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Application of Insensitivity Analysis of Coverage Processes to
Wireless Sensor Networks

Hiroshi SAITO†a), Fellow, Shigeo SHIODA††, Member, and Junko HARADA††, Nonmember

SUMMARY Randomly distributed wireless sensors used to monitor
and detect a moving object were investigated, and performance measures
such as the expected time/space detection ratio were theoretically analyzed.
In particular, the insensitivities (robustness) of the performance measures to
the conditions of the distributed wireless sensors and the target object were
analyzed. Robust explicit equations for these performance measures were
derived, and these equations can be used to calculate them without knowing
the sensing area shape or the target object trajectory. These equations were
applied to the following two applications. (1) They were used to estimate
the impact of active/sleeping state schedule algorithms of sensors on the
expected ratio of the time that the sensors detect the target object during its
movement. The results were used to identify the active state schedule that
increases the expected time ratio. (2) They were also applied to a sensor
density design method that uses a test object. This method can be used to
ensure that the expected time ratio that at least one sensor can detect the
target satisfies the target value without knowing the sensing area size or the
movement of the target object.
key words: sensor network, ubiquitous, coverage process, stochastic pro-
cess, insensitivities, performance measure

1. Introduction

Developments in electronics and micromechanics enable
the fabrication of small, low-cost, low-power, inside-battery
sensor nodes with advanced functions. Wireless sensor net-
works can be built that have sensor nodes capable of com-
munication through wireless links to sense and detect events
of interest [1]–[3]. As a result, these nodes can be dis-
tributed without careful determination of where the sensors
should be located.

Such a sensor network has many stochastic perfor-
mance problems that differ from those of conventional net-
works. We focused on the coverage-related problem. Cover-
age of a sensor network means how well the area of interest
is sensed by networked sensors and is directly related to the
probability of detecting a target object. Coverage is the most
fundamental performance measure of a sensor network.

Therefore, there have been many studies of the cover-
age process of sensor networks. Among them, the study of
sensor deployment algorithms to satisfy objectives related to
the coverage process is a technical field in which significant
efforts have been made [4]–[7].

Another important technical area relevant to coverage
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is the theoretical analysis and derivation of performance ob-
jectives related to the coverage process when sensors are
distributed stochastically. This technical area is directly re-
lated to this paper. 1) Formulas that evaluate probabilities
of k-coverage by sensors have been derived [8]. The sensors
had heterogeneous sensing areas and had a general prob-
abilistic distribution in an infinite or bounded plane. The
results are general and include extensions of results in other
papers. One result in particular on “insensitivity” was in-
cluded: the k-coverage probability depends on the size and
perimeter of the sensing areas and not on the shape of the
sensing area. 2) Probabilistic coverage has been discussed
[9] in which the expected probability that a moving object is
detected in a given observation interval and the average dis-
tance an object travels before it is detected are derived. 3)
Area coverage, node coverage, and detectability have been
discussed, mainly in a theoretical manner [10]. The sensors
were distributed in a Poisson process in an infinite plane or
in a plane bounded by two parallel lines. 4) Sensors were as-
sumed to be distributed in a nonstationary Poisson process
and the detection time ratio was analyzed [11]. 5) Three
performance measures were concretely and theoretically de-
rived [12]. The measures were evaluated numerically un-
der the assumption of the Poissonian distribution of sensors.
The conclusion was that sensor networks with a wide wire-
less communication range, such as the wide area ubiquitous
network [13], [14], are efficient. The results of the theoreti-
cal work mentioned above are more completely summarized
elsewhere [18].

We theoretically analyzed the coverage obtained with
distributed sensors and derived the insensitivities of the ex-
pected time/space ratio. The expected moment of the num-
ber of sensors detecting a target object under certain con-
ditions was determined. The conditions were a change in
the target object size and shape and the sensors being in the
sleeping state. The conditions were not considered in previ-
ous studies of coverage process analysis and its insensitivi-
ties.

The results of our analysis can be applied to applica-
tions completely different from those previously studied. (1)
The impact of the active/sleeping state schedule algorithms
of sensors on the expected ratio of the time that sensors de-
tect the target object was determined. An active state sched-
ule was identified that increases this ratio. (2) A sensor-
density design method, which uses a test object, was devel-
oped. This method can be used to judge whether the density
of sensors is appropriate for an unknown sensing area and
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unknown movement of the target object. We derived the ex-
plicit formula of the accuracy of this design method.

