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Abstract. Coverage is critical for wireless sensor networks to monitor a
region of interest and to provide a good quality of service. In many appli-
cation scenarios, full coverage is required, which means every point inside
the region (excluding the obstacles) must be covered by at least one sen-
sor. The problem of using the minimum number of sensors to achieve full
coverage for an arbitrary region with obstacles is NP-hard. Most exist-
ing coverage methods, such as contour-based ones, simply place sensors
along the boundaries to cover the holes that are near the obstacles and
the region boundary. These methods are inefficient especially when the
obstacles or the region are irregular. In this paper, based on compu-
tational geometry, we design a full coverage method, which accurately
finds the uncovered holes and places sensors efficiently for both the reg-
ular and irregular obstacles and regions. Specifically, we show that the
more irregular the obstacles and the region are, the more sensors our
method can save.

Keywords: Wireless sensor networks, Coverage, Obstacles, Computa-
tional Geometry.

1 Introduction

Wireless sensor networks (WSNs) have been applied extensively in military and
civilian applications, and health care, for such purposes as environmental mon-
itoring, intrusion detection, cancer monitoring, and smart agriculture [I]. Cov-
erage is one of the fundamental issues in WSNs. It is measured by how well the
region can be monitored and certain services can be provided.

Paper [3] studies how to place disks to fully cover a plane. The authors prove that
it is asymptotically optimal, in terms of the number of disks used, to place disks
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Fig. 2. Coverage of a sensor in a finite
Fig. 1. The optimal placement pattern rectangle with an obstacle (the gray
on a plane area is covered)

on the vertices of equilateral triangles (Figure[dl). Several other optimal deploy-
ment patterns have also been proposed to achieve full coverage and k-connectivity
(k < 6) on a plane in [4]. The Art Gallery problem [I4] studies how to guard a
gallery with the minimum number of cameras, where a location is guarded as long
as there is line-of-sight from a camera. In this paper, in addition to the constraint of
the limited sensing radius (7 ), the coverage of a sensor (s) is also affected by obsta-
cles and the region boundary (Figure[2]). The problem of using the minimum num-
ber of sensors to achieve full coverage for a region with obstacles has been proved to
be NP-hard [5]. Paper [2] categorizes the approaches for coverage into three groups:
force based [6l7], grid based [48[13], and computational geometry based [TO/ITITZ].
The authors of [7] propose a virtual force algorithm (VFA) to enhance an initial
random placement over a region with obstacles. Their method extremely depends
on the sensors’ mobility and energy. In [9], an efficient algorithm is designed for
a robot to place sensors amid obstacles. Paper [12] deploys sensors with distance
V/2r, along the boundaries of obstacles and the region. Then Delaunay triangula-
tion is applied to determine the positions for additional sensors for full coverage.
The whole region is divided into single-row and multi-row regions in [I3]; besides
full coverage, the authors also guarantee network connectivity. In order to cover
the holes, they deploy sensors along the boundaries of obstacles and the region
with a constant distance based on a relationship between r; and the sensor’s com-
munication radius r.. To handle areas near obstacles and the region boundary,
existing methods for stationary sensors [QI2/T3] would simply place sensors along
the boundaries with constant distances. We call these methods contour-based. To
achieve full coverage, contour-based methods are effective for simple regular re-
gions and obstacles, such as where the boundaries are long straight lines. How-
ever, for obstacles and regions that are arbitrarily irregular, such as when there are
comb-shaped boundaries, these methods become inefficient. Without considering
the specific shapes of boundaries, they may not produce full coverage unless addi-
tional sensors are placed at each turning point on the boundaries. In fact, even the
best results by contour-based methods that place sensors with dynamic distances
can be inefficient (Figure 3).

