!/
_ 9 %\ (1, %
ot (1 AR (18)

1 3¢, ¢
_§<1+4n’_87‘r2 '

When the sensor moves counterclockwise, similarly,

1 3¢, ¢
P(S)—§<1+4—;—87“2).
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Then we have

20
Pijs, = m'y(n)2 X 3 x P(S)

N 6’7“5(71) - 3, (]5_3
2 dr  8m? )’

Then, P(F; ;) can be easily calculated.

(19)

5.3.2 Necessary ESR for Full View Coverage

Here, we use 7-/{\’ to denote the event that the dense grid M is
not fully full view covered in time slot r. The following
lemma states the correlation between network density m, the
number of directions k as well as the sensing range. We will
slightly abuse the notation and use the w which represent the
same meaning as that in Proposition 1. We now present the
following proposition regarding the necessary condition.

Proposition 7. In the mobile heterogeneous CSN with random
4(log n-+log log n+w(n)

rotating mobility model, if v, = - ) and the
density of the dense grid M is m = n logn, the density of the
orientation set K is k = n logn, then

lim inf ]P,(??) > et g8,

n—oo

where w = lim,, ., w(n).
Proof. We use a similar apporach as in Proposition 1 and first
study the case wherer,, = W, for a fix w.

]P’r(7/-[\f) > Z Z P-({O; of P; is uncovered})

P,eM OjeK
0;#0y,

I

PEM 0;,0,€K

(20)

({O; and O, of P; are uncovered).

And we calculate that

P.({O; of P is uncovered})
oy 0 o N\ .\

y=1

Then the first term of R.H.S of Eq. (20) can be bounded
as

Z Z P.({O; of P, is uncovered}) > e 2,

PeM O;eK (21)

foralln > N,,.
Similarly, the second term of R.H.S of Eq. (20) has

0; #Oh

> 3w

P,eM 0;,0,€K

:({O; and Oy, of P; are uncovered) ~ e —3,

(22)

Since we consider the coverage problem in an asymp-
totic sense where the total number of cameras n
approaches to infinity, we have

]P’,(’I/'[\Z) > e g, (23)
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Taking into account that w is a function of n, the con-
clusion still holds. O

According to Proposition 7, we know that R,, (n)=

w is necessary to achieve the full view coverage

of M. The result also holds for the case where changes,
and we thus finish the necessary part. Theorem 10 presents

the result where the sensing range is smaller than \/é of crit-
ical ESR of random rotating mobility model.

Theorem 10. Under the uniform deployment where sensors
move according to random rotating mobility model, if the CSN
satisfies ry,(n) < \/éR,,,,.,, there still will be an nonegligible
probability that the network is uncovered. So we can say that
the r.,.(n) > %R,,r, is the necessary condition for the net-
work to achieve full view coverage.

5.3.3 Sufficient ESR for Full View Coverage

The following proposition provides the relation between
ESR and critical ESR under random rotating mobility model.

Proposition 8. In CSN, if n sensors are randomly and uni-
formly deployed in a unit square, and r,.,. (n) = cR,., (n) where
c > 1,then

liminf P, (H,) = 0. (24)
Here it again can be derived that
39 ¢
< kH[l——(l —Q———@)ri(n)} (25)

n ].
~ (nlog n)QG_TQT%-"- =055
(n logn)
forany c > 1.

According to Proposition 8, along with the definition of

critical ESR for random rotating mobility model, we know

that r.,(n) > R, = : is sufficient to achieve
the full view coverage of M. And the result when sensing

4(log n+loglogn)

range is larger than \/é of critical ESR of the random rotat-

ing mobility model also follows, and is presented in Theo-
rem 11, which can be proved by adopting the similar
technique in the proof of Theorem 4.

Theorem 11. Under the uniform deployment with random rotat-
ing mobility model, if the CSN satisfies r,., (n) > cR,,,c >
1, then it is sufficient for the network to achieve full coverage.

