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Abstract—In camera sensor networks (CSNs), full view cov-
erage, in which any direction of any point in the operational
region is covered by at least one camera sensor, is of great
significance since image shot at the frontal viewpoint considerably
increases the possibility to recognize the object. However, finding
the critical condition to achieve full view coverage in mobile
heterogeneous CSNs remains an open question. In this paper,
we analyze both the static and mobile random deployed camera
sensor networks. A centralized parameter — equivalent sensing
radius (ESR) - is defined to evaluate the critical requirement
for asymptotic full view coverage in heterogeneous CSNs. We
derive the critical sensing range for full view coverage under
static model, 2-dimensional random walk mobility model, 1-
dimensional random walk mobility model and random rotating
model. We then discuss the impact of various mobility patterns on
sensing energy consumption and study the relationship between
ESR and percentage of full view coverage, and show that
random walk mobility model can decrease the sensing energy
consumption under certain delay tolerance. To our knowledge,
our work is the very first that derive the critical condition to
achieve full view coverage in mobile heterogeneous CSNs.

I. INTRODUCTION

Coverage, a critical performance metric in Wireless Sensor
Networks (WSNs), is used to measure how well a field is
monitored by sensors within the field. It is significant in
many applications, such as security surveillance, intrusion
detection in battlefield or military zone and so forth. Recently,
Camera Sensor Networks (CSNs) have attracted an increasing
amount of attention, since the image or video provided by
camera sensors can considerably enrich the information of the
monitored region. Such networks have prospective applications
including traffic avoidance, environmental monitoring, and
industrial process control [1]. However, the camera sensors
do not possess omnidirectional sensing ability as traditional
ones. On the contrary, they can only sense within an angle of
view, beyond which it is unable to capture any information,
which leads to new problems and requirements for networks.

There are many investigations for networks of traditional
sensors. In [2], Kumar studied the asymptotic k-coverage in
a mostly sleepy stationary sensor network, and in [3], Srikant
et al. considered the failure probability and obtained the
necessary and sufficient condition to achieve asymptotic full
coverage. In[4], [5] and [6], the authors mainly focused on the
barrier coverage problems with traditional sensors separately.
Besides, in [7] and [8], the authors studied deployment scheme
to achieve multiple coverage and connectivity. And in [9], Bai
and Kumar proposed a deployment pattern to achieve both

coverage and connectivity.

However, compared to the relative mature study on the
coverage in traditional sensor networks, studies on the cov-
erage of CSNs are quite limited. In [10], Wang and Cao first
proposed a novel concept in the judgement of coverage in
CSNss, called full view coverage. An object is full view covered
if its viewed direction is always closely enough to its facing
direction, wherever it actually faces. Since the frontal image
could provide a higher probability for computer recognition
systems to successfully recognize an object [11], it is of great
significance to develop a CSN being able to achieve full view
coverage.

To construct such networks, it is essential to understand the
required conditions for full view coverage, e.g. sensing radius,
angle of view, or deployment density. In [10], Wang and Cao
provided a sufficient condition under random and uniform
deployment, and a critical (i.e. both necessary and sufficient)
condition under triangle lattice based deployment. And in [12],
the authors analyzed the necessary and sufficient condition to
achieve full view coverage separately. Other existing works on
CSNs are mainly concerned with full view barrier coverage
as in [13] and [14], which suggests the critical condition
to achieve full view area coverage in mobile camera sensor
network still remains an open problem.

In this paper, we concentrate on the critical condition [15]
of full view coverage under uniform deployment. We consider
asymptotic coverage for mathematical convenience, which
means that the total number of cameras approaches to infinity.
The coverage problem of an unit square is converted into the
coverage of a dense grid in it, which is a common method
in the analysis of area coverage [2]. Following this route,
we derive the critical condition of full view coverage under
uniform deployment.

We also investigate the impact of mobility. In [16], Liu
proposed that mobility could improve coverage performance,
since it could reduce the detection time of intruders. Saipulla
and Liu in [17] considered the limited mobility for barrier
coverage which distinguish their work. In [18], Chen studied
sweep coverage for mobile sensors. Besides, mobility was
found to increase the capacity [19]and help security [20] in
ad-hoc networks. All of these works reveal the significance
of analysis of mobility. In this paper, we study the critical
sensing range for full view coverage under three different
mobile patterns and compare them with the static model to
verify their advantages.
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Moreover, we take heterogeneity of camera sensors into
consideration. It is intuitive to treat CSNs as a heteroge-
neous network, since camera sensors may come from different
manufacturers and thus have different sensing parameters, or
the sensing capability of cameras will decline as time passes
by or under different obstruction of terrains. To deal with
heterogeneous cameras, we divide them into different groups
according to their sensing parameters as the cases in [21] and
[22]. The equivalent sensing radius (ESR) are defined later
to help analyzing in static and mobile condition separately.
This index summarizes different sensing parameters of all the
cameras, and therefore represents the overall requirements for
cameras in CSNs.

