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Abstract—Deploying wireless sensor networks to provide guar-
anteed barrier coverage is critical for many sensor networks
applications such as intrusion detection and border surveillance.
To reduce the number of sensors needed to provide guaranteed
barrier coverage, we propose multi-round sensor deployment
which splits sensor deployment into multiple rounds and can
better deal with placement errors that often accompany sensor
deployment. We conduct a comprehensive analytical study on
multi-round sensor deployment and identify the tradeoff between
the number of sensors deployed in each round of multi-round
sensor deployment and the barrier coverage performance. Both
numerical and simulation studies show that, by simply splitting
sensor deployment into two rounds, guaranteed barrier coverage
can be achieved with significantly less sensors comparing to single-
round sensor deployment. Moreover, we propose two practical
solutions for multi-round sensor deployment when the distribution
of a sensor’s residence point is not fully known. The effectiveness
of the proposed multi-round sensor deployment strategies is
demonstrated by numerical and simulation results.

I. INTRODUCTION

Recently, barrier coverage [1] with wireless sensor networks
has received great attention. The goal is to deploy a chain of
wireless sensors in the barrier, which usually is a long belt
region, to prevent mobile objects from crossing the barrier
undetected. Applications of barrier coverage include intrusion
detection and border surveillance [2]. In this paper, we study
the problem of guaranteed barrier coverage and the goal is to
guarantee that a barrier is covered with probability one using
as few sensors as possible.

Various schemes have been proposed to reduce the number
of sensors needed to cover a barrier, such as information barrier
coverage which exploits the collaboration and information
fusion between nearby sensors [3]. We approach this problem
from a different angle via investigating sensor deployment
strategies, more specifically, line-based sensor deployment
strategies. With line-based sensor deployment, sensors are
deployed along a line, e.g., sensors are airdropped by an aircraft
along a deployment line, and the final residence points of
the sensors are distributed along the line with random offsets.
Recent work in [4] shows that this is a more realistic sensor
placement model and sensor deployment strategies based on
this model can achieve more efficient barrier coverage with
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less sensors than those based on the Poisson point process
sensor placement model.

In practice, due to wind and other environmental factors,
large placement errors often accompany sensor deployment.
For example, when sensors are airdropped into the target region
from an aircraft, the final residence points of the sensors may
deviate much from the intended deployment points. To provide
guaranteed barrier coverage with the conventional single-round
sensor deployment, sensors need to be deployed in a conser-
vative manner (i.e., with small deployment interval and hence
more sensors are needed) to counter the randomness during
the sensor deployment process. In comparison, by splitting
sensor deployment into multiple rounds, it is safe to be more
aggressive (i.e., with larger deployment intervals) in the earlier
rounds and then deploy sensors more conservatively in the
final round to fill the coverage gaps generated in the previous
rounds. As a result, a significant number of sensors may be
saved with multi-round sensor deployment.

Splitting sensor deployment into multiple rounds may incur
higher deployment cost, e.g., an aircraft needs to fly along the
deployment line multiple times to accomplish the task. From
the analytical and simulation studies, we have an interesting
discovery that the optimal two-round sensor deployment strat-
egy yields the same barrier coverage performance as other
optimal strategies with more than two rounds. This result is
particularly encouraging as it implies that the best barrier cov-
erage performance can be achieved with low extra deployment
cost by deploying sensors in two rounds.

Furthermore, we propose two practical solutions, the two-
round minimax solution and the pilot deployment solution, to
deal with realistic situations when the knowledge about the
deviation of sensors’ residence points with respect to their
intended deployment points is not fully available. The pilot
deployment solution performs particularly well and the idea is
to introduce an additional pilot round which deploys a small
number of sensors to estimate the distribution of sensors’
residence points and then use this information to aid the
following rounds of sensor deployment.

The rest of the paper is organized as follows. We discuss the
related work in Section II. Then, we give the system models
and the problem statement in Section III. In Section IV, we
analyze multi-round sensor deployment in detail. Section V
describes the two-round minimax solution and the pilot de-
ployment solution. Numerical and simulation results are shown
in Section VI. Section VII discusses future work and related
issues, and Section VIII concludes the paper.
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II. RELATED WORK

The area coverage problem based on uniform and random
distribution of sensor deployment has been well-studied in
the past [5]-[9]. In these works, a sensor’s landing position
is assumed to be uniformly and randomly distributed over
the monitored area. Controlled sensor deployment for target
detection has been studied in [10]-[16]. In [10]-[14], a sensor’s
position can be arbitrarily controlled, i.e., the placement of each
deployed sensor is not subject to any placement error. Based
on this assumption, various schemes have been proposed to
determine the optimal sensor placement strategy to cover the
target region with as few sensors as possible. By comparison,
in [15], [16], sensor deployment is partially controlled, i.e., a
sensor’s position is subject to random offsets with respect to
the deployment point.

Sensor mobility has been incorporated into sensor deploy-
ment framework [17]-[19], which offers more flexibility for
designing more efficient sensor deployment strategies for area
coverage. Incremental sensor deployment has been studied
in [20], [21], where algorithms are designed to deploy extra
sensors after the initial deployment to improve the area cov-
erage performance. The problems of sensor deployment for
other purposes, e.g., connectivity, data aggregation, or energy
efficiency, have also been investigated [22]-[26]. None of the
above works addresses barrier coverage.