5.3.4 Critical ESR for Full View Coverage of the
Operational Range

Similar to the analysis in the static model, we can reach the
following theorem.

Under uniform deployment with sensors moving
according to random rotating mobility model, R,, =

log n-+log]
Hogntloslosn) i the sufficient condition to achieve coverage

with high probability. Moreover, referring to Theorems 10
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TABLE 1
Comparison of ESR and CSR
Network Type ESR for heterogeneous network CSR for homogeneous network Energy Consumption
Static
_ 2(log n+loglogn) o 47 (log n+loglog n) log n+loglogn
R(n) = /=== R(n) =\ =% —— ()
2.r.w. logntloglogn - 7 n(logntloglogn) - T
R(n) 71 ZanSHiG if 6 < 2 R(?’l) _ N nT ¢ls1nl€ ) ifo < 2 ((10gn+105108 n)Q)
og n+tloglogn : g 7(log n+loglogn . n
2nTv if 6 2 2 nTop if 0 > %
lrw R( ) __ 3n(logn+loglogn) R( ) 372 (log n-+loglog n) ((lognJrloglogn)Q)
) = 20n \n) = Ong n
r.r.
_ /4(logn+loglogn) _ [4(logn+loglogn) log n+loglogn
R(TL) - nf R(n) - 30_ ¢ ( " )
710(1+4ﬂ = 2)

and 11, we conclude that R, . = \/ng is the critical con-
dition to achieve almost surely coverage for random rotat-
ing mobility model.

Surprisingly, the critical ESR is manifested to be larger
under random rotating mobility than that obtained under
static CSNs. The result discloses that mobility does not
always lead to performance improvement. All the insights
behind the theoretical results will be further discussed in

the next section.

6 DiScUsSION OF THEORETICAL FINDINGS

6.1 Relationship between Coverage with High
Probability and Almost Surely Coverage

According to Sections 4 and 5, we find that the critical ESR
(Ry.5.c) to achieve almost surely coverage is % times of that to
achieve coverage with high probability for both static and
mobile situations considered. In this section, we take the static
model as an example to disclose the relationship between cov-
erage with high probability and almost surely coverage.

According to Theorem 4, we know that when 74, (n) is
larger than R, it is sufficient for the operational region to
achieve full coverage with high probability. Recall that when
Tstat(1) = Rgtar, P(liminf, . H,) = 1. Technically, as defined
in Section 2, this means that the event H,, will eventually
almost surely happen or that ultimately all of the event 7,
will occur almost surely under asymptotic network. Namely,
there exists an NV so that the operational region will be almost
surely covered for all n which is larger than V.

According to Theorem 3 and Proposition 1, we know that

when r(n) is between Ry, and Rgat, the operational

region is being covered with probablhty one. However,
\/%Rstat/ P(limsup,, . H,) = 1. As
defined in Section 2, this means that the event 77{7, will hap-
pen under asymptotic network. In other words, for any
number N, there exists an n which is larger than N so that
the operational region is not being covered.

According to Theorem 2, we know that when r(n) is below
Rtqt, the operational region is being covered with probability
less than one. And the probability of coverage or coverage
percentage can be calculated according to the sensing radius.

when r(n) is smaller than

6.2 Critical Condition for Homogeneous CSNs

Previous sections mainly focus on heterogeneous static and
mobile CSNs in the sense that sensors may have different

sensing parameters such as sensing radius and sensing
angles. Based on those, we can further expand our results to
homogeneous case, where all sensors have identical sensing
parameters. We only provide the main results here since the
analysis shares a similar idea to that in heterogeneous cases.

e  With static model, the critical sensing radius (CSR) is

47 (log n+loglog n)
R(’I’L) - nbg
e With 2-dimensional random walk mobility model,
the CSR is
(logn+loglogn) .
R(n) _ { nTvgsin 6 if 6 < %
Y n(logn+loglogn) .
W if 6> %

e With 1- dlmensmnalz random walk mobility model,
the CSRis R(n) = 7(1‘%;110“10“)
e With random rotating moblhty model, the CSR is