For improved readability, a list of the notation we use
here is included in the Appendix.

2. Basic Model

Sensors monitor the environment and detect events in their
sensing areas. Assume that a target object moves in an n-
dimensional space. The velocity of the target object is v(t)
at time t. Sensors are distributed to detect and monitor the
target object, where each sensor covers a sensing area. A
sensor detects the target object if and only if the object is in
the sensing area. (This model is called the Boolean sensing
model [10], [15]–[17] because when a target is sensed that
is clearly indicated.) Let us denote the sensing area size as
B, which is a random variable that takes a value in the set
of {B1, B2, · · ·} with probability {r1, r2, · · ·}. Let B̄ =

∑
i Biri

be the mean sensing area size. Assume that the sensing area
shape of each sensor is arbitrary.

Each sensor is in one of two activity states: active or
sleeping. During the active state, a sensor monitors the en-
vironment and detects objects, but during the sleeping state,
it cannot. Furthermore, each sensor belongs to a sleeping
group. All sensors in the same group are in the same state.
That is, they are all in the active state or sleeping state at the
same time. At time t, the i-th sleeping group is in the active
state with probability ai(t) or the sleeping state with proba-
bility 1 − ai(t), i = 1, 2, . . .. The transitions between states
of each group are correlated in this model (Fig. 1). There-
fore, a large variety of sleeping strategies is described by
this model.

Sensors in the i-th sleeping group are uniformly and
independently distributed. They are distributed according
to an n-dimensional Poisson process with intensity λi. The
sensing area size is assumed to be independent of the group.
Set λ(t) =

∑
i ai(t)λi. λ(t) is the mean active sensor density

Fig. 1 Activity states.

at t.
The assumptions stated above can be generalized. An

extended model is presented in Section 5. In it, the target
object has a size and an arbitrary shape. The Boolean model
presented here is theoretically identical to a more generic
model in which the sensing ability depends on the distance
between the sensor and the target [5], [20]. This is because
our model includes the probability of the sensing area size.
Furthermore, at least for the first statistical moment, such as
the mean number of sensors detecting the target object, we
can extend one assumption to another as follows. The as-
sumption that the sensors are distributed according to an n-
dimensional Poisson process can be extended to the assump-
tion that they are distributed according to a generic spatially
stationary process. Appendix shows the proof and simula-
tion results.

3. Probability that Target Point is Covered

To analyze the coverage process described in the following
sections, we derived the probability that a target object is
detected. (When a point is in the sensing area of at least
one sensor, the point is considered to be covered. We define
target point as the point at which the target object is located.
The event when a target object is detected at t is equivalent
to the event that the target point at t is covered.)

Let pm(t) be the probability that the target point at t is
covered by m active sensors. Denote x∗ as a point that we
would like to sense. Consider a sensor located at x0 and its
sensing area Ω(x0).

When point x∗ is covered by this sensor, there is x ∈
Ω(0) such that x∗ = x0 + x. Conversely, sensor location
point x0 must satisfy x0 = x∗ − x with x ∈ Ω(0) (Fig. 2).

Define Ω′(0) as a region that is symmetric to Ω(0) with
respect to origin 0. Then, with x′ ∈ Ω′(0), x0 = x∗ + x′.
This equation represents the condition under which the sen-
sor located at x∗ with sensing area Ω′(x∗) can sense point
x0.

The probability of the event that a sensor located at x0

with sensing area Ω(x0) can sense point x∗ is identical to
the probability of the event that a sensor located at x∗ with
sensing area Ω′(x∗) can sense point x0. In other words, the
following two events give the same probability. The first
event is that m distributed sensors with sensing area Ω(xi)
(i = 1, · · · ,m) cover a point x∗. The second event is that a
sensor located at x∗ with sensing area Ω′(x∗) covers m dis-
tributed target points. Hence, the probability that m sen-
sors distributed according to a Poisson process with mean
λ(t) and sensing area Ω can cover the target point at t is
exp(−λ(t)|Ω′|)(λ(t)|Ω′|)m/m!, where |Ω′| is the size of the
sensing area Ω′. (Note that |Ω′| is identical to the size of
Ω.)