Recently, barrier coverage [1], [5] has attracted great atten-
tion. [4] studies the line-based sensor deployment strategies and
provides both analytical results and interesting observations
about how line-based sensor deployment can improve the
barrier coverage performance than two-dimensional uniform
sensor deployment. Theoretical foundations for weak and
strong barrier coverage of a randomly deployed sensor network
are studied in [1], [27]. The authors of [28] and [29] study
the coverage of a finite-size barrier and provide analytical
methods to estimate the required density of deployed sensors
for achieving barrier coverage or measuring the quality of
barrier coverage. Centralized and distributed algorithms for
providing barrier coverage are proposed and evaluated in [30]
and [31]-[33], respectively.

III. MODELS AND PROBLEM STATEMENT
A. Sensing and Coverage Models

We consider a network of wireless sensors deployed to
monitor a barrier which is a long belt region of length ¢ with
two parallel sides: entrance side and destination side (as shown
in Fig. 1). An object (or intruder) may cross the barrier via an
intruding path starting at the entrance side and ending at the
destination side. We assume that sensors are aware of their
locations. We also assume that sensors’ communication range
is reasonably large so that network is connected and sensors
can report their location information to the sink. For simplicity,
we assume an ideal 0/1 disc sensing model to demonstrate
how a well-designed multi-round sensor deployment scheme
may help reduce the number of sensors needed to guarantee
barrier coverage. Specifically, we assume that each sensor has
a sensing disc with a radius of R,. An object within (outside) a

sensor’s sensing disc is detected by the sensor with probability
one (zero). In Section VII, we will discuss how to extend our
work under other sensing models.

destination side

entrance side

Fig. 1. Illustration of barrier coverage and sensor deployment. Sensors are
deployed along the deployment line £ which is parallel to the destination side
of the barrier. Deployment points are along £ and shown as small squares.
Residence points of the sensors are shown as small dots and they deviate from
the deployment points. These sensors form a barrier coverage set because no
intruding path can cross the barrier without being sensed by one of the sensors.
Two special points, e and tygn, Will be explained in Theorem 2.

DEeriniTionN 1 (Coverage of a Path): A path across a barrier
is covered if there exists a point along the path that is within
at least one sensor’s sensing disc.

DErFINITION 2 (Barrier Coverage): A barrier is covered if all
possible paths across the barrier are covered. This is also
known as strong barrier coverage.

DEkriIniTION 3 (Barrier Coverage Set): A barrier coverage
set is a set of sensors that can together cover the barrier.

DEFINITION 4 (Linkage): We say that two sensors a and b
have linkage if there exist a series of line segments connecting
a and b, and every point on the line segments is within at
least one sensor’s sensing disc. Particularly, we say that a
and b have direct linkage if every point on the line segment
connecting them is within the sensing disc of either a or b.

B. Deployment Model

We assume that sensors are static once they are deployed.
We assume that sensors are deployed along a deployment line
(L) which is parallel to the destination side of the barrier. The
assumption of a straight deployment line is due to practical
considerations. For example, when using an aircraft to airdrop
sensors, it is more plausible that the aircraft flies along a
straight line rather than a zigzag route.

We define deployment point as the point location where a
sensor is to be deployed. In practice, due to environmental
factors and terrain characteristics, the deployment point likely
is not the location where the sensor finally resides. The sensor
may reside at points around the deployment point according to
a certain probability density function (pdf). We define residence
point as the point location where a sensor finally resides. Fig. 1
shows an example of deployment line, deployment points and
residence points.

Let (x;,y;) denote the coordinates of the deployment
point ¢;. Assume that the residence point of a sensor (whose
deployment point is ¢;) follows the pdf f(x}, yj|t;) = fer(z' —
x;,yi — y;). We assume that fe, has a finite closed support
which is a disc with a radius of R, and circular-symmetric
with respect to (x;,y;). An example of fe, is a truncated
two-dimensional Gaussian distribution. For the clarity of pre-
sentation, we put the deployment line £ along the X-axis of
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a Cartesian coordinate system with its left end sitting at the
origin. Thus, for each deployment point ¢;, we have y; = 0.

THEOREM 1: If R, is smaller than the sensing radius R,
two sensors are guaranteed (with probability one) to have
direct linkage between them when their deployment points
are less than (2Rs — 2R,,;) apart. On the other hand, if
R..r > Rs, direct linkage between two sensors cannot be
guaranteed regardless of the distance between their deployment
points.

The proof of the theorem is straightforward and omitted due
to space limitation. It is interesting to see that, if f.,, does not
have a finite closed support (i.e., Rer = 00), direct linkage
between sensors cannot be guaranteed and, consequently, guar-
anteed barrier coverage cannot be achieved. Similarly, we have
the following theorem.

THEOREM 2: If R,,, < R, a sensor is guaranteed to cover
the left (right) boundary of the barrier if its deployment point
iS tiepy (trign:), which is (Ry — Ry) away from the left (right)
end of the deployment line. t;.; and t,iqp are shown in Fig. 1.
If R.,r > Rs, such guarantee cannot be achieved.

C. Problem Statement

Given that sensors can be deployed in multiple (>2) rounds,
our goal is to design a proper multi-round sensor deployment
scheme to provide guaranteed barrier coverage with as few
sensors as possible. More specifically, we aim to strategically
decide the deployment points of sensors at each round so that
the total number of sensors needed to form a barrier coverage
set is minimized. In Section VII, we will discuss how to extend
our work to achieve guaranteed k-barrier coverage.