Our main contributions are highlighted as follows.

o We provide the critical condition of full view coverage
under four different static or mobile patterns, which
could help the engineers to design the CSN according to
certain engineering requirements by balancing coverage
performance and sensing energy consumption.

o We define the ESR for static and mobile camera sensor
network, which could provide intrinsic understanding of
heterogeneous camera sensor network. For static model,

r = \/25:1 cy%ra For 2-dimensional random walk
mobility model and 1-dimensional random walk mobility
model, r = Zzzlcy%ry. And for random rotating

mobility model, r = \/ZZ:1 cy(2—(1— %)2)1"3

o Compared with static model, 2-dimensional random walk
mobility and 1-dimensional random walk mobility re-
duces the sensing energy consumption by the order
@(%) L at the expense of ©(1) delay under
uniform deployment.

The remainder of the paper is organized as follows. Basic
models and definitions are described in Section II. In Sec-
tion III, we study the static model and derive the ESR to
achieve full view coverage. We study 2-dimensional random
walk mobility model, 1-dimensional random walk mobility
model and random rotating model and derive the correspond-
ing ESR in Section IV. In Section V, we provide the numerical
analysis of network and the impact of mobility on power
consumption. In Section VI, we conclude the paper and discuss
about the future work.

II. NOTATIONS AND MODEL

In this section we present the sensing and deployment model
of the camera sensors used in our paper, introduce our mobility
patterns, and describe several performance measures, like the
definition and meaning of full view coverage and equivalent

I'The following asymptotic notations are used throughout this paper. Given
non-negative functions f(n) and g(n):
) f(n) = ©(g(n)) means that for two constants 0 < c¢1 < ca,
c1g(n) < f(n) < cag(n) for sufficiently large n.

2) f(n) ~ g(n) means that limp_ 4 oo Tz) =1.
3) f(n) =o(g(n)) means that lim,_, 4 o % =0

sensing range, to assess the coverage performance of static
and mobile heterogeneous CSNs.

A. Deployment Scheme and Sensing Model

In this paper, we assume the operational region of the sensor
network is an unit torus square, such that we don’t need to
consider strategy when sensors reach the edge of the area, and
focus on the general cases. Actually coverage problem near the
boundaries differs significantly from general situations, but it
is currently beyond the scope of this paper.

We assume in the operational region n sensors are randomly
and uniformly deployed, independent of each other, which
is widely recognized as proper estimations for randomly
distributed sensors. The random strategy is favored in the
situation that the operational region is inimical and hostile, or
that it is expensive and difficult to place sensors by human
or programmed robots. Under such circumstance, wireless
sensors might be sprinkled from aircrafts, delivered by artillery
shell, rocket, missile or thrown from a ship, instead of being
placed by human or programmed robots.

A camera sensor S can sense perfectly in a sector of radius
r and angle ¢, but will not sense outside the sector. Without
confusion, S also denotes the location of the sensor. The
angular bisector of ¢ is recognized as orientation of S, denoted
by f This model is commonly used in literature [23] and
[24], 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 ﬁ is called viewed
direction of the object, which reflects the viewpoint of sensor
S. Figure 1 illustrates these directions which will be useful in
subsequent discussion.

Fig. 1. For sensor S and point P, the orientation, viewed direction and
facing direction are depicted respectively.

We consider heterogeneous sensors similar to [21]. To
describe sensors of different qualities, we partition sensors
to w groups G1,Ga, -, Gy, where u is a constant. As the
total number of sensors is n, each group G,(y =1,2,--- ,u)
has n, = cyn sensors, where c, is a constant invariant to
n. Clearly, ¢, satisfies 0 < ¢, < 1 and Y}/ ¢, = 1.
All sensors in group G, own identical sensing radius 7,
and angle ¢,, but either ry, # r, or ¢, # ¢, will hold if
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y # 2(y,z = 1,2,-+- ,u). We mainly study the asymptotic
coverage here, implying that n is a variable approaching
to infinity, whereas r, and ¢, are dependent variables of
n, sometimes denoted by r,(n) and ¢,(n). When the total
number of sensors n changes, the requirements for r,(n) and
¢y(n) should change along with n.

B. 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 assuming
the network works in a large amount of time slots, a single
time slot can also be viewed as an instant.

o Static Model: Wherever a sensor locates, 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 would not steer its lens during the operation.

o 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 facing direction to the chosen one and moves
along the direction with a constant velocity v in each time
slot and the velocity is ©(1).

o 1-Dimensional Random Walk Mobility Model: Sensors
are classified into two types of equal quantity, 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 direction for a certain distance D, a random
variable uniformly distributed from 0 to 1.2 The velocity
of the sensors is not considered, as long as they 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 clockwise or counterclock-
wise. At the very beginning of each time slot, each sensor
randomly chooses a rotating direction, i.e. clockwise
or counterclockwise, and then rotates an angle ¥, a
random variable uniformly distributed between 0 and 2.
Similarly, the velocity of sensors is ignored.