_ /4(logn+loglogn)

R(n) = m

In CoroLLARy 5.1 of [3], Kumar presented that in a static
and homogeneous network under uniform deployment,
e(n) >1 +W is sufficient for a unit square to
be asymptotically k-covered, where c(n) = 1:;;,)”;;;/ ¢(np) =
o(loglog (np)) and p is the probability that a sensor is cur-
rently operating. By assuming that p = 1, k = 1, and ignor-
ing ¢(np) as n — oo, we translate this landmark result to
our model, and obtain

(logn + loglogn)
- ne )

which matches our result under static model when taking
¢ =2 to represent omni-directional sensors. This result
verifies the generality of our model.

To have an overview of all the derived results in the pres-
ent work, Table 1 summarizes the results obtained in both
homogeneous and heterogeneous networks.

6.3 Impact of Mobility on Sensing Energy
Consumption

We consider the impact of mobility here. Sensors are consid-
ered to have critical ESR, with radius r, = 7,1 = stat, 2.r.w.,
1.r.w., r.r.,, under static, 2-dimensional random walk, 1-
dimensional random walk, and random rotating corre-
spondingly. As we just convert the value of the angle of
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Fig. 8. Relationship between equivalent sensing range R(n) and per-
centage of full view coverage under different n.

each sensor to the weight of its radius when we derive the
critical ESR, the sensors can be viewed as omnidirectional
traditional sensors and we here use the area the sensor cov-
ers to represent the sensing energy consumption of it.

We have the following results:

(@) Under Static Model

— (log n + loglog n)

Estat = (26)
n

(b)  Under 2-Dimensional Random Walk Mobility Model

— logn + loglogn\*

(¢) Under 1-Dimensional Random Walk Mobility Model

(27

2
B = <<logn+loglogn> ) 28)
n
(d) Under Random Rotating Mobility Model
5. - (m) 29)

Therefore, taking static model as a baseline, we have

X Estat:
n

E2.7'.’[U, — El.r.w. = <M) inl

Er.r. = Estat 3

which indicates that compared with static model, both the
2-dimensional random walk mobility model and 1-dimen-
sional random walk mobility model can decrease the energy
consumption in CSNs. And this improvement sacrifices the
delay upper bounded by (1) as the movement is divided
into time slots. This is actually a tradeoff between energy
consumption and the delay.

However, for random rotating mobility, the energy con-
sumption is the same as when sensors are stationary, but it
still causes a delay upper bounded by (1), due to the divi-
sion of the time slots. Furthermore, this results in much
more energy consumption for movement. Thus, the move-
ments like random rotating should be avoided for full view
coverage.

More importantly, from previous theoretical analysis we
could conclude that when we consider the critical sensing
range under 2-dimensional random walk mobility model
and 1-dimensional random walk mobility model, the

IEEE TRANSACTIONS ON MOBILE COMPUTING, VOL. 19, NO. 4, APRIL 2020

°

g ©
8 =

- n=1000 o 0=r/5
' n=2000 008 0=2715
008 n=3000 2:; 0=3r/5
-~ n=4000 -
0.06 n=5000 0.05| 0=4z/5
0.04] =r

)
5
2
o o
=S
3

°

3

S
S
S

Required Critical Equivalent Sensing Range R(n)
o
2

Required Critical Equivalent Sensing Range R(n)
X

,,,,,,,,,,,,,

01 02 03 04 05 06 07 08 09 1
Effective Angle 6 x

o

o

Total Number of Sensors n
(a) (b)

Fig. 9. Relationship between (a) R(n) and 0, (b) R(n) and n, when n
changes accordingly under 1-dimensional random walk mobility model.

rectangular area the sensor covers when it moves contrib-
utes most for coverage performance rather than the sectorial
area it covers when it is static. For instance, under 2-dimen-
sional random walk mobility model, the area 6r’(n) in
Eq. (7) does not affect the final result.