IV. MULTI-ROUND SENSOR DEPLOYMENT

In this section, we first study the two-round sensor deploy-
ment problem, where sensors are deployed in two rounds to
cover a barrier. Then, we extend our analysis and solution to
the general m-round (m > 2) sensor deployment problem. We
assume that the pdf of a sensor’s residence point with respect
to its deployment point (fe;) is known a priori. In Section V,
we will loose this assumption and study the problem under
practical considerations where f. is only partially known.

A. Overview of Two-Round Sensor Deployment

There are infinite number of ways to deploy sensors in two
rounds to cover a barrier. For example, we may choose to
deploy different numbers of sensors in each round, and there
are infinite number of possible deployment points to choose
for each sensor. In general, it is difficult to enumerate all the
possibilities. In this paper, we study a specific set of two-round
sensor deployment strategies described below.

DEerInNITION 5 (Gap Distance): Gap distance (denoted as h)
between two adjacent sensors is defined as the distance be-
tween the leftmost and rightmost deployment points of the
sensors deployed to fill the gap between them.

DEerintTION 6 (Two-Round Sensor Deployment Strategy):
We consider a special set of two-round sensor deployment

strategies that distribute sensors evenly in each gap.
Specifically, it operates as follows:

o In the first round, the entire barrier is a single big gap.
According to Theorem 2, the leftmost and rightmost
deployment points of the sensors deployed to fill the gap
must be tier and g, respectively. We use a special
symbol hy; to denote the corresponding gap distance
which is hy = £ — 2(Rs — Rer)- Let N(hy,2,1) denote
the number of sensors deployed in the first round. If
N(hg,2,1) = 1, either tie or tign shall be selected as
the deployment point. If N(h¢,2,1) > 2, the deployment
points shall be evenly distributed between fise and Zrgne
with a distance of I(hy,2,1) = W apart.

o There are three possible outcomes after the first round of
deployment:

— If N(hy,2,1) = 0, since no sensors are deployed in
the first round, the entire barrier needs to be filled in
the second round. This in fact is equivalent to single-
round sensor deployment.

- If N(h¢,2,1) = 1, only a single gap is generated
to the right (left) of the deployed sensor if the
deployment point of the sensor is at #jef (Zrign)- This
is because the sensor with deployment point at Zjeg
(trigne) is guaranteed to cover the left (right) boundary
of the barrier.

- If N(h¢,2,1) > 2, multiple gaps may be generated.

o In the second round, for each gap generated in the first
round, deploy a minimum number of evenly distributed
sensors to guarantee that it is covered.

Note that the key assumption in this type of strategies is
that sensors are evenly distributed in each gap while different
deployment intervals may be used to deploy sensors in different
gaps. We choose this specific strategy because it is quite
common in realistic scenarios.

Let Nt (e, 2, N (he,2,1)) denote the expected total num-
ber of sensors needed to cover the barrier when a two-round
sensor deployment strategy described above is used. Clearly,
when N (hy,2,1) is small, fewer sensors are deployed in the
first round but larger coverage gaps may be generated. On
the other hand, when N(hg,2,1) is large, more sensors are
deployed in the first round but smaller gaps are to be covered
in the second round. So there is a tradeoff. Our goal is to
find the optimal N (hy,2,1) so that Nigw (he, 2, N (he,2,1)) is
minimized:

N*(hg,2,1) = arg  min Mmal(}be727N(}Lg,271))

N(hg,2,1) (1)
= N (he;2) = N (he, 2, N*(he, 2,1)).

otal

B. Theoretical Analysis of Two-Round Sensor Deployment

We now investigate the relation between N (hy,2,1)
and Now(he, 2, N(he,2,1)). We first study the case when
N(hg,2,1) > 2. Consider two adjacent sensors a and b
deployed in the first round, as shown in Fig. 2. Let s, and s
denote their residence points with coordinates of (7, ) and
(x},, y), respectively, and there may be a coverage gap between
them. To fill the gap, additional sensors need to be deployed in
the second round. According to Theorem 1, the leftmost and
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Fig. 2. Two adjacent sensors a and b are deployed in the first round and
there may be a coverage gap between them. ¢7, and tr are the leftmost and
rightmost deployment points of the sensors that are deployed in the second
round to fill the gap.

rightmost deployment points (denoted as ¢; and tgr) of these
additional sensors must be at a distance of (2Rs — Rerr) tO Sq
and s;, respectively. The distance between t; and tp is the
corresponding gap distance (denoted as h). Note that, when
the left or right boundary of a gap is the left or right boundary
of the barrier, {1, = tief, OF tR = trign.

We analyze the following terms: (i) Pero({(he,2,1)) — the
probability that there is no coverage gap between sensors a
and b, i.e., there exists a direct linkage between them; (ii)
JH(I(he,2,1)) (h) — the pdf of the gap distance between a and b;
(iii) Pone(I(he,2,1)) — the probability that the gap between a
and b can be filled by deploying at most one additional sensor
in the second round.