In this paper, in view of the inefficiency of existing deployment methods when
handling irregular boundaries, we consider the shapes of boundaries explicitly.
Using computational geometry techniques, our algorithms can find the holes
accurately and cover them efficiently. Our method performs excellently for both
regular and irregular obstacles and regions, including some extremely irregular



Arbitrary Obstacles Constrained Full Coverage in Wireless Sensor Networks 3

(a) (b) (c)

Fig. 3. Coverage near a part of the boundary: (a) the contour-based placement with
a constant distance: 5 sensors, (b) the best for the contour-based methods: 2 sensors,
(c) the optimal placement: 1 sensor

ones. The rest of the paper is organized as follows: in Section 2, we define the
models and the problem; Section 3 describes our placement method; Section 4
gives the analysis and experimental results; Section 5 discusses some variations
of our method; Section 6 concludes the paper and points out some future work.

2 Problem Definition

The region of interest, denoted as A, is a 2D finite area with an arbitrary bound-
ary and contains arbitrary obstacles. There are no isolated subregions, and the
obstacles have no holes inside themselves. The area that needs to be covered is
the region minus the obstacles. Both the region and obstacles are modeled as
simple polygons of finite sizes on the 2D plane.

The sensors are stationary and homogenous with a fixed sensing radius r;.
Here we assume the binary sensor model: the sensing range of s is a disk centered
at s with a radius of r,; a point is covered by a sensor if it is within a distance
of s and there is a line of sight from the sensor. The coverage of a sensor with
obstacles, Cov(s), may be a partial disk (Figure Bl). If there are n obstacles
inside A, and the obstacle ¢ occupies an area Obs;, the total area occupied can
be denoted as O = Uje[1,,)Obs;. And Cov(s) is defined as:

Cov(s) ={uc A-0| |u—s|<rsku+(1—-k)se A—-0O,Vk € [0,1]}

Full coverage for a sensing region .4 means every point in the area A— O must be
within Cov(s) of at least one sensor s. Our sensor placement problem is defined
as placing the minimum number of sensors in a finite region with arbitrary
boundary and obstacles to achieve full coverage.

3 Sensor Placement Algorithms

To achieve full coverage for a region A, our method works in four procedures:
1) to deploy a regular pattern over the region; 2) to find the uncovered holes;
3) to partition the holes into triangulations; and 4) to place sensors to cover the
holes. In the following, we explain these procedures in details.

3.1 Optimal Regular Pattern Deployment (ORPD)

We firstly deploy the regular pattern in Figure [Il, which is optimal for covering
a plane, for the region A disregarding obstacles and the region boundary. The
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starting position can be randomly chosen at (z,y) € A. The sensors are placed
at (x,y) as well as its six neighbors with distance v/3r¢ in the pattern. Note
that we assume a sensor can be ‘placed’ inside an obstacle or outside A in this
procedure. For each sensor, as long as it is in 4, sensors are added at its neighbor
locations. We continue doing this until every neighbor of the sensors inside A is
occupied by one sensor. We use three lists Lops, Lin and Loyt to keep track of
the sensors placed inside obstacles O, inside A — O, and outside A respectively.
Figure M gives an example.

Fig.4. The region after Fig.5. Finding a hole Fig. 6. Holes are found
the ORPD: the white area (gray areas are hole(s))  and merged (gray areas
isA-0 are holes)

3.2 Finding Holes

After the ORPD procedure, there may be some subareas near an obstacle or
the region boundary, called holes, that are not covered, which is due to: 1) the
lack of sensors: some sensors are placed into obstacles or outside the region,
such as s; and sy in Figure Bt 2) blocking: some sensors’ coverage is blocked
by obstacles or the region boundary, such as s3 and s4. The arbitrary shapes of
the obstacles and the region make it difficult to cover these holes efficiently. Our
method overcomes this by firstly accurately finding the holes.

The ORPD procedure can be regarded as a tessellation of regular hexagons
with edge rs inscribed in the circles (Figure[ll). Therefore, we model the sensing
range of a sensor s by the regular hexagon, and denote it as H(s). Then, it is easy
to find the holes caused by the lack of sensors. For each sensor deployed inside
obstacles or outside A, the hole of s, hole(s) is the overlap, Hin(s), between H(s)
and A— O. It is not as easy to calculate the holes caused by blocking (Figure [).
For a sensor deployed inside A — O, we also first calculate Hin(s). If Hin(s)
is nonempty, holes may exist inside it. We denote the perimeter of an area as
P(area). P(Hin(s)) consists of Pg(s), the blue lines in Figure Bl and Pa(s), the
red lines excluding the intersection points with Py (s). Note that Py (s) is a part
of P(H(s)), and Pa(s) is a part of P(A— O). Next, we draw directed lines from
s to each vertex v of H;,(s) and extend them until reaching P(H(s)). The line
50 crosses P(H;n(s)) at points p1,pa, ..., pn (n > 0) listed in increasing distances
from s. The segment of 50 inside H(s) is denoted as (s,p1,p2, ..., pn). We set
po = s and obtain Theorem [I] for finding the vertices of hole(s).