C. Performance Measures

To assess the full view coverage performance in CSNs, the
following four definitions are proposed.

1) Definition of 0-view coverage: For a specific facing
direction p of point P, it achieves -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.

2Long 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.

2) Definition of Full View Coverage: For a point P, it is
full view covered if every possible facing direction p of it
is f-view covered. The operational region achieves full view
coverage iff every point in it achieve full view coverage.

3) Definition of Equivalent Sensing Radius: For hetero-
geneous camera sensor networks, we define the equivalent
sensing radius (ESR) for each static and mobility pattern to
analyze the asymptotic full view coverage. The ESR of the

heterogeneity CSN for static model is r = \/Zzzl cy%rg,

the ESR for 2-dimensional random walk mobility model
or I-dimensional random walk mobility model is r; =
ZZ:l cyg—;ry,i = 2.rw., l.raw., and the ESR for random

rotating mobility model is r = \/ZZ:1 cy(2—(1— 3—9)2)1"2

T Yy
In this part, %yr 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 the same
as the ESR for omnidirectional sensors in [21].

4) Definition of Critical ESR: Let H denotes the event that
the operational region is full view covered. Then if

lim P(H) = 1,if r; > ¢R;(n) for any ¢ > 1;
n—oo
lim P(H) < 1,if r; < éR;(n) for any 0 < ¢ < 1,
n— o0

where R;(n) is the critical ESR under four different static and
mobile patterns, and ¢ = stat,r.r.,2.r.w., l.r.aw..

D. Overview of the Geometric Analysis and Preliminaries

In [21], Wang proves that, the full coverage of a \/m x v/m
dense grid M can promise the full coverage of the unit square,
when m = nlogn, based on THEOREM 4.1 in [2]. We can
also prove that the #-view coverage of a facing direction set
K formed by k directions of a point can promise its full view
coverage when k = n logn, and we derive the following useful
results. Figure 2 (b) illustrates an example of facing direction
set K of point P when k = 8.

Lemma 1. Assume 0, 0y, k are constraints and 0y = 6 + 27”
K is a facing direction set formed by k directions uniformly
distributed around point P. If these k directions can all achieve
f-view coverage, then point P can achieve full view coverage
with effective angle 0.

proof Let v be an arbitrary facing direction of point P.
Without loss of generality, we assume it is inside the sector
formed by virtual orientation @ and b in K and is closest to
orientation a, as shown in Figure 2 (a). By assumption, there
exists at least one sensor that can cover a, with effective angle
6. Suppose one of them locates at point s (in Figure 2 (a)),
and Z(s,a) < 6. s also represents the viewed direction without
confusion. Besides Z(a,v) < 2%, then

Z(s,v) = Z(s,a) + ZL(a,v) <0+2% = bp. (1)

Obviously Eq. (1) still holds when the sensor locates be-
tween a and b. Also limg_, 89 = 6, which means 6y is only
slightly larger than 6, when £k is large enough. With THEOREM
4.1 in [2], the following theorem is derived.
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Fig. 2. (a) shows a set of four nearest directions include a and b in the
direction set K, (b) shows the possible area T); to 6-view cover orientation
O;.

J

(2)

Theorem 1. For point P, if a k facing direction set K satisfying
k = nlogn, the 8-view coverage of set K can promise the full
view coverage of P with effective angle 6 when n is large
enough.

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

III. THE CRITICAL SENSING RANGE FOR STATIC CAMERA
SENSOR NETWORKS

In this section, we mainly focus on the full view coverage
for static camera sensor networks under uniform deployment,
and obtain the equivalent sensing range for heterogeneous
cameras. We first analyze the equivalent sensing range for
dense grid M, then expand it to case of the whole area and
derive the following theorem.

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

2(logn + loglogn
Rstat(n)\/( & 8708 )

nb

Let P; j s, denote the probability that orientation O; of
point P; is f-viewed covered by sensor S in group G,. To
make O; of set K 0-viewed covered, at least one sensor should
locate in sector T}, as shown in Figure 2 (b). For sector 7},
the angular bisector is orientation j, with an angle 26. Then

P; s, = P(S falls in T;) x P(S has proper orientation)
2
29 2(’[’1,) « ¢y ry(n)(ﬁye

= — x7r R AAL A
2 v 2T 27
A. Necessary Condition of Theorem 2
Let Gstatic(n,7(n)) denote the network that each point in
M achieves full view coverage when the sensing range is r(n),
and we use Pr_gqtic(n,7(n)) to represent the probability
that Ggratic(n,7(n)) 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 6#-view
covered equivalently, and a point uncovered and not full view
covered interchangeably.