7 SIMULATION RESULTS

In this part, we analyze the numerical results to validate the
theoretical results on critical ESR to achieve full view cover-
age. Moreover, we investigate the relationship between ESR
and the percentage of full view coverage.

7.1 Simulation Setup
We again take the static model as an instance. The simula-
tion can be easily extended to the other three mobile mod-
els. The target area is a unit square and we use two settings
for sensor density, i.e.,, n =25%25 and n = 100 % 100. For
simplicity, we consider the homogeneous case, namely all
the sensors have the same sensing parameter (sensing
radius and angle). The effective angle is fixed, and we use
three values for the fixed effective angle, ie., 6 =7/6,
7/4,7/3 (or 30, 45, 60 in degree) respectively.

We vary the ESR in simulations from 0 to 0.16 for
n = 625, and from 0 to 0.05 for n = 10000, to observe the
percentage of full view coverage, which is defined as the
percentage of points that are full view covered.

7.2 Analysis of Simulation Results
7.2.1 Impact of ESRs on Full View Coverage

Figs. 8a and 8b report the results of the percentage of full
view coverage under different ESRs. We let the z-axis denote
the percentage of full view coverage and the y-axis denote
the ESR. The results in the two figures are obtained in the
cases where n =625 and n = 10000, respectively. In both
cases, the ESRs needed for full view coverage increase as the
required probability increases, although the ESR for
n = 10000 is much lower than that for n = 625. According to
the formulation derive in Section 4, we calculate the critical
ESR for full view coverage when 6 = /6,7 /4, /3 (or 30, 45,
60 in degree), respectively, and use dotted lines to indicate
the critical ESR on Figs. 8a and 8b. It is clear that the network
is able to achieve full view coverage with probability one
when ESR is larger than the critical ESR. This verifies our
result of the critical condition obtained previously.
Moreover, we observe from Figs. 8a and 8b that although
the ESR needed to achieve full view coverage for the whole
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area may be high whereas the ESR needed for a high percent-
age (but not 100 percent) of full view coverage is much lower.
For example, given § = 7/3 and sensor density n = 10000, 90
percent of the field is full view covered when ESR
r(n) = 0.015, which is only around half of the required criti-
cal ESR to achieve 100 percent full view coverage with ESR
r(n) = 0.0296. Hence, our results can provide useful guide-
lines in CSN design by balancing coverage performance and
ESR according to certain engineering requirements.

7.2.2 Impact of Parameters n and 6 on CSR

Here we continue to analyze the influence of the number of
camera sensors n and sensing angle 6 on the critical ESR
denoted by R(n). Fig. 9a plots the relationship between R(n)
and 6, when n changes accordingly under 1-dimensional ran-
dom walk mobility model. As a counterpart, Fig. 9b illus-
trates the relationship between R(n) and n, when 6 changes
accordingly under 1-dimensional random walk.

When n is fixed, R(n) becomes larger, as 6 decreases for
all the static and mobility patterns we have discussed.
Hence, we need sensors of larger sensing range when a bet-
ter view of object’s face is required. It is obvious since larger
sensing region render more sensors to cover a certain object,
making it more likely to catch its frontal image. When it is
sufficiently large (such as the case of n = 4000, 5000 shown
in Fig. 9a, n incurs no further influence on network perfor-
mance. This fact coincides with the instinct that when there
are plenty of sensors in the network, adding more sensors
will not further reduce the critical equivalent sensing range.
Furthermore, as can be seen in Fig. 9a, changing n will lead
to a more apparent change of R(n) for smaller effective
angle 6, whereas n will have little influence on R(n) when
goes to 7. Similar analysis also holds for Fig. 9b.