1) Puro(I(he,2,1)): Let t, and t, denote the deployment
points of sensors a and b, and the coordinates of ¢, and
ty are (z4,0) and (x, + I(h¢,2,1),0), respectively. The
residence points s, and s; are independently and identically
distributed according to the pdf of fe.(z!, — x4,v,) and
ferr(zy, — (g + I(he,2,1)),yy), respectively. To guarantee a
direct linkage between two sensors, s, must be within the circle
centered at s, with a radius of 2R, as shown in Fig. 3. Let
Ay (2!, yl, I(he,2,1)) denote the intersection region between
the circle centered at s, with a radius of 2R, and the circle
centered at t; with a radius of R, which is shown as the
shaded area in the figure. Then we have:

P10, 2,1) = [ [ for (2!, = 001 -

ferr (1;7 -

Aq (m{l‘i/ayvf(h(xll))

(xq + I(he,2,1)), 1/{)) dw/b dy,; da:; dy;.

)

Sb: (Xv°,yb°)

Sa: (xa%,y27)
L\ 3

ta: (Xa,ya) ‘3?

Fig. 3. To guarantee a direct linkage between two adjacent sensors a and b
deployed in the first round, s; must be inside the shaded area. ¢, and t; are
the deployment points, and s, and s, are the residence points.

2) fH(I(he,2,1))(h): As shown in Fig. 4, ty is the intersec-
tion point of the deployment line (£) and the circle centered
at s, with a radius of (2Rs — Rer). Let 2z, and zp denote
the distance between t, and t;, and between t¢;, and tg,

Sa: (Xa’ ya’)

’ u n Sb: (Xb°,¥b")

5t

L 2Rs~ err l@s‘% gl

Rch tL tR
taX (Xa,ya) k— Zr tb: (Xb,Yb)
v Zi—)

Fig. 4. When the number of sensors deployed in the first round is small,

some big coverage gaps (with h > 0) may be generated and we need to deploy
more than one sensors in the second round to cover each of them.

respectively. Then we have h = I(hy,2,1) — z, — zg. Draw a
circle with ¢, at the center and a radius of (2Rs — Rex). Let u
and v denote the intersection points of this circle and the circle
centered at ¢, with a radius of R.,. Note that ¢; remains the
same as long as s, falls on the arc uv. Therefore, the pdf of
zr, is a line integral:

fz(zL) =

(x! ,yl)euv(zr)

ferr (2, — xa,y,,) d, dy,. 3)

Since the relation between ¢, and ¢ty is the same as that
between t, and t1, zr and zy have the same pdf. Therefore,
the pdf of h is

FrI(hg,2,1))(R) = fu(1(hy,2,1)T(he, 2,1) — 20 — 2zR)

= [ 12G)- F2Ue 2 1) — b - 2 a )

—oo

3) Poue(I(h¢,2,1)): Based on the result of fr(7(n,,2,1))(h),
we can obtain Pyne(I(h¢,2,1)) without much difficulty. We
know that, when h < 0, a linkage between them can be
guaranteed by deploying at most one additional sensor at either
tr, or tg. On the other hand, such guarantee cannot be achieved
if A > 0. Therefore, we have:

0
Pone(I(he2.10) = [ i1y, () dh. ®)
Note that (Pone(I(he,2,1)) — Prero(I(he,2,1))) is the proba-
bility that there exists a coverage gap between two adjacent
sensors deployed in first round and the gap can be filled by
deploying exactly one additional sensor in the second round.

4) Calculation of Nipwar(he,2, N(he,2,1): Now we are

ready to analyze the relation between Noui(he,2, N (he,2,1)
and N (hg,2,1). Let No(I(hg,2, 1)) denote the average number
of additional sensors needed to guarantee a linkage between
two adjacent sensors, say a and b, deployed in the first round.
We have the following cases:

e When h < 0, we need at most one additional sensor to
guarantee a linkage between a and b. There are two sub-
cases:

— with probability Pjeo(I(he,2,1)), there already is a
direct linkage between a and b and no additional
sensor is needed;

— with probability Pone(I(hey2,1)) = Pero(L(he,2,1)),
one additional sensor is needed.

e When > 0, we need at least (1+ [M-‘g
additional sensors to guarantee a linkage between a and b.
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Therefore, we have:
NQ(I(hlv 2, 1)) = Pmm(I(hlv 2, 1)) -0

4+ (Pone(I(he,2,1)) — Phero(I(he,2,1))) - 1

T h
+/ (1 + (mw) FHI(hy,2,1))(h) dR
0]

= LPone(I(he,2,1)) = Prero(I(Re, 2,1)) + (1 = Pone(L (e, 2,1)))
* /(Q(R e")-‘ fHI(hy,2,1))(h) dh

= 1 Puo(I(he2, 1))+/ [ }fm(w,z,l»(h) dh.

(6)

2(R — Ren)

Finally, N (he, 2, N (he,2,1)) can be calculated by:

/\_ftutal(’lvaaN(hle 1)) = N(he,2,1)+(N(he,2,1)—=1)- N2 (I(he, 2,1)) .

)
Now let’s consider the case when N (h¢,2,1) = 1. Without
loss of generality, assume the sensor is deployed at ¢ and a
single coverage gap is generated to the right of the deployed
sensor, as shown in Fig. 5. According to Theorem 2, to
guarantee this gap is filled, the rightmost deployment point for
the additional sensors deployed in the second round must be at
tright- SO the gap distance h = hy — 2. Since zy, has the same
pdf as (3) and all other deployment points are evenly distributed
between ¢, and tygne, We can calculate Nootat(he, 2, N (he, 2, 1))
as:

Noa(he: 2N 20) =1+ [ ([ gt | 1) feen) e

([ 3= +1) - £t e
3)

For the case when N (hy,2,1) = 0, the entire barrier needs
to be covered in the second round. Hence, we have

1+

0\8 D\g

v h
Notal (h€:2:N(hli»2»1)) = [WZRCHJ + 1. )
Sa: (Xa%,ya’
e W —
Ttien t Tright
Rerr
A4
ZL—

Fig. 5. When N(hy,2,1) = 1, a single coverage gap is generated after the
first round. Without loss of generality, assume the sensor is deployed at tjef
and a single coverage gap is generated to the right of the deployed sensor. In
the second round, the leftmost and rightmost deployment points to fill the gap
are at t7, and tygn, respectively.