Proposition 1. In the static heterogeneous CSN, if

2(logn + loglogn + w(n
Tsmt(n)\/( g ieg ( ))7

m = nlogn and k = nlogn, then

lim infpf—static(nar(n)) Z €

n—00 m

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

proof: To ease the complexity of the proof, we provide the
following lemma first.

Lemma 2. Given a variable © = x(n) satisfies 0 < z(n) < 1,
and a variable y = y(n) > 0, then (1 — x)¥ ~ e~ if 2%y
approaches to zero as n — +o0.

Using method similar to the proof of LEMMA 1 in [12],
we could easily prove Lemma 2. Then we study the case that
2(log n+log log n+w(

n

r(n) = ") for a fixed w. Referring to
Bonferroni inequalities, we get

Pf—static(na T(n))
> Z Z P({O, of P; is uncovered})
P,eM O]’G]K
0;#0p
- Z Z P({ O; and Oy, of P; are uncovered}).

P,eM Oj ,Op€eK

(2)
For the first term of the R.H.S. of Eq. (2)

P({O, of P; is uncovered})

Y%
=

P({O; is uncovered by sensors in G, })

3)

<
I
—

Cyn

ri(n)qbyH

(1_T) )

I
=

1

<
Il

where —-5 represents the probability that orientation O;

of point P; is #-viewed covered by sensor S in group G,

while c¢yn represents the number of sensors in group G,.
Then with Lemma (2) and Eq. (3), we obtain that

Z Z P({O; of P; are uncovered)

P;eM Oj ek

7”;2, (n)y0
&

u L Py 2/,
~ ke Th_y ey ST (n)

“4)

— mke_ng”‘ftat (’I’L)

_ (’fl 10g n)2672(10g n+log log n+w)

= e,
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For the second term of the R.H.S. of Eq. (2)

P({O; and O}, of P; is uncovered})

29 3 ri(n)@ﬂ cum
- 271' yl_[l (1- 2 2 )

17iﬁ172y Dot

where the two terms on the right side correspond to the
(OJ,Oh) < 260 and A(Oj,Oh) > 26. For

cases when

ra(n)¢y0
2

the first term, 3

is the average area sensors might
locate to §-view cover O; or Oy,. Since the overlapping area
between O; and Oy, is a random variable, uniformly distributed
between 0 and 672 (n), the corresponding possible area is also

IEEE Conference on Computer Communications

B. Sufficient Condition of Theorem 2
First, we obtain the following proposition.

Proposition 2. In CSN, if n sensors are randomly and
uniformly deployed in an unit square, and rsiq; = cRgiqr(n)
where ¢ > 1, then

(5)
lim inf P(#) = 0.

n—oo

®)

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

proof: We suppose that r = cRgq¢(n) where ¢ > 1, and
use F; to denote the event that a point P; is not full view
covered, F; ; to denote that O; of P; is not 6-view covered.
Then, it suffices to prove that

. . . 2 0 m
a random variable, uniformly dlstrlbuted between % and lim P U Fl=o0
r2 (n)py, 0 (n)qﬁy n— 00 | ¢ ’
25—, so that its expectation 1s 5 . We can analyze i=1

the second term similarly.

Then with Lemma (2) and Eq. (5), we obtain that

0,#0

DY

P,eMO;,0,€K

P({O; and Oy, of P; is uncovered)

20 31y (n)gy0 "
< mk*== R
=M I1¢ 5 o
y=1
0. 1 ra(n)¢
2/, 40 _9¥ kd
+ mk (1 7T) H (1 2 2T
y=1
0 _3n0 5w
~mk2le— s = “yzw y(")
T
Fmi2(1 = Dyemno i o
9 3n
_ mk276_¥7‘§t‘“ —|—m/€2(1
T s
0 0 1
— —6_3w + (1 _ 7)6_4"‘}7-
T s nlogn

Since we consider the asymptotic coverage problem, which
means that the total number of cameras n approaches to

infinity. Then for any fixed w, we obtain that

liminf Pr_gtqtic(n, r(n)) > e _ Ze

n—00 s

Now we consider the case when w is a function of n with
w = lim,,_, o, w(n), which indicates that w(n) < w+4 for any
d > 0, for all n > Ns. Since Py_,.,(n,r(n)) is monotonously

decreasing in 74, and thus in w, we have

ot 0
lim inf Py syarie(n, 7(n)) = 240 - =

for all n > Nj.

From Proposition 1, we know that Py_gsqsic(n,r(n)) is
bounded away from zero. Combined with the definition of ESR

2(log n+log(logn)) -
— = 18
no

for static model, we know that R;,; >
necessary to achieve the full view coverage of M.