Theorem 1. Given (s,p1,pa,...,0n), for Vk € [1,n), pr is a vertex of hole(s) if
and only if one of the following conditions is satisfied:
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1) Pr+1 € PH(S) 2) Pk+1 € PA(S) AND pk+§k’+1 S Hm(S)

3) pr—1 € Pa(s) AND P*7PE1 € H,,(s)

4) pe—1 € Pa(s) AND pry1 € Pa(s)

For k =n, p, is a vertex of hole(s) if and only if p, € Py(s) and pp—1 # s.

Proof. As each 50 stops at P(H(s)), we can get k = n < p; € P(H(s)), and
k € [1,n) <= pi € Pa(s). P(H(s)) — Pu(s) is inside obstacles or outside .A.
Therefore, p, is a vertex of hole(s) if and ouly if p, € Py (s) and p,—1 is not
s. As for k € [1,n), the theorem is proved by enumerating all the cases of the
positions of pg, pr—1 and pgy1 as follows:

Dk Pk—1  DPk+1 Pk is a vertex of hole(s)
A(s) s Py (s) True
A(s) s P(H(s))— Py (s) False
Pa(s) s Pa(s) True iff p’“+§"’“ € Hin(s)
P4(s) Pa(s) Pu(s) True
A(8) Pa(s)  P(M(s))—Pu(s) True iff **0* € My, (s)
A(8) Pa(s) Pa(s) True

O
As the perimeter of hole(s) can only consist of parts of P(H;,(s)) and segments
on each directed line 59, we have Theorem

Theorem 2. Connecting the vertices of hole(s) along P(H;,(s)) and 5v;,i =
1,2, ...,m, where m is the number of vertices in H;,(s), we get hole(s).

For a single sensor, hole(s) may comprise a set of subholes. We merge the sub-
holes that share at least a point. For all the sensors placed, we continue merging
their holes, and denote the final set of holes as HOLE. According to our finding
process, we can see that the holes have good properties:

1) narrow in width: the width of the hole for a single s is no larger than rq.
After merging, each part of a hole in HOLE has a width no larger than v/3r,;
otherwise there must be some sensors inside the hole, which is a contradiction;
2) accurate in size: if the sensing range of s is simulated as H(s) of area 3‘2/3 r?
as we do now, HOLE is exactly the uncovered area. Actually the range is a disk
of area 7r2. Then hole(s) is at most (7 — 3\2/3)7”3 larger than the real uncovered
area in the sensing range of s.

Algorithm [Ilimplements the whole procedure, and Figure [f] gives an example.

3.3 DT-Based Partition of Holes

To cover a hole in HOLE, we partition it into triangles whose edges are no longer
than r,, so that a sensor can be placed at any of the three vertices of a triangle. We
achieve this by the following three steps:

Step 1: Partitioning the long edges. If an edge of the hole is longer than rg,
frl 1 — 1 points are added to partition it evenly, such as AB in Figure [l We
treat the newly added points as vertices of the hole.
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Algorithm 1. Finding Holes

Input:the region A, obstacles O, Lin, Lout and Lops Output: the holes HOLE
1: For each item s € Loyt U Lops do
2: hole(s) =H(s)N(A—-0)
3:  if hole(s) # @, HOLE = HOLE U hole(s)
4: End For
5: For each item s € L;, do
6:  Hin(s) =H(s)N(A—-0)
7 If H;n(s) # @, Then
8 Finding the vertices of hole(s) /* Theorem [ */
Compute and merge subholes to get hole(s); update HOLE /* Theorem 21*/
9: End If
10: End For
11: For each pair of items hole; and holes in HOLE
12:  if holex N holez # @, hole = holer U holez and update HOLE
13: End For