To summarize, we have the following result:
Noow(he, 2, N(he,2,1)) =
| srtrmy | + 1

N(h¢,2,1) + (N(he,2,1) — 1) -

if N(he,2,1) =0,

1) “fz(z1)dzL, if N(he,2,1) =1,

Na(I(he,2,1)), if N(he,2,1) > 2.

(10)

By plugging (10) back into (1), we have completed the
definition of the optimization problem for two-round sensor

deployment, which can be solved without much difficulty using
numeric methods. This is because the search space is limited:
N (hg,2,1) is an integer and the number of possible choices
for N(he,2,1) is finite.

C. Multi-Round Sensor Deployment

Now we study the general multi-round sensor deployment
problem where sensors are deployed in m > 2 rounds to cover
a barrier. Similar to the two-round sensor deployment strategy
described in Section IV, we assume even distribution of sensors
in each gap. The goal is to, at each of the m rounds (say, round
j where 1 < j < m) and for each coverage gap with a gap
distance of h, determine the optimal number of sensors to be
deployed inside the gap, denoted as N*(h,m,j), so that the
barrier can be covered with fewest sensors. We achieve this
goal by using a recursive algorithm which is described below.

Firstly, consider the general case when 1 < ¢ < m. Suppose
that, at round 4, N (h,m, ) sensors are deployed inside the gap
which may shatter the gap into multiple smaller gaps. Assume
that each newly generated smaller gap will be filled with the
optimal strategy in the next round, i.e., round (¢ + 1). Then,
the expected total number of sensors needed to fill the gap in
(m — ¢+ 1) rounds, i.e., from round ¢ to round m, can be

calculated as:
Molu](h m—i+1, N(h,m,i)) =
(h, m —1), it N(h,m,i) =0,

if N(h,m,i) =1,

[0‘6]
1+ f Now(h —zL,m — i) - fz(z) - dzr,
N(hym,8) + IN(hm, i) = 1] - [Pose (I(hs m,)) — Prro (I(h, m, )]

+[N(h,m,i) — 1] [f ol ( (h',m —1d) - fH(I(h,,m,z‘))(h/) . dh'} R

it N(h,m,d) > 2.
(1

where

I(h,m,i) = __h (12)

N(h,m,i) —1

JH(1(hm.i))(-) and fz(-) are given in (4) and (3), respectively.
THI(hm,i)) (+) is the pdf of the gap distances between adjacent
sensors deployed at round ¢ when N (h,m,i) > 2. Moreover,
Poero(I(hym, 1)) and Pope(I(h,m,7)) are the probability that
there is no coverage gap between adjacent sensors deployed
at round ¢ and the probability that the coverage gap between
adjacent sensors deployed at round ¢ can be filled by deploying
at most one additional sensor in the next round, respectively,
and they are given in (2) and (5). Then we have:

N*(h,m,i) = arg min ./\Tloml(hﬂn,7z'+1,N(h,m,i))7 (13)
N (h,m,i)

and

Npga (hem — i+ 1) = Nygga (rym — i 4 LN" (hym,9)). (4

Now consider the special case when ¢ = m, i.e., during the
final round of sensor deployment. To guarantee that all gaps
are filled, according to Theorem 1, we have:

h

N*(h,m,m) = ’Vm

1 +1. (15)

So, by using this special case as the boundary condition,
we have fully specified how to obtain the optimal multi-round
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sensor deployment strategy that uses fewest sensors to cover a
barrier by (13), (14), (11), (12) and (15).

Remarks: As will be shown in Section VI-B, there is an
interesting discovery that optimal m-round (m > 2) sensor
deployment strategies all yield the same barrier coverage
performance regardless of m. In other words, the best barrier
coverage performance can be achieved with the optimal two-
round sensor deployment. For this reason, we only study two-
round sensor deployment in the practical considerations next.

V. PRACTICAL CONSIDERATIONS

In practice, the distribution of a sensor’s residence point,
i.e., the fe, function, may not be fully known. For example, if
we assume that f,, is a truncated two-dimensional Gaussian
function with respect to a deployment point at (z,y = 0), as
described in (16) below, the parameter o, may not be known.

(G=a)?, 47
’ N 1 2(72, 20‘2,
ferr(I —x,y ) = Z . I(m’—m)2+y'2<902 | - e real real /| (]6)
Z =7 real
where
,((llfw)er y'? )
A= e 200 2004 dz’ dy’, 17)
(' —2)2+9y'2<902
and

1, if (' —x)? +y"? <902

real

. r _ (18)
(2 —2)2 492 <902,
P Y 7 teal 0, otherwise.

Instead, we may only know the range of oy, based on the
historical information, i.e., Oyeal € [Timin; Omax]. We assume that
Rerr = 30max 1s smaller than Rg; otherwise, barrier coverage
cannot be guaranteed according to Theorem 1. In this section,
we present two practical solutions to deal with this situation.
Note that the proposed solutions can be extended to other
ferr functions as long as the requirements on f specified in
Section III-B, i.e., circular symmetry and finite closed support,
are satisfied.