8 CONCLUSION

This paper studied the coverage problem in both static and
mobile CSNs. In heterogeneous scenarios, we defined a met-
ric named ESR for the corresponding modeling, and
derived the critical sensing range for full view coverage
under static model, 2-dimensional random walk mobility,
1-dimensional random walk and random rotating model.
The results indicate that random walk mobility model can
decrease the sensing energy consumption under certain
delay tolerance. Furthermore, we derived the critical condi-
tion to achieve almost surely coverage, which is a much
stronger result compared with the traditional coverage with
probability one. We find that the critical condition to
achieve almost surely coverage is around 1.225 times of that
to achieve coverage with high probability. We also extended
our result from heterogeneous networks to homogeneous
ones for the corresponding ESR and CSR.

ACKNOWLEDGMENTS

This work was supported by National Key R&D Program
of China 2018YFB1004705, NSF China (No. 61822206,
61602303, 61532012, 61672342, 61671478, 61829201), CCF
Tencent RAGR 20180116, the Science and Technology Innova-
tion Program of Shanghai under Grant (17511105103,
18510761200), and the Open Research Fund of the National

Mobile Communications Research Laboratory, Southeast Uni-
versity, under Grant 2018D06. The early version of this paper
appeared in the Proceedings of IEEE INFOCOM 2014 [27].

REFERENCES

[1] L F. Akyildiz, T. Melodia, and K. R. Chowdhury, “A survey on
wireless multimedia sensor networks,” Comput. Netw., vol. 51,
no. 4, pp. 921-960, 2007.

[2] B. Liu and D. Towsley, “A study on the coverage of large-scale
sensor networks,” in Proc. IEEE Int. Conf. Mobile Ad-hoc Sensor
Syst., Oct. 24-27, 2004, pp. 475-483.

[3] S. Kumar, T. H. Lai, and J. Balogh, “On k-coverage in a mostly
sleeping sensor networks,” in Proc. 10th Annu. Int. Conf. Mobile
Comput. Netw., Sep. 26-Oct. 1, 2004, pp. 144-158.

[4] S. Shakkottai, R. Srikant, and N. Shroff, “Unreliable sensor grids:
Coverage, connectivity and diameter,” in Proc. 22nd Annu. Joint Conf.
IEEE Comput. Commun. Soc., Mar. 30-Apr. 3, 2003, pp. 1073-1083.

[5] S.Kumar, T. H. Lai, and A. Arora, “Barrier coverage with wireless
sensors,” in Proc. 11th Annu. Int. Conf. Mobile Comput. Netw., Aug.
28-Sep. 2, 2005, pp. 284-298.

[6] A.Chen,S. Kumar, and T. H. Lai, “Designing localized algorithms
for barrier coverage,” in Proc. 13th Annu. ACM Int. Conf. Mobile
Comput. Netw., Sep. 9-14, 2007, pp. 63-74.

[71  L.Fu, X. Wang, and P. R. Kumar, “Are we connected? Optimal deter-
mination of source-destination connectivity in random graphs,”
IEEE/ACM Trans. Netw., vol. 25, no. 2, pp. 751-764, Apr. 2017.

[8] X.Gong, J. Zhang, D. Cochran, and K. Xing, “Optimal placement
for barrier coverage in bistatic radar sensor networks,” IEEE/ACM
Trans. Netw., vol. 24, no. 1, pp. 259-271, Feb. 2016.

[9]1 L. Fu, X. Fu, Z. Xu, Q. Peng, X. Wang, and S. Lu, “Determining

source-destination connectivity in uncertain networks: Modeling

and solutions,” IEEE/ACM Trans. Netw., vol. 25, no. 6, pp. 3237-

3252, Dec. 2017.

X. Bai, Z. Yun, D. Xuan, B. Chen, and W. Zhao, “Optimal multiple-

coverage of sensor networks,” in Proc. IEEE Int. Conf. Comput.