Therefore, when the sensing area sizes are {B1, B2, · · ·}
with probability {r1, r2, · · ·}, the mean active sensor density
is λ(t) at t for m = 0, 1, · · ·,



SAITO et al.: APPLICATION OF INSENSITIVITY ANALYSIS OF COVERAGE PROCESSES TO WIRELESS SENSOR NETWORKS
3939

Fig. 2 Ω and Ω′.

pm(t) =
∑

i1+i2+···=m

Π j
(r jλ(t)Bj)i j

i j!
e−r jλ(t)Bj . (1)

Thus,

pm(t) =
(λ(t)B̄)m

m!
exp{−λ(t)B̄}. (2)

(Theorem 4.5 of Lazos and Poovendran [8] and the paper by
Liu and Towsley [20] give a result similar to that of the equa-
tion above although the assumptions are a slightly different.
For example, the sensing area can rotate in [8].)

This equation is valid under various assumptions such
as those for sensing area shapes and sleeping patterns, and
the results indicate strong insensitivities. Note that this
equation is independent of the target point.

4. Analysis for Basic Model

4.1 Expected Detection Time/Space Ratio (Basic Model)

The most fundamental performance measure of the cover-
age is the size of the time ratio that the target object can be
detected (covered). To derive this value, we first consider
the cumulative amount of time that sensors detect the target
object.

Define Cm(t) as the cumulative amount of time that m
active sensors detect the target object during (0, t] (Fig. 3),
and let L(t) be the location of the target object at t. The
increment in Cm at t, that is, Cm(t + dt) − Cm(t), is dt if m
sensors cover L(t) and 0 otherwise. Therefore,

E[Cm(t + dt) − Cm(t)] = pm(t)dt. (3)

The expected m-sensor-detection time ratio is given by

E[Cm(t)]/t =
∫ t

0
pm(u)du/t. (4)

This quantity does not depend on the shape of the trajectory,
the velocity of the target object, the sensing area distribu-
tion, or the sleeping patterns if the active sensor density λ(t)

Fig. 3 Cm(t) and Dm(t).

and the average sensing area size B̄ are fixed.
In addition, pm(t) is does not depend on the activity

state schedule or the probabilistic distribution of the ac-
tive/sleeping state length under the given λ(t), so the ex-
pected m-sensor-detection time ratio also does not depend
on them. However, if the time average

∫ t

0
λ(u)du/t of the

active sensor density is fixed, E[Cm(t)]/t can be different.
For example, the expected time ratio at which at least one
sensor detects the target is given by

∑
m≥1 E[Cm(t)]/t =

1 − ∫ t

0
exp{−λ(u)B̄}du/t. This quantity may vary for time

variant λ(t) even when
∫ t

0
λ(u)du/t is fixed.

Similarly, define Dm(t) as the cumulative trajectory
length that m active sensors detect the target object be-
tween L(0) and L(t) (Fig. 3). (Let the length of the trajec-
tory from L(0) to L(t) be Δ(L(0), L(t)), where Δ(L(0), L(t)) =∫ t

0
v(u)du.) The increment in Dm at t, that is, Dm(t + dt) −

Dm(t) is v(t)dt if m sensors cover L(t) and 0 otherwise.
Therefore,

E[Dm(t + dt) − Dm(t)] = pm(t)v(t)dt. (5)

The expected m-sensor-detection space ratio is given by

E[Dm(t)]/Δ(L(0), L(t)) =

∫ t

0
pm(u)v(u)du∫ t

0
v(u)du

. (6)

This ratio does not depend on the shape of the trajectory,
the sensing area distribution, or the sleeping patterns if the
active/sleeping state schedule, the active sensor density, and
the average sensing area size are fixed. However, if pm(t) is
large when the target object speed v(t) is large, this ratio is
large.

4.2 Expected Statistical Moment of the Number of Sen-
sors Detecting the Target (Basic Model)

Let N(t) be the number of sensors detecting the target object
at t. Define Km(t) as the cumulative number of (N(t))m dur-
ing [0, t], that is, Km(t) =

∫ t

0
(N(u))mdu. The expected m-th

moment of the number of sensors detecting the target object
is given by

E[Km(t)]/t =
∫ t

0
Q(m|u)du/t, (7)

where Q(m|t) = ∑∞k=0 km pk(t) because
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E[Km(t + dt) − Km(t)] =
∞∑

k=0

km pk(t)dt. (8)

This quantity E[Km(t)]/t is also independent of the shape
of the trajectory, the velocity of the target object, the sens-
ing area distribution, and the sleeping patterns if the active
sensor density and the average sensing area size are fixed.