Step 2: Applying Delaunay triangulation. We apply DT over the vertices of the
hole, and get a triangulation of the hole. Here DT is chosen because 1) it is efficient
(O(nlogn) time, where n is the number of vertices), and 2) the minimum angle of
all the triangles is maximized thus avoiding skinny triangles [I4]. Based on the ad-
vantage of DT and the property that our holes are narrow, the triangulation will
add no or just a few long edges that need to be handled in next step.
Step 3: Partitioning triangles with an edge longer than rg, such as C'D in Fig-
ure[ll Also, to avoid skinny triangles, we always partition the longest edge among
all the triangles. This step stops until all the edges are bounded by 75 and we
finally get a partition, 7., over the hole.

The partition for a hole from Figure [f is illustrated in Figure [l After han-
dling all the holes in HOLE, we get a set of partitions, Tpees, as described in
Algorithm 2

3.4 Placing Sensors to Cover Holes

Based on the partition, full coverage is equivalent to satisfying the requirement
that at least one vertex of each triangle in 7,.¢5 is placed a sensor. For each 73 ¢
in Tholes, we first compute its dual graph, D(7p01c ), which has a node v for every
triangle t(v) in Zpop.. Two nodes v and v form an edge if ¢(v) and t(u) share
at least a point. If D(Tpoe) is a tree, it is 3-colorable. When performing DFS
(Depth-First Search) on the tree, for each v being visited except the root, there
must be one or two (when ¢(v) shares only a vertex with the triangle visited in
the last step) free nodes uncolored in ¢(v). However, in our case, D(7}e) may be
a graph with cycles and not 3-colorable. In order to ensure that every triangle
has three different colored vertices, we allow a vertex to be ‘doubly colored’.
When performing DFS on the graph, for the last node v in a cycle, the free
vertex in ¢(v) has been colored. We check whether the three vertices of ¢(v) have
had three different colors. If yes, we go on to visit the next node directly; if no,
we append the absent color to a colored free vertex and make it doubly colored,
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Algorithm 2. DT-based partition of Holes

Input: the set of holes HOLE  Output: a partition Tpees over HOLE
1: For each hole in HOLE do
2:  Initialize an array £, a partition 7x0. and a sorted array L. empty
3:  Lp= L,U vertices of hole

4:  For each edge e of hole do /* Step 1 */
add [le"g:h(e)] — 1 points evenly on e and append the points to £,
End For
5. Do DT over £, and store the triangulation of hole to Thore /* Step 2 */
6:  Insert edges in Zpo1e longer than rs to L. in decreasing order of lengths
7: While(L. is nonempty) do /* Step 3 */
8: add [le"g:h ()] — 1 points evenly on the first item e and remove it
9: For each €riangle containing e do
connect the points added to the vertex that is not on e; update Zhoie
10: if there are edges added longer than rs, insert them to L.
11: End For

12:  End While
13: 7—holes = 7—hole @] Ztoles
14: End For

such as the vertex D in Figure[ll After coloring, we choose the smallest group of
the vertices with the same color to place our sensors. Because for each cycle in
D(Thole), there is at most one vertex in 7,0 doubly colored, we have Theorem 3t

Theorem 3. For a hole h, if it has n vertices in T, and ¢ cycles in D(7p,),
|"3¢] sensors can always fully cover it.

After placing sensors to cover all the holes, together with the sensors in L;,, we
can get full coverage of the region A (Figure [|)).