9) —2n9rémt

0 —3w

6_3(w+6),

Deriving its upper bound, we have

We use similar method in the necessary condition part to
calculate P(F; ;) as follows

:P(U Fi)
< (nlogn) H

"9(7"st,at)

€))

2¢y CyN
(10)

~ (nlogn)?e
1
=575 0,
(nlogn)2e*—2
for any ¢ > 1.
Then from Proposition 2 and the definition of critical ESR

for static model, we know that Rgq; > w is

sufficient to achieve the full view coverage of M.

C. Critical ESR for Full View Coverage of the Operational
Range

(6)

Until now we have already proved that Ry, >

Moeg(log")) is the critical condition to achieve full

view covgrage for dense grid M. Referring to LEMMA 3.1
in [2], as well as Theorem 1 in this paper and using similar
approach as THEOREM 4.1 in [2], the density of the dense grid
m = nlogn and the density of the orientation set k = nlogn
are sufficiently large to evaluate the full view coverage of the
whole area. Therefore, Theorem 2 follows.

IV. THE CRITICAL SENSING RANGE FOR MOBILE
CAMERA SENSOR NETWORKS

)

In this section, we investigate full view coverage problem
for camera sensor networks under uniform deployment under
three different mobile patterns, namely, 2-dimensional random
walk mobility model, 1-dimensional random walk mobility
model and random rotating mobility model.
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time 0 time T

Fig. 3. Full view coverage of CSNs under 2-dimensional random walk: the
left figure depicts the initial network configuration at time O and the right
illustrates the effect of sensor mobility during time interval [0, T). The solid
disks constitute the area being covered at the given time instant, and the union
of the region inside the dotted line and the solid disks represents the area being
covered during the time interval

A. Critical ESR Under 2-Dimensional Random Walk Mobility
Model

We investigate full view coverage in one time slot under
2-Dimensional Random Walk Mobility Model, and Figure 3
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.

Theorem 3. Under the uniform deployment with 2-
dimensional random walk mobility model, the critical ESR
for mobile heterogenous CSNs to achieve asymptotic full view
coverage is

log n+loglogn . T

R2 . (Tl) — 2nTy sin 0 lf0 < 2
T log n+loglog n lf 9>
2nTv = 2

We will mainly focus on the condition that < 7, and it
is similar when 6 > 7.

1) Failure Probability of an Orientation in K : 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 IP; ; s to represent that
O; of point P; is #-viewed covered by sensor S in group G,,.
Then we obtain

P;js, = ((0 + a)ri(n) + 211T7'y(n)sin0)§—y,
s

(1)
where arZ(n) represents the additional area due to rotation.

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

2) Necessary ESR for Full View Coverage of the Dense
Grid: Here, we use ‘H"™ 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.

Proposition 3. In the mobile heterogeneous CSN with 2-
dimensional random walk mobility model, if 19.,., =
log ";Sﬁic;gl:;— £0) 4nd the density of the dense grid ML is m =
nlogn, the density of the orientation set K is k = nlogn, then

liminf P, (H7) > e % — 0 et

n—o00 m

where £ = lim,, o £(n).

proof: Similarly to the proof of Proposition 1, we first study
the case where ro ., = c8ntlosloants ryp g fiy ¢

2nTv sin 0
P, (HT) > Z Z P.({O; of P; is uncovered})
P,eM O]’G]K
O;#0n

— Z Z P.({O; and O}, of P; are uncovered).
P,eM Oj ,Op€eK
(12)
We could bound the first and second terms of R.H.S of Eq.
(12), and derive that

77 6
liminf P, (H7) > e 2 — —e=%,
7r

n—oo

(13)

Taking into account that ¢ is a function of n, the conclusion
still holds.

According to Proposition 3, we know that Rg .. >
log ”J;fj%i‘;gi:; €M) is necessary to achieve the full view cov-
erage of M.

3) Sufficient ESR for Full View Coverage of the Dense Grid:

First, we obtain the following proposition.

Proposition 4. In CSN, if n sensors are randomly and uni-
formly deployed in an unit square, and 72 ;.. = CR2 4. (1)
where ¢ > 1, then

lim inf P, (H,) = 0.

n— oo

(14)

proof: Using similar approach as Proposition 2, we can
proof this proposition.

From Proposition 4 and the definition of critical ESR for
2-dimensional random walk mobility model, we know that
Ro oy > o8 n;&%}fﬁ:g €0 s sufficient to achieve the full
view coverage of M.

4) Critical ESR for Full View Coverage of the Operational
Range: Similar to the analysis in the static model, Theorem
3 follows.

B. Critical ESR Under 1-Dimensional Random Walk Mobility
Model

1) Failure Probability of an Orientation in K : Similarly,
let F; ; denote the event that orientation O; of point F; is not
6-viewed covered during the time slot 7, and P(F; ;) denote
the corresponding probability. We use IP; ; s to represent that
O; of point P; is f-viewed covered by sensor S in group G,,.