5. Extended Model

In the discussions above, we assumed that the target object
is a point, that is, 0-dimensional. However, there are many
cases that this basic model cannot handle well. For example,
the target object may move and change in size in air or on a
water surface, like a tanker oil spill spreading on the surface
of the sea. We thus extended the basic model to a multiple
dimensional object model that can handle such cases.

Assume that a target object has size S (t) at t in an n-
dimensional space and that its shape and size change as it
moves. The time average of the size, S̄ (t), during [0, t) is
S̄ (t) =

∫ t

0
S (u)du/t. Otherwise, the extended model is the

same as the basic model.

6. Analysis for Extended Model

6.1 Expected Detection Time Ratio

Suppose that m sensors detect part of the target object. Let
Am(t) be the size of the part that m active sensors detect at t
(Fig. 4). That is,

Am(t) =
∫

x1,...,xn

I1(m; x1, . . . , xn, t)

×I2(t; x1, . . . , xn)dx1 · · · dxn. (9)

The function I1(m; x1, . . . , xn, t) takes a value of 1 if the point
(x1, . . . , xn) is covered by m active sensors at t and 0 other-
wise. The function I2(t; x1, . . . , xn) is takes a value of 1 if
(x1, . . . , xn) is a part of the target object at t and 0 otherwise.

Let Hm(t) be the cumulative value of Am(t), that is,
Hm(t) =

∫ t

0
Am(u)du. Then,

Hm(t) =
∫ t

0

∫
x1,...,xn

I1(m; x1, . . . , xn, u)

×I2(u; x1, . . . , xn)dx1 · · · dxndu. (10)

Assuming that the integral and expectation operators can be
exchanged,

Fig. 4 Am(t),Hm(t).

E[Hm(t)] =
∫ t

0

∫
x1,...,xn

pm(u)

×I2(u; x1, . . . , xn)dx1 · · · dxndu (11)

because that pm(t) is insensitive to the location of the sensing
point. Note that S (t) =

∫
x1,...,xn

I2(t; x1, . . . , xn) dx1 · · · dxn.
Then, the expected m-sensor detection time ratio per average
target object size is given by

E[Hm(t)]/(tS̄ (t)) =
∫ t

0
pm(u)S (u)du/(tS̄ (t)). (12)

This quantity does not depend on the shape of the target ob-
ject, the shape of the trajectory, the velocity of the target
object, the sensing area distribution, or the sleeping patterns
if the active sensor density, the target object size, and the
average sensing area size are fixed. However, this equation
suggests that the sleeping patterns (or the ratio of active sen-
sors) increase the expected m-sensor detection time ratio per
average target object size if pm(t) is large when the target
object size is large. Numerical examples are presented in
Section 7.

6.2 Expected Moment of the Number of Sensors Detecting
the Target

Let M(t; x1, . . . , xn) be the number of sensors detecting part
of the target object occupying point (x1, . . . , xn) at t. That is,
M(t; x1, . . . , xn) =

∑
k kI1(k; x1, . . . , xn, t) × I2(t; x1, . . . , xn).

Set Rm(t) =
∫

x1,...,xn

∫ t

0
(M(u; x1, . . . , xn))mdudx1 · · · dxn.

Then,

Rm(t) =
∫ t

0

∫
x1,...,xn

∞∑
k=0

kmI1(k; x1, . . . , xn, u)

×I2(u; x1, . . . , xn)dx1 · · · dxndu. (13)

As in the previous section, the expected m-th moment of
the number of sensors detecting part of the target object per
average target object size) is given by

E[Rm(t)]/(tS̄ (t)) =
∫ t

0
Q(m|u)S (u)du/(tS̄ (t)). (14)

Again, this quantity does not depend on the shape of
the target object, the shape of the trajectory, the velocity of
the target object, the sensing area distribution, or the sleep-
ing patterns if the active sensor density, the target object
size, and the average sensing area size are fixed. However,
this equation also suggests that the sleeping patterns (or the
ratio of active sensors) may increase the expected m-sensor
detection time ratio per average target object size.