Fig. 7. Partition a hole Fig. 8. Full coverage: red Fig.9. Cover a rectangle of
into triangles and color  and green points are sen- long edges: red and green
the vertices. sors points are sensors

4 Analysis and Experiments

Because of the arbitrary obstacles and the region, to analyze the bounds on the
number of sensors for full coverage, we need to use parameters from both the input
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region and our placement algorithms. For the region A, n,, is the number of vertices
on P(A — O), and the length of each edge i on P(A — O) is len,. For the holes
in HOLE, the number of vertices located on { P (s)|hole(s) # @} is nypn, and
the number of vertices on {P4(s)|hole(s) # @} is nype. The number of sensors to
cover HOLE is ncp,. k is the number of vertices to divide long edges after applying
DT over HOLE. Recall that there are no or at most a few edges longer than r;
after DT, so k is small. m is the total number of cycles in the dual graphs of 7j,j¢s-
m is also small and closely related to the shapes and positions of obstacles and the
region boundary. The size of L;, is njy,, and the number of vertices in 7pojes 1S Mt
Then the number of sensors to achieve full coverage of A is:

N =nip +nen <Nin + | (Nt +m) /3] ) *x Theorem Bl / (1)
len; 7 m
o+ anh+nwa+2 (?[) =1+ k+ | @)
len; 7 m
< g T +Zi(f3u T=D+k+ S <mox/ (3
area(A — O) _ area(A — O) )
area(H(s)) 3v/3r2/2

nip is the asymptotically optimal number of sensors to cover the region excluding
HOLE by the ORPD procedure. n,,, approximates to nypq + _; (fle" 1-1)in
most cases, and for irregular obstacles and regions, nvph can be much smaller.
So, the upper bound of the sensors for holes is nearly 3 (n, + Zz(fl‘;':l —1)).
However, for contour-based methods, the sensors placed along boundaries can
reach n, +>_,([*“"] — 1), where r is the constant placement distance not larger
than v/2r,.

We carried out experiments to validate the above analysis and to show the ef-
fectiveness of our approach for both regular and irregular cases. The example in
Figure [ illustrates the effectiveness of our approach in handling comb-shaped
boundaries. Figure [0 is to cover a rectangle, which illustrates the handling of
long straight lines. Moreover, we conducted simulations for four types of regions
(Figure[IQ) using three types of sensors with different r,. Figure [Tl compares our
results with the contour-based ones’. ‘Contour-based-1’ is to first place sensors
along the boundaries, and then add extra sensors for full coverage via a near-
optimal placement. ‘Contour-based-2’ applies the ORPD procedure and then
places sensors along the boundaries to cover the holes. When executing ORPD
in ’Contour-based-2’" and in our method, we try different locations for the first
sensor, and choose the one leading to the fewest sensors for full coverage. Greed-
ily, we place the first sensor "5 away from the longest boundary and rotate the
regular pattern to fully cover the longest boundary. We can see that the more
irregular the obstacles and region are, the more sensors our method can save.

5 Discussion

We have considered only opaque obstacles which neither allow sensors to be
deployed inside nor allow the sensing signal to pass through. There exist other
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Fig. 10. Four types of regions: (a) a regular region and obstacles (b) an indoor-like
region (c) an outdoor-like region (d) an extremely irregular region and obstacles
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Fig. 11. Comparison of the contour-based methods with ours in above 4 regions
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kinds of obstacles such as transparent obstacles (ponds are examples) which do
not allow sensors placed inside but allow signals to pass through. When the
obstacles and region boundary are all transparent, the holes appearing after the
ORPD procedure are only those due to the lack of sensors. We can compute
Hin(s) for each s € Loyt U Lop. For each nonempty Hin(s), we need to add at
most 5 sensors to cover it [B]. Setting n = [{s € Lout U Lop|Hin(s) # T}, we
have the upper bound of the sensors needed as n;, + 5n. Note that the upper
bound in [§] is incorrect because it sums up each H;,(s) without considering
their positions which are as crucial as their sizes. An example to refute their
upper bound is a w x [ rectangle with w — 0.

In practice, due to the inherent uncertainty of a sensor’s sensing ability, the
probabilistic sensor model is more reasonable than the binary model [7]. As full
coverage is achieved in our placement, for any point in A — O, there must be at
least one sensor s within a distance r5. Therefore, our coverage probability for any
point is not smaller than e”‘rf, where A\, 7. and (§ are parameters in the model. If
a higher probability is required, we need to use a virtual sensing radius r instead
of rg, where ry — r. < r <14, so that the probability e~ Artre—r)? g guaranteed