From Wang in [21], we know that for 1-dimensional random
walk mobility model, the probability that S falls in the
circle around of P;, with radius r, is P; g = %ry. Clearly
P(S falls in cirle around P;) = P; s. Then we obtain

IP; 5.5, = IP(S falls in T;) x P(S has proper orientation)

20
= IP(S falls in the cirle around P;) X — X Py
2r 2w
_ 9¢yp_ _ 20¢,ry(n)
2r2 9 3n2
15)

Then, P(F; ;) can be easily calculated.
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Fig. 4. Full view coverage of CSNs under random rotating walk: the left
figure depicts the initial network configuration at the beginning of one time
slot, and the right figure illustrates the effect of sensor mobility in this time
slot. The solid disks constitute the area being covered at the given time instant,
and the union of the region inside the dotted line and the solid disks represents
the area being covered in this slot.

2) Critical ESR for Full View Coverage of the Operational
Range: Similar to the analysis in the static model, we can
reach the following theorem.

Theorem 4. Under the uniform deployment with 1I-
dimensional random walk mobility model, the critical ESR
for mobile heterogenous CSNs to achieve asymptotic full view

; 3m(l log 1
coverage is Ry ;.. (n) = W.

C. Critical ESR Under Random Rotating Mobility Model

We investigate the situation in one time slot under the
random rotating mobility pattern. Figure 4 illustrates the effect
of random rotating mobility of the sensor on area coverage.
We still first analyze the full view coverage for dense grid M,
and then expand it to the whole area.

1) Failure Probability of an Orientation in K : Similarly,
Fi,; denotes the event that orientation O; of point P; is
not f-viewed covered, and P(F; ;) denotes the corresponding
probability. P; ; 5 is the same as that under 2-dimensional
random walk mobility model.

Then we can obtain

PP; j,s, = P(S falls in T);) x IP(S has proper orientation)

:7T7"2

(1) X o % P(S has proper orientation)

™
(16)

The sensor has proper orientation means that the supposed
viewed direction ﬁ locates in the sensing region of the
sensor. We will first calculate the probability 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 2m. Still,
the sensor can rotate clockwise or counterclockwise, and the
results are the same.

As shown in Figure 5, we set orientation ﬁ as angle 0.
When the bisector of the sensor initially locates in the sectorial
area between P;S and P,S, it can surely have a proper
orientation. Otherwise when it moves counterclockwise, the

Fig. 5. The figure on the left shows the sensor locates in T); and the supposed
viewed direction, a nd on the right illustrates the rotating process of the sensor.

bisector should go through ﬁ and when clockwise, the

bisector should come cross P».S, which can be formulated as
G7H<%
G+H>2m—%

if S moves counterclockwise,
. ) (17)
if S moves clockwise.

When the sensor moves clockwise, we obtain

M$:%+O—%W@+H>%f%)

9 1 ¢
- pea- G+

1 ¢, 5
-3 (ie2- )

When the sensor moves counterclockwise, similarly,

1 ) 2
i A
2 + T 4r?

(18)

P(S) =

Then we have
P; s, = 71y )2 X —26 x P(9)
’LJ:Sy Ty n 277

Or2(n) o @2
_ Yy Ty Yy
T2 (1+ T 4?2

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

2) Critical ESR for Full View Coverage of the Operational
Range: Similar to the analysis in the static model, we can
reach the following theorem.

19)
).

Theorem 5. Under the uniform deployment with random
rotating mobility model, the critical ESR for mobile het-
erogenous CSNs to achieve asymptotic full view coverage is

Ry (n) = |/ 2cantlogllogm))

V. PERFORMANCE EVALUATION
A. Numerical Analysis

In this part, we analyze the numerical results to validate the
theoretical results and study the relationship between ESR and
the percentage of full view coverage.

Figure 6 and 7 show the result of the percentage of full
view coverage under different ESR. We use z-axis to denote
the percentage of full view coverage and y-axis to denote the
ESR. The results shown here are for n = 625 and n = 10000.
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Fig. 7. Relationship between equivalent sensing range R(n) and percentage
of full view coverage, when sensor density n = 10000

In both cases, the ESR needed for full view coverage increases
as the required probability increases, although the ESR for n =
10000 is much lower than the ESR for n = 625. According to
the formulation derive in Section III, we calculate the critical
ESR for full view coverage when 6 = 7/6,7/4,7/3 (or 30,
45, 60 in degree) respectively, and use dotted lines to indicate
the critical ESR on Figure 6 and 7. It is clear that the network
is able to achieve full view coverage with probability one when
ESR is larger than the critical ESR, which verified our result
of critical condition.