A. The Two-Round Minimax Solution
The two-round minimax solution works as follows:
o Let N9 (he,2,N(hy,2,1)) denote the expected total

total
number of sensors needed to cover the barrier when (i)
N (hg,2,1) sensors are deployed in the first round; and
(ii) sensors are deployed in the second round by setting
Reir = 30max to guarantee filling of all coverage gaps.

o Recall that N, (he,2) = Nl (he, 2, N*(he,2,1)) is
the minimum expected total number of sensors needed
to cover the barrier when oy i1s known. The difference
between NG, (he, 2, N(he,2,1)) and Ny, (he, 2) is then
the number of extra sensors deployed due to the lack of
knowledge about oy, and it varies with N (hs,2,1).

o With the two-round minimax solution, the following num-
ber of sensors are deployed in the first round so that the
maximum number of extra sensors can be minimized:

Ninimax (he,2,1) = arg

minimax min max

N(hg,2,1) oeq

-/\71:)711.1 (he, 2, N(he,2,1)) — M:|;|l(hfv 2)|,

19)

which can be obtained using numerical methods because
the number of possible choices for N(hy,2,1) is finite.

B. The Pilot Deployment Solution

Now we present a more efficient solution by introducing
an additional pilot round prior to the two rounds of sensor
deployment. The basic idea is to use the residence points of
the sensors deployed in the pilot round to estimate oy, Which
is then used to guide the next two rounds of sensor deployment.

Let Nyjor and Iy denote the number of sensors deployed in
the pilot round and the deployment interval. The deployment
could start from either tef; Or fgen. Recall that, in order to
guarantee coverage of the left (right) boundary of the barrier,
tieft (trigne) should be at a distance of (Rs —30max) from the left
(right) end of the deployment line. After the pilot round, the
residence points of deployed sensors are collected and used to
estimate oy as follows. The sample variance of the deviation
of the residence points along X-axis and Y-axis with respect to
the corresponding deployment points is calculated as follows:

Npilot 5 Npilot 5
X (wi—z) 4 X (v)
g - =t i=1 ) 20)
2Npilot -1

based on which we propose the following estimator for oyey:

if S <o?

Omin min?

\/g, ifUiin<S<O’2

max ?

1)

Oreal =

B 2
O max » if §> O ma

This estimator makes sense because the truncated two-
dimensional Gaussian distribution (symmetrically at 30) is very
similar to the non-truncated version. Therefore, the deviations
along X-axis and Y-axis, i.e., (x; — z;) and yj, can be treated
as two sets of independent samples to collectively contribute
to the estimation of 0yy. The conditional pdf of Gpeq is
approximately:

J610 (O10rea) = B1 - (6 — omin) + B2 - 6(6 — omax)

NP pes 2Ny =1 202, 28, (22)
2 2Nt — 1
where
in 2Nt — 1 202
B, = / fro|e? TR o el ) 9546,
/ 2 2 Npior — 1
7 2N, 1 202
By = / fr( a2 2R T 2 e .25 dé, 23)
2 2Nt — 1

9'max

1,
Is = {
0,

and fr(-) is the Gamma distribution. The derivation of Eq. (22)
is omitted due to space limitation and details can be found
in [34]. Then, the next two rounds of sensor deployment are
planned as follows:

if omin < 0 < Omax,

otherwise,

o For each coverage gap (with a gap distance of h) gener-
ated after the pilot round, deploy NZ  (h,3,2) sensors in
the first round, where N7 (h,3,2) is obtained based on

al

the assumption that gpea = Oreal;
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o For each coverage gap of size h generated after the first
f 3 sensors in the second

round, deploy ( Ww +1
round to guarantee coverage of the gap.

Finally, we can find the optimal <Ny, I,> that mini-

mizes the maximum number of extra sensors deployed when
the pilot deployment solution is used:

* * .
< Npilol’ Ipilm min max

< Npilot» Ipilot > real

>= arg

o (24)
/ -/\/;gml(héy Npiloly Ipilcl; Oreal 5’) . f‘?rcu] (&Io'real) dé — M:m](hIf; 2) s
0

where N (he, Nyitot, Ipitot: Oreal, ) is the expected total num-
ber of sensors needed to cover the barrier by following the
above pilot deployment solution, whose analysis is similar to

that of MV in Section IV and omitted due to space limitation.

VI. PERFORMANCE EVALUATION

We develop a custom simulator based on MATLAB and use
it to evaluate the performance of our proposed multi-round
sensor deployment schemes for guaranteed barrier coverage.
In the numerical and simulation studies, we consider a barrier
with a length of ¢ = 1000 units. Sensing radius (R;) is 1 unit.
A sensor’s residence point follows a truncated two-dimensional
Gaussian distribution with respect to its deployment point, as
described in (16), and the parameter o, is within the range of
[1/30, 3/10] units, which corresponds to R, € [0.1, 0.9] units.
Results with other o,y values or other distributions of sensors’
residence points yield similar trends and are not included here.