Remark The expected m-th moment of the number of sen-
sors detecting part of the target object per average target ob-
ject size (E[Rm(t)]/(tS̄ (t))) differs from the intuitive mean-
ing of the m-th moment of the number of sensors detecting
the target object. This is because a sensor detecting part of
the target object at (x1, . . . , xn) is counted again if it detects
another part of the target object (point (y1, · · · , yn)).
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7. Application Examples

7.1 Detecting Expanding Target Object

There are many situations in which the target object ex-
pands, e.g., a tanker oil spill spreading on the surface of
the sea; gas escaping into the air; a group of infected ani-
mals in a herd. The extended model can handle such cases.
We used the results presented in the previous section to de-
rive an active/sleeping schedule that increases the normal-
ized expected time ratio that at least one sensor detects the
target (

∑
m≥1 E[Hm(t)]/(tS̄ (t))).

We assumed two models of an expanding target object.
One is a linear growth model that assumes size S (t) = S (0)∗
(1 + α1t); the other is a t-square growth model that assumes
S (t) = S (0) ∗ (1 + (α2t)2). We also assumed the following
activity state. There is a single sleeping group (the sleeping
group is considered unnecessary). Three patterns of proba-
bility a1(t) of being in the active state are used to compare
the expected detection time ratio: (i) a1(t) is constant (con-
sequently, λ(t) = β1), (ii) a1(t) is linearly increasing (conse-
quently, λ(t) = λ(0) ∗ (1 + β2t)), and (iii) a1(t) is a t-square
increasing function (consequently, λ(t) = λ(0) ∗ (1+ (β3t)2).

We applied Eq. (12) to
∑

m≥1 E[Hm(t)]/(tS̄ (t)) = 1 −
E[H0(t)]/(tS̄ (t)) and obtained

∑
m≥1 E[Hm(t)] /(tS̄ (t)) = 1 −∫ t

0
p0(u)S (u)du/(tS̄ (t))). The results for the linear growth

model and t-square growth model are shown in Figs. 5 and
6, respectively. In these figures, β1 = 1, α1 = 0.8, and
α2 = 0.2. The other parameters were determined under the
following condition: the time average

∫ t

0
λ(u)du/t of the ac-

tive sensor density for the three patterns was set equal at
t = 20. We compared

∑
m≥1 E[Hm(t)]/(tS̄ (t)) (t = 20), which

is the expected time ratio that at least one sensor detects the
target object. As shown in Figs. 5 and 6, when the the target
object expands in accordance with a linear (t-square) func-
tion, the pattern in which the active sensor density (equiva-
lently, the probability of the active state of sensors) increases
as a linear (t-square) function gives a higher expected detec-
tion time ratio. This means that, if we know the growth
trend (e.g., linear growth), we can increase the normalized
expected time ratio that at least one sensor detects a target
object by applying the same trend to the active state proba-
bility.

Fig. 5 Expected detection time ratio for linearly expanding target object.

7.2 Sensor Density Design

Equations (2) and (4) suggest that we can determine the
active sensor density λ(t) that satisfies the expected sensor
detection time ratio objective by simply determining λ(t)B̄.
For example, if we want the expected time ratio at which
at least one sensor can detect the target,

∑∞
i=1 E[Ci(t)]/t,

to be larger than 0.7 for any t, we simply need to set∫ t

0
exp(−λ(u)B̄)du ≤ 0.3t for any t. Therefore, if B̄ is given,

sensor density λ(t) can be set to satisfy the objective before
distributing the sensors.

Unfortunately, the average sensor area size, B̄, is likely
to depend on the environment, and predicting the sensing
area precisely in advance is difficult. Hence, sensor density
λ(t) may not be determinable even if the target value of λ(t)B̄
is determined.

We thus developed a method to determine whether an
additional sensor distribution is needed on the basis of the
measured time duration in which sensors detect the target.
After the sensors are distributed, a test target is moved along
an arbitrary trajectory (typically a line for simplicity) at a
constant velocity v during t, and each sensor reports the
length of time that it detects the target. Sensor density λ(t) is
judged to be appropriate or not on the basis of the reported
results and the algorithm given below. This method works
because Eqs. (7) and (2) in the algorithm are valid for the
target object and for the test target object even when the tra-
jectory of the target object is unknown.