Moreover, from Figure 6 and 7, we can see that although
the ESR needed to achieve full view coverage for the whole
area may be high, the ESR needed for a high percentage (but
not 100%) of full view coverage is much lower. For example,
given § = 7/3 and sensor density n = 10000, 90% of the
field is full view covered when ESR r(n) = 0.015, which is
only around half of the required critical ESR to achieve 100%
full view coverage with ESR r(n) = 0.0296. So our results
can help the engineers to design the CSN according to certain
engineering requirements by balancing coverage performance
and ESR.

B. Impact of Mobility on Sensing Energy Consumption

We consider the impact of mobility here. Sensors are
considered to have critical ESR, with radius r, = r;,7 =
stat,2.r.w., L.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 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 covers to represent
the sensing energy consumption of it. Taking static model as
a baseline, we have the following results

logn +loglogn, —

EQ.r.w. = El.r.w. = 9( ) X Estat;

n
ETAT. = Estata

which indicates that compared with static model, both the 2-
dimensional random walk mobility model and 1-dimensional
random walk mobility model can decrease the energy con-
sumption 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 consump-
tion is the same as when sensors are stationary, but it still
causes a delay upper bounded by ©(1), due to the division of
the time slots. Furthermore, this results in much more energy
consumption for movement. Thus, the movements like random
rotating should be avoided for full view coverage.

C. Impact of Parameter n and 0

Here we analyze the influence of n and 6 on the critical
equivalent sensing range denoted by R(n). For Figure 8, when
n is fixed, R(n) becomes larger, as 6 decreases for all the static
and mobility patterns we have discussed. So we need sensors
of larger sensing range when a better view of object’s face is
required. It is obvious since larger sensing region render more
sensors to cover a certain object, thus having more chance to
catch its frontal image. When it is large enough (like n=4000,
5000 in Figure 8 as an example), n ail not further influence the
network performance. This fact corresponds 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 shown in Figure 8, changing n
will lead to greater change of R(n) for smaller effective angle
0, but n will has little influence on R(n) when 6 goes to .
We can analyze Figure 9 similarly.

VI. CONCLUSION

Coverage property of camera sensor networks is a funda-
mental issue, among which full view coverage draws lots of
attention due to its emphasis on capturing the objects’ face.
In this paper, we study the static and mobile models for
Camera Sensor Networks. We mainly focus on heterogeneous
camera network and define a parameter named Equivalent
Sensing Range to model it. Furthermore, we derive the critical
sensing range for full view coverage under static model,

977



IEEE INFOCOM 2014 - IEEE Conference on Computer Communications

0.12 T T T T T T T T

T

—&—n=1000
n=2000
n=3000
h —#— n=4000

01} —8—n=5000 ]

008 | 1
0.06- .

0.04 4

Required Critical Equivalent Sensing Range R(n)

0.02-

i kil i # i
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Effective Angel 6 x

Fig. 8. Relationship between critical ESR R(n) and 6, when n changes
accordingly under 1-dimensional random walk mobility model

01— T T T T T T T

\ —o—8=n/5
\ 0=215
009 =35
—¥— 0=47/5
—=—o0-n

o

S

2
T

0.07 \ 8

o

=

3
T
I

004 K 1

Required Critical Equivalent Sensing Range R(n)
2
2
T
i

I I I ! i i i
0 500 1000 1500 2000 2500 3000 3500 4000
Total Number of Sensors n

Fig. 9. Relationship between critical ESR R(n) and n, when 6 changes
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2-dimensional random walk mobility model, 1-dimensional
random walk mobility model and random rotating model.
These formulations not only provide an asymptotic description
of the critical power needed to maintain the full view coverage,
but also help to identify the impact of mobility on the network.
Our results offer some valuable insights for the analysis and
design of camera sensor networks, especially for high quality
service. There are some interesting topics for future work.
First, we would like to investigate the situation when sensors
can cooperate with each other, and exchange their orientation
and location information. Besides it’s interesting to consider
that there are obstacles in CSNss.

VII. ACKNOWLEDGE

This work is supported by NSF China (No. 61325012,
61271219, 61221001, 61102052); Shanghai Basic Research
Key Project (No. 13510711300, 12JC1405200, 11JC1405100);
China Ministry of Education New Century Excellent Talent
(No. NCET-10-0580); National Key Project of China (No.
20127X03001009); Doctoral Fund of Ministry of Education
of China (No. 13005160); SEU SKL project (No. 2012D13).

REFERENCES

[1] I. F. Akyildiz, T. Melodia, and K. R. Chowdhury, “A survey on wireless
multimedia sensor networks,” in Comput. Netw., 51(4): 921-960, 2007.

[2] S. Kumar, T. H. Lai and J. Balogh, “On k-coverage in a mostly
sleeping sensor networks,” in Proc. of ACM MobiCom 2004, Philadelphia,
Pennsylvania, USA, Sept., 2004.

[3] S. Shakkottai, R. Srikant, and N. Shroff, “Unreliable Sensor Grids:
Coverage, Connectivity and Diameter,” in Proc. of IEEE INFOCOM 2003,
San Francisco, USA, Mar., 2003.