Commun., Apr. 10-15, 2011, pp. 2498-2506.

X. Bai, D. Xuan, Z. Yun, T. H. Lai, and W. Jia, “Complete optimal

deployment patterns for full-coverage and k-connectivity (k < 6)

wireless sensor networks,” in Proc. 9th ACM Int. Symp. Mobile ad

hoc Netw. Comput., May 26-30, 2008, pp. 401-410.

J. Zhu and B. Wang, “The optimal placement pattern for confident

information coverage in wireless sensor networks,” IEEE Trans.

Mobile Comput., vol. 15, no. 4, pp. 1022-1032, Apr. 2016.

X.Wang, S. Han, Y. Wu, and X. Wang, “Coverage and energy con-

sumption control in mobile heterogeneous wireless sensor

networks,” IEEE Trans. Autom. Control, vol. 58, no. 4, pp. 975-988,

Oct. 2012.

Y. Wang and G. Cao, “On full-view coverage in camera sensor

networks,” in Proc. IEEE Int. Conf. Comput. Commun., Apr. 10-15,

2011, pp. 1781-1789.

V. Blanz, P. Grother, P. J. Phillips, and T. Vetter, “Face recognition

based on frontal views generated from non-frontal images,” in

Proc. IEEE Comput. Soc. Conf. Comput. Vis. Pattern Recognit., Jun.

20-25, 2005, pp. 454—461.

Y. Wu and X. Wang, “Achieving full view coverage with ran-

domly-deployed heterogeneous camera sensors,” in Proc. IEEE

32nd Int. Conf. Distrib. Comput. Syst., Jun. 18-21, 2012, pp. 556-565.

Y. Wang and G. Cao, “Barrier coverage in camera sensor

networks,” in Proc. 12th ACM Int. Symp. Mobile Ad Hoc Netw. Com-

put., May 16-20, 2011, Art. no. 12.

H.Ma, M. Yang, D. Li, Y. Hong, and W. Chen, “Minimum camera

barrier coverage in wireless camera sensor networks,” in Proc.

IEEE Int. Conf. Comput. Commun., Mar. 25-30, 2012, pp. 217-225.

J. Biswas and M. Veloso, “Depth camera based indoor mobile

robot localization and navigation,” in Proc. IEEE Int. Conf. Robot.

Autom., 2012, pp. 1697-1702.

B. Liu, P. Brass, O. Dousse, P. Nain, and D. Towsley, “Mobility

improves coverage of sensor networks,” in Proc. 6th ACM Int.

Symp. Mobile Ad Hoc Netw. Comput., May 25-27, 2005, pp. 300-308.

A. Saipulla, B. Liu, G. Xing, X. Fu, and J. Wang, “Barrier coverage

with sensors of limited mobility,” in Proc. 11th ACM Int. Symp.

Mobile Ad Hoc Netw. Comput., Sep. 2024, 2010, pp. 201-210.

X. Wang, X. Wang, and J. Zhao, “Impact of mobility and heteroge-

neity on coverage and energy consumption in wireless sensor

networks,” in Proc. IEEE 31st Int. Conf. Distrib. Comput. Syst.,

Jun. 21-24, 2011, pp. 477-487.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

Authorized licensed use limited to: Univ of Calif San Diego. Downloaded on October 01,2021 at 23:50:45 UTC from IEEE Xplore. Restrictions apply.



996

[23]

[24]

[25]

[26]

[27]

[28]

[29]

H. M. Ammari and J. Giudici, “On the connected k-coverage prob-
lem in heterogeneous sensor nets: The curse of randomness and
heterogeneity,” in Proc. 29th IEEE Int. Conf. Distrib. Comput. Syst.,
Jun. 22-26, 2009, pp. 265-272.