The algorithm is as follows. Let li be the length of
the detection time reported by sensor-i at t. Note that
K1(t) =

∑
i li, and, from Eq. (7) and Eq. (2), E[K1(t)]/t =∫ t

0
λ(u)B̄du/t. Therefore, we can estimate

∫ t

0
λ(u)duB̄/t by

using
∑

i li/t. (Equivalently, B̄ can be estimated using the es-
timator B̂ ≡ ∑i li/

∫ t

0
λ(u)du.) That is, the judgment whether

the expected time ratio at which at least one sensor can de-
tect an object,

∑∞
i=1 E[Ci(t)]/t = 1 − ∫ t

0
exp(−λ(u)B̄)du/t,

satisfies a performance target value can be made without
using B̄: B̄ is replaced with B̂ in the performance mea-
sure, 1−∫ t

0
exp(−λ(u)

∑
i li/
∫ t

0
λ(s)ds)du/t is evaluated, and

whether that value is larger than the objective value is deter-
mined.

Fig. 6 Expected detection time ratio for target object with t-square
growth.
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Fig. 7 Area in which sensors detecting test target are located.

The measurement described above is much easier than
the measurement of individual sensor area sizes. However,
the accuracy of the estimate may be poor. We thus analyzed
the accuracy under four assumptions: the test target moves
along a line with length L̄ at constant velocity v in a two-
dimensional space; the sensors are distributed according to
a Poisson process; the sensor area is a disk with constant ra-
dius r; r 
 L̄; and, for simplicity, λ(t) ≡ λ is time-invariant.

Let’s first consider the total number NT of sensors de-
tecting the test target. Since r 
 L̄ (Fig. 7),

Pr(NT = k) =
(2rL̄λ)k

k!
e−2rL̄λ. (15)

Next, consider the distribution of the length of the de-
tection time. Note that detection time length liv (normalized
by the velocity) of sensor-i is equivalent to the length of the
part of the trajectory covered by sensor-i. This part is called
a “segment” [18]. When r 
 L̄, the probability that the
segment includes an end point of the line L̄ is negligible.
Therefore,

Pr(liv ≤ x) =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
0, for x < 0

1 −
√

r2−(x/2)2

r , for 0 ≤ x ≤ 2r
1, for x > 2r

(16)

and E[li] = πr2v , E[l2i ] = 8r2

3v2 . Consequently,

E

⎡⎢⎢⎢⎢⎢⎢⎣
NT∑
i=1

li

⎤⎥⎥⎥⎥⎥⎥⎦ = r2L̄λπ/v (17)

and

var

⎡⎢⎢⎢⎢⎢⎢⎣
NT∑
i=1

li

⎤⎥⎥⎥⎥⎥⎥⎦ = (32 − 3π2)r3L̄λ
6v2

. (18)

Given the assumption of a constant velocity, t = L̄/v. Thus,
the variation in estimating

∫ t

0
λ(u)duB̄/t using

∑NT

i=1 li/t can
be expressed as

var

⎡⎢⎢⎢⎢⎢⎢⎣
NT∑
i=1

li/t

⎤⎥⎥⎥⎥⎥⎥⎦ = (32 − 3π2)r3λ

6L̄
. (19)

The right-hand side of this equation is inversely proportional
to L̄. Obviously, the variation in the estimation is reduced by
half if test trajectory length L̄ is doubled.

8. Conclusion

Performance measures such as the expected detection
time/space ratio are insensitive to many parameters such as

the shape of the trajectory, velocity of the target object, sens-
ing area shape, target object shape, and probabilistic distri-
bution of the sensor active/sleeping state length. Therefore,
simple formulas presented in this paper derived under sim-
ple assumptions are robust and valid in many applications.

We have investigated the impact of the time-variant
probabilities of sensors becoming active on the expected de-
tection time ratio when the target object expands. We also
developed a method for designing the sensor density. It uses
a test object and estimates the average sensor area to deter-
mine whether the sensor density satisfies the target detection
time ratio. It works because the expected detection time ra-
tio does not depend on the trajectory.

The results of our analysis show that the shape and size
of the target object can be estimated even when the locations
of the sensors are unknown [19].

References

[1] G.J. Pottie and W.J. Kaiser, “Wireless integrated network sensors,”
Commun. ACM, vol.43, no.5, pp.51–58, May 2000.

[2] I.F. Akyildiz, W. Su, Y. Sankarasubramaniam, and E. Cayirci, “A
survey on sensor networks,” IEEE Commun. Mag., vol.40, no.8,
pp.102–114, 2002.

[3] B.W. Cook, S. Lanzisera, and K.S.J. Pister, “SoC issues for RF smart
dust,” Proc. IEEE, vol.94, no.6, pp.1177–1196, June 2006.