A. Two-Round Sensor Deployment when R,,, is Known

We first study the proposed two-round sensor deployment
strategy when R is known. Fig. 6(a) shows the results when
Rerr = 0.3 units; it plots the expected total number of sensors
needed to cover the barrier (Mol (he, 2, N (he,2,1))) when the
number of sensors deployed in the first round (N (he,2,1))
varies from 0 to 1000. We also plot the simulation results as
“x” marks, where each point is averaged over 1000 simulation
runs. As shown in the figure, simulation results match analyt-
ical results closely. We have the following observations.

In general, as N (hy, 2, 1) increases starting from zero, Nootal
firstly decreases (with fluctuations) till reaching the minimum,
and then increases almost linearly as N(hg,2,1) increases
further. As shown in Fig. 6(a), Nl Teaches the minimum
of 593 when N(hy,2,1) is 572, meaning that the numbers of
sensors deployed in the two rounds is 572 and 21, respectively.
On the other hand, when N (hy, 2, 1) is zero, the corresponding
Nioar is 700, meaning that if sensors are deployed in one round,
700 sensors are needed to cover the barrier. This shows that,
with two-round sensor deployment, 15.3% of the sensors are
saved.

Now let’s take a look at the optimal two-round deployment
strategy in more detail. One salient feature of the strategy is
that a large number (572) of sensors are deployed in the first
round, while a very small number (21) of sensors are deployed
in the second round to fill the gaps. To provide guaranteed
barrier coverage with single-round sensor deployment, sensors

Analytical results
X Simulated results

Analytical results
x _ Simulated results

0
0 100 200 300 400 500572 700 800 900 1000 0 200 400 600 800 1000

N(h,21)

(a) Rery = 0.3 units (b) Rerr = 0.5 units

Fig. 6.  Expected total number of sensors needed to cover the barrier
(MNotat (hg, 2, N(hg,2,1))) vs. the number of sensors deployed in the first
round (N (hg,2,1)) with the proposed two-round sensor deployment strategy.
Note that Mo fluctuates in both figures. This is because, when N (hg,2,1)
increases from small, the number of sensors to fill each gap generated in the
first round decreases approximately according to a staircase function. So Ny
fluctuates with respect to N (hg,2,1) until N (hg,2,1) gets sufficiently large.

need to be deployed in a conservative manner (i.e., with small
deployment interval and hence more sensors are needed) to
counter the deviation of the sensors’ residence points with
respect to their deployment points. In comparison, with two-
round sensor deployment, it is safe to be more aggressive (i.e.,
with larger deployment interval) in the first round and then
deploy sensors more conservatively in the second round to fill
the limited number of gaps generated in the first round. As
a result, a significant number of sensors are saved by simply
splitting sensor deployment into two rounds.

In the optimal two-round sensor deployment strategy, the
deployment interval in the first round is I*(he,2,1) =
N*(h;fg,l)_l = 10005_722(_11_0'3) ~ 1.75 units. Besides, we find
that (i) the number of gaps generated in the first round is
small; and (ii) all the gaps are small gaps which can be
filled by deploying one extra sensor in the second round. The
latter one is an important observation as it shows that, as
long as the sensors’ communication range is reasonably large
(e.g., = 4R;), when the optimal two-round sensor deployment
strategy is used, connectivity among sensors deployed in the
first round can be guaranteed, which is a critical assumption
(discussed in Section III) for the strategy to function properly.

In Fig. 6(b), Ry is increased from 0.3 to 0.5 units and
all the above observations still hold. Particularly, with the
proposed two-round sensor deployment strategy, Ny reaches
the minimum of 647 when N (hy,2,1) is 600. In comparison,
when N(hg,2,1) is zero, the corresponding Ny becomes
1000, meaning that 1000 sensors are needed to cover the barrier
if deployed in a single round. This shows that, a larger portion
of sensors (35.3%) can be saved when R, is increased to
0.5 units. In Fig. 7, we vary Ry from 0.1 to 0.9 units and
show the benefit of two-round sensor deployment in terms of
the percentage of sensors saved. It can be seen clearly from
the figure that although more sensors are needed to cover the
barrier as R, goes up, it saves more sensors (percentage wise)
by increasing the number of sensor deployment rounds from
one to two. This is because a larger R, requires a more
conservative sensor deployment round (i.e., the only round in
single-round sensor deployment vs. the second round in two-
round sensor deployment) to deal with.
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B. Two-Round vs. M-Round (M > 3) Sensor Deployment

In Section VI-A, we observe that significant performance
improvement may be achieved by increasing the number of
sensor deployment rounds from one to two. In this section,
we study how or whether the performance may be improved
further by increasing the number of deployment rounds more.

Fig. 8 compares the performances of two-round and three-
round sensor deployment strategies when R, is 0.3 units.
Results reveal a rather surprising discovery that the optimal
three-round sensor deployment strategy produces the same
Nz = 593 as the optimal two-round strategy. As shown in
the figure, with the three-round sensor deployment strategy,
N = 593 is reached when N(hy,3,1) = 0 or 572. When
N(hg,3,1) = 0, the number of sensors deployed in the three
rounds is 0, 572 and 21, respectively, while when N (hy, 3,1) =
572, the numbers are 572, 21 and 0. We can see that, the
optimal three-round strategy essentially only deploys sensors
in two out of three rounds. We have also done simulations
with m-round (m > 4) sensor deployment and N*, remains
the same. This means that the minimum number of sensors
needed to cover the barrier is the same regardless of the
number of sensor deployment rounds, as long as the sensors are
deployed in multiple rounds. This discovery has high practical
significance because it implies that the best barrier coverage
performance can be achieved with low extra deployment cost
by deploying sensors in two rounds.