[4] A. Chen, S. Kumar, and T. H. Lai, “Designing localized algorithms
for barrier coverage,” in Proc. of ACM MobiCom 2007, Montreal, QC,
Canada, Sept., 2007.

[5] A. Saipulla, C. Westphal, B. Liu, and J. Wang, “Barrier coverage of line-
based deployed wireless sensor networks,” in Proc. of IEEE INFOCOM
2009, Rio de Janeiro, Brazil, Apr., 2009.

[6] B. Liu, O. Dousse, J. Wang, A. Saipulla, “Strong barrier coverage of
wireless sensor networks,” in Proc. of ACM MobiHoc 2008, Hong Kong
SAR, China, May, 2008.

[7] X. Bai, Z. Yun, D. Xuan, B. Chen and W. Zhao, “Optimal multiple-
coverage of sensor networks,” in Proc. of IEEE INFOCOM 2011, Shang-
hai, China, April, 2011.

[8] 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. of ACM MobiHoc 2008, Hong Kong SAR,
China, May, 2008.

[9] X. Bai, S. Kumar, D. Xuan, Z. Yun, and T. H. Lai, “Deploying wireless
sensors to achieve both coverage and connectivity,” in Proc. of ACM
MobiHoc 2006, Florence, Italy, May, 2006.

[10] Y. Wang and G. Cao, “On full-view coverage in camera sensor net-
works,” in Proc. of IEEE INFOCOM 2011, Shanghai, China, April, 2011.

[11] V. Blanz, P. Grother, P. J. Phillips and T. Vetter, “Face recognition
based on frontal views generated from non-frontal images,” in Proc.
of IEEE Computer Society Conference on Computer Vision and Pattern
Recognition (CVPR 05), San Diego, USA, June, 2005.

[12] Y. Wu, and X. Wang, “Achieving Full View Coverage with Randomly-
Deployed Heterogeneous Camera Sensors,” in Proc. of IEEE ICDCS
2012, Macau, China, June, 2012.

[13] Y. Wang and G. Cao, “Barrier coverage in camera sensor networks,” in
Proc. of ACM MobiHoc 2011, Paris, France, May, 2011.

[14] H. Ma, M. Yang, D. Li, Y. Hong, and W. Chen, “Minimum camera
barrier coverage in wireless camera sensor networks,” in Proc. of IEEE
INFOCOM 2012, Orando, Florida, USA, March, 2012.

[15] L. Sun, W. Wang, “Understanding the tempo-spatial limits of informa-
tion dissemination in multi-channel Cognitive Radio Networks,” in Proc.
of IEEE INFOCOM 2012, Orando, Florida, USA, March, 2012.

[16] B. Liu, P. Brass, O. Dousse, P. Nain and D. Towsley, “Mobility
improves coverage of sensor networks,” in Proc. of ACM MobiHoc 2005,
UrbanaChampaign, Illinois, USA, May, 2005.

[17] A. Saipulla, B. Liu, G. Xing, X. Fu, J. Wang, “Barrier coverage with
sensors of limited mobility,” in Proc. ACM MobiHoc 2010, Chicago,
Illinois, USA, Sept., 2010.

[18] W. Cheng, M. Li, K. Liu, Y. Liu, X. Li, X. Liao, “Sweep coverage with
mobile sensors”, in Parallel and Distributed Processing, 2008. IPDPS
2008. IEEE International Symposium on, pp. 1-9. IEEE, 2008.

[19] M. Grossglauser, and D. Tse, “Mobility Increases the Capacity of Ad
Hoc Wireless Networks,” in IEEE/ACM Transactions on Networking, vol.
10, no. 4, pp. 477-486, August 2002.

[20] S. Capkun, J. Hubaux and L. Buttyan, “Mobility Helps Security in Ad
Hoc Networks,” in Proc. ACM MobiHoc 2003, Annapolis, MD, USA,
June, 2003.

[21] X. Wang, X. Wang and J. Zhao, “Impact of mobility and heterogeneity
on coverage and energy consumption in wireless sensor networks,” in
Proc. of IEEE ICDCS 2011, Minneapolis, USA, June, 2011.

[22] H. M. Ammari, and J. Giudici. “On the connected k-coverage problem in
heterogeneous sensor nets: The curse of randomness and heterogeneity.”
in Proc. of IEEE ICDCS 2009, Montreal, Quebec, Canada, June, 2009.

[23] M. Cardei, and H. Gupta, “Selection and orientation of directional
sensors for coverage maximization,” in Proc. of IEEE SECON 2009,
Rome, Italy, June, 2009.

[24] Y. Wang, and G. Cao, “Minimizing service delay in directional sensor
networks,” in  Proc. of IEEE INFOCOM 2011, Shanghai, China, April,
2011.

978