[4] S. Kumar, T.H. Lai, and A. Arora, “Barrier coverage with wireless
sensors,” MobiCom’05, pp.284–298, Cologne, 2005.

[5] S. Meguerdichian, F. Koushanfar, G. Qu, and M. Potkonjak, “Ex-
posure in wireless ad-hoc sensor networks,” MobiCom’01, pp.139–
150, Rome, 2001.

[6] S. Meguerdichian, F. Koushanfar, M. Potkonjak, and M.B.
Srivastava, “Coverage problems in wireless ad-hoc sensor net-
works,” Proc. IEEE INFOCOM, 2001.

[7] T. Clouqueur, V. Phipatanasuphorn, P. Ramanathan, and K.K. Saluja,
“Sensor deployment strategy for target detection,” First ACM Inter-
national Workshop on Wireless Sensor Networks and Applications,
2002.

[8] L. Lazos and R. Poovendran, “Stochastic coverage in heteroge-
neous sensor networks,” ACM Trans. Sensor Networks, vol.2, no.3,
pp.325–358, 2006.

[9] S. Ren, Q. Li, H. Wang, X. Chen, and X. Zhang, “A study on
object tracking quality under probabilistic coverage in sensor net-
works,” Mobile Computing and Communications Review, vol.9,
no.1, pp.73–76, 2005.

[10] B. Liu and D. Towsley, “A study on the coverage of large-scale sen-
sor networks,” First IEEE International Conference on Mobile Ad-
hoc and Sensor Systems, 2004.

[11] P. Manohar, S.S. Ram, and D. Manjunath, “On the path coverage by
a non homogeneous sensor field,” Proc. IEEE Globecom, 2006.

[12] J. Harada, S. Shioda, and H. Saito, “Path coverage property of ran-
domly deployed sensor networks with finite range communications,”
ICC2008, 2008.

[13] H. Saito, M. Umehira, and M. Morikura, “Considerations of
global ubiquitous network infrastructure,” IEICE Trans. Commun.
(Japanese Edition), vol.J88-B, no.11, pp.2128–2136, Nov. 2005.

[14] H. Saito and K. Takasugi, “Recent developments in wide area ubiq-
uitous network research,” IEEE ISADS, 2007.

[15] D. Tian and N. Georganas, “A coverage-preserving node scheduling
scheme for large wireless sensor networks,” First ACM International
Workshop on Wireless Sensor Networks and Applications, pp.32–
41, 2002.

[16] F. Ye, G. Zhong, S. Lu, and L. Zhang, “Peas: A robust energy
conserving protocol for long-lived sensor networks,” Proc. IEEE



SAITO et al.: APPLICATION OF INSENSITIVITY ANALYSIS OF COVERAGE PROCESSES TO WIRELESS SENSOR NETWORKS
3943

ICDCS, 2003.
[17] S. Shakkottai, R. Srikant, and N. Shroff, “Unreliable sensor grids:

Coverage, connectivity and diameter,” Proc. IEEE INFOCOM,
2003.

[18] P. Hall, Introduction to the Theory of Coverage Processes, John Wi-
ley & Sons, 1988.

[19] H. Saito, S. Shioda, and J. Harada, “Shape and size estimation using
stochastically deployed networked sensors,” IEEE SMC2008, Sin-
gapore, Oct. 2008.

[20] B. Liu and D. Towsley, “A study of the coverage of large-scale sensor
networks,” IEEE International Conference on Mobile Ad-hoc and
Sensor Systems, 2004.

Appendix A: Generalization of Assumptions

A.1 Proof

Consider the time-invariant shape and size of the target ob-
ject for simplicity. Let N(ω) be the number of sensors in set
ω in the space. Assume that the sensors are placed accord-
ing to a stationary spatial process with intensity λ. Due to
this stationarity assumption, for any set ω and any vector a
in the space, Pr(N(ω) = k) = Pr(N(ω+a) = k), whereω+a is
defined as the setω′ = {x′|x′ = x+a, x ∈ ω} and k = 0, 1, · · ·.
Therefore, for a neighbor δ(x) of x and any translation
δ(x+a), the number of sensors N(δ(x)) in δ(x) and N(δ(x+a))
in δ(x + a) satisfy E[N(δ(x))] = E[N(δ(x + a))]. Conse-
quently, E[N(δ(x))]/|δ(x)| becomes independent of x, where
|δ(x)| denote the size of δ(x). Note that there is an inten-
sity λ ≡ lim|δ(x)|→0 E[N(δ(x))]/|δ(x)| for a stationary point
process for any x = (x1, · · · , xn).