1000

Three—round deployment|
Two-round deployment

0 100 200 300 400 500572 700 800 900 1000
the number of sensors deployed in the first round

Fig. 8. Comparison of the expected total number of deployed sensors with
two-round and three-round sensor deployment strategies.

C. Two-Round Sensor Deployment with R, Partially Known

Finally, we study the scenario when R is only partially
know, i.e., the range of R is known (0.1 < Ry < 0.9) but
the actual value of R, is unknown. Using the proposed two-

round minimax solution, N, . - is 587, while with the pilot

deployment solution, Ny, is 51 and I3, is 1.69 units. Fig. 9
compares the performances of these two solutions against the
ideal solution when R, is known, with the actual value of
Reyr varying from 0.1 to 0.9 units. As shown in the figure,
the two-round minimax solution works well in most scenarios
except when the actual value of R, is close to 0.1 or 0.9
units. In these scenarios, as many as 50 extra sensors may
be needed to guarantee barrier coverage. In comparison, with
the pilot deployment solution, the number of extra sensors is
reduced significantly to no more than 9. This is due mainly
to the extra pilot round of sensor deployment which collects
some preliminary statistics about R, and then uses them to
aid the following two rounds of sensor deployment. We have
also simulated the pilot deployment solution. The results are
averaged over 1000 simulation runs and a close match between
analytical and simulation results can be observed.

900

Two-round deployment, ideal case
""""" Two-round minimax deployment

850

800} | — — — Pilot deployment
X Pilot deployment (simulation)

750

total

700 |
650 [
600 [

5504

500 " " " " " " "
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

F(err (units)

Fig. 9. Expected total number of deployed sensors vs. the actual value of
Rerr (unknown) with the proposed practical solutions.

D. Summary

We summarize the key findings from our numerical and
simulation studies as follows:

« By splitting sensor deployment into multiple (>>2) rounds,
the number of sensors needed to provide guaranteed
barrier coverage can be reduced significantly.

o The performance gain of multi-round sensor deployment
over single-round sensor deployment becomes more sig-
nificant as the deviation of a sensor’s residence point with
respect to its deployment point gets larger, i.e., when more
randomness is present during sensor deployment.

o With the optimal two-round sensor deployment strategy,
all the coverage gaps generated in the first round are small
gaps. This means that, as long as the communication range
of sensors is reasonably large, the sensors deployed in the
first round are connected, which supports the practical
feasibility of the strategy.

¢ Optimal m-round (m > 2) sensor deployment strategies
yield the same performance as the optimal two-round sen-
sor deployment strategy. Thus, the best barrier coverage
performance can be achieved with low extra deployment
cost by deploying sensors in two rounds.

o When the information about the deviation of a sensor’s
residence point with respect to its deployment point is
not fully available, the pilot deployment solution performs
particularly well and is comparable to the ideal solution.
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VII. DISCUSSIONS AND FUTURE WORK

In this section, we discuss how our proposed multi-round
sensor deployment may be extended and some related issues.

1) Different Sensing Models. We assume the disc sensing
model in this paper. In practice, the shape of a sensing
area could be irregular. In general, it is difficult to have a
rigorous analysis of the coverage performance in this situation.
One simple way is to approximate the sensor area with the
largest disc centered at a sensor and contained in its sensing
area, which would result in conservative sensor deployment
strategies. We also assume the 0/1 sensing model in this
paper. A potential extension to the work is to incorporate
the more realistic probabilistic sensing model and the concept
of information coverage (to exploit the collaboration between
sensors) into multi-round sensor deployment, which could save
even more sensors when covering a barrier.

2) k-Barrier Coverage. The barrier coverage studied in
this paper is the simple 1-barrier coverage. The work can
be extended to k-barrier coverage by making the follow-
ing modifications in the analysis. With k-barrier coverage, a
coverage gap between two adjacent sensors deployed in the
previous rounds exists if there are less than £ disjoint linkages
between them. Therefore, coverage gaps can be classified
into multiple categories according to the number of additional
disjoint linkages that are needed to fill the gap. Different types
of coverage gaps need to be analyzed differently.

3) Other Issues. Recall that according to our numerical
and simulation studies, with the optimal two-round sensor
deployment strategy, as long as the sensors’ communication
range is at least four times the sensing range, the sensors
deployed in the first round are connected. In practice, if under
certain circumstances when the communication range is small,
an additional constraint on the deployment interval should be
included so the connectivity requirement could be satisfied.

Note that we study the problem of guaranteed barrier
coverage in this paper. A related but distinct problem is
how to provide barrier coverage in a probabilistic sense with
multi-round sensor deployment. This problem may require
different techniques to deal with. Tradeoff between the desired
probability of barrier coverage and the deployment interval
needs to be investigated. This is part of our future work.

VIII. CONCLUSION

In this paper, we conduct extensive analytical and simu-
lation studies on reducing the number of sensors needed to
provide guaranteed barrier coverage with multi-round sensor
deployment strategies. We study the performance of multi-
round sensor deployment and derive the optimal strategies that
use fewest sensors to cover a barrier. We find that the efficient
barrier coverage can be achieved with the simple two-round
sensor deployment. In addition, two practical solutions are
presented to deal with realistic situations when the distribution
of a sensor’s residence point is not fully known. The effective-
ness of the proposed solutions is supported by numerical and
simulation results.
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