G. Fusco and H. Gupta, “Selection and orientation of directional
sensors for coverage maximization,” in Proc. 6th Annu. IEEE Com-
mun. Soc. Conf. Sensor Mesh Ad Hoc Commun. Netw., Jun. 22-26,
2009, pp- 1-9

Y. Wang and G. Cao, “Minimizing service delay in directional
sensor networks,” in Proc. IEEE Int. Conf. Comput. Commun.,
Apr. 10-15, 2011, pp. 1790-1798.

A. V. Prokhorov, “Borel-Cantelli lemma,” in Encyclopedia of Math-
ematics, M. Hazewinkel, Ed. Berlin, Germany: Springer, 2001,
ISBN 978-1-55608-010-4.

Y. Hu, X. Wang, and X. Gan, “Critical sensing range for mobile
heterogeneous camera sensor networks,” in Proc. IEEE Conf. Com-
put. Commun., 2014, pp. 970-978.

P. Hall, Introduction to the Theory of Coverage Process. New York,
NY, USA: Willy, 1988, ISBN:0471857025

P. Gupta and P. R. Kumar, “Critical power for asymptotic conec-
tivity in wireless networks,” in Proc. IEEE Conf. Decision Control,
Dec. 1998, pp. 1106-1110.

Xiaoying Gan received the PhD degree in elec-
tronic engineering from Shanghai Jiao Tong Uni-
versity, Shanghai, China, in 2006. From 2009 to
2010, she was a visiting researcher with the
California Institute for Telecommunications and
Information, University of California at San Diego,
San Diego, California. She is currently an associate
professor with the Department of Electronic Engi-
neering, Shanghai Jiao Tong University. Her cur-
rent research interests include network economics,
social aware networks, heterogeneous cellular
networks, multiuser multi-channel access, and
dynamic resource management.

Zesen Zhang is working toward the graduate
degree in the Department of Electronic Engineer-
ing, Shanghai Jiao Tong University, China. He is
currently working as an research intern super-
vised by Prof. Xinbing Wang. His research inter-
ests include asymptotic analysis and privacy
protection in social networks.

IEEE TRANSACTIONS ON MOBILE COMPUTING, VOL. 19, NO. 4, APRIL 2020

Luoyi Fu received the BE degree in electronic
engineering from Shanghai Jiao Tong University,
China, in 2009 and the PhD degree in computer
science and engineering in the same university,
in 2015. She is currently working as an assistant
professor in the Department of Computer Sci-
ence and Engineering, Shanghai Jiao Tong Uni-
versity. Her research of interests are in the area
of scaling laws analysis in wireless networks,
connectivity analysis, sensor networks, and
social networks.

Xudong Wu received the BE degree in informa-
tion and communication engineering from the
Nanjing Institute of Technology, China, in 2015.
He is currently working toward the PhD degree in
the Department of Computer Science and Engi-
neering, Shanghai Jiao Tong University. His
research of interests are in the area of social net-
working and big data, machine learning, and
combinatorial optimization.

Xinbing Wang received the BS degree (with
hons.) from the Department of Automation,
Shanghai Jiaotong University, Shanghai, China,
in 1998, the MS degree from the Department of
Computer Science and Technology, Tsinghua
University, Beijing, China, in 2001, and the PhD
degree, major from the Department of Electrical
and Computer Engineering, minor from the
Department of Mathematics, North Carolina State
University, Raleigh, in 2006. Currently, he is a pro-
fessor with the Department of Electronic Engi-
neering, Shanghai Jiaotong University, Shanghai, China. He has been an
associate editor for the IEEE/ACM Transactions on Networking and the
IEEE Transactions on Mobile Computing, and the member of the techni-
cal program committees of several conferences including ACM MobiCom
2012, ACM MobiHoc 2012-2014, and IEEE INFOCOM 2009-2017.

> For more information on this or any other computing topic,
please visit our Digital Library at www.computer.org/csdl.

Authorized licensed use limited to: Univ of Calif San Diego. Downloaded on October 01,2021 at 23:50:45 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