Let N(x∗) be the number of sensors that cover x∗. Thus,
according to Section 3, for an arbitrary point x∗,

E[N(x∗)] = lim
δ→0

∫
x∈Ω′(x∗)

E[N(δ(x))]
|δ(x)| dx1 · · · dxn.

(A· 1)

Because of the stationarity,

E[N(x∗)] = λB̄. (A· 2)

On the other hand,

K1(t + dt) − K1(t)

=

∫
x

N(x) × 1(L(t) = x)dx1 · · · dxn, (A· 3)

where 1(L(t) = x) becomes 1 if the target object is at x at t
and 0 otherwise. Then,

E[K1(t)]

=

∫ t

u=0

∫
x

E[N(x)] × 1(L(u) = x)dx1 · · · dxndu

= λB̄t. (A· 4)

This equation is identical to Eq. (7) with m = 1.

Fig. A· 1 Cumulative sum of number of detecting sensors (stationary
process).

A.2 Simulation

To confirm the validity of Eq. (A· 4) (or Eq. (7) with m = 1)
for cases in which sensors are placed in a general station-
ary process, we conducted a simulation. In this simulation,
sensors are positioned in the following two steps. First, sen-
sor group core points are distributed according to a Poisson
process with mean λc = 0.0005. Second, sensors are dis-
tributed within a disk with constant radius rc around each
sensor group core point in a Poisson process with mean
λs. The mean density λ of the sensors is fixed at 0.01, and
λ = λcπr2

cλs. The simulation was performed for the target
object (basic model) under the conditions that (i) the sensing
area is a 2-dimensional disk with a constant radius r = 1, (ii)
the object moves straight with a velocity of 1 unit of length
per second, and (iii) the sensors monitor every 1 second and
the total sensing and simulation period length is 300 sec-
onds.

In the Fig. A· 1, values of K1(t) are observed for various
stationary processes, and those values are all about λB̄t =
λπr2ts. That is, Eq. (A· 4) (or Eq. (7) with m = 1) and its
applications are feasible for any stationary spatial process
rather than a Poisson process.

Appendix B: Notation

• n: number of spatial dimensions considered
• v(t): velocity of target object
• B: sensing-area size taking a value in set {B1, B2, · · ·}

with probability {r1, r2, · · ·}
• B̄: mean sensing-area size
• ai(t): probability that i-th sleeping group is in active

state at t
• λi: density at which sensors of i-th sleeping group are

distributed
• λ(t): mean active-sensor density at t
• pm(t): probability that target point at t is covered by m

active sensors
• Ω: sensing area
• Cm(t): cumulative amount of time that m active sensors
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detect target object during [0, t)
• L(t): location of target object at t
• Dm(t): cumulative trajectory length for which m active

sensors detect target object between L(0) and L(t)
• N(t): number of sensors detecting target object at t
• Km(t): Km(t) ≡ ∫ t

0
(N(u))mdu

• Q(m|t): Q(m|t) ≡ ∑∞k=0 km pk(t)
• S (t): target object size at t
• S̄ (t): S̄ (t) ≡ ∫ t

0
S (u)du/t

• Am(t): size of part that m active sensors detect at t
• Hm(t): Hm(t) ≡ ∫ t

0
Am(u)du

• I1(m; x1, . . . , xn, t): function that takes value 1 if point
(x1, . . . , xn) is covered by m active sensors at t and 0
otherwise
• I2(t; x1, . . . , xn): function that takes value 1 if part of

target object occupies point (x1, . . . , xn) at t and 0 oth-
erwise
• M(t; x1, . . . , xn): number of sensors detecting part of

target object occupying (x1, . . . , xn) at t
• Rm(t): Rm(t) ≡ ∫

x1,...,xn

∫ t

0
(M(u; x1, . . . , xn))m dudx1 · · ·

dxn

• α1, α2: parameters of model of target object expansion
in numerical examples
• β1, β2, β3: parameters of time variant sleeping patterns

in numerical examples
• li: length of detecting time reported by sensor-i
• B̂: estimator of B̄; B̂ ≡ ∑i li/

∫ t

0
λ(u)du.

• L̄: length of test trajectory
• r: radius of sensing area in numerical examples
• NT : total number of sensors detecting any part of test

target moving along trajectory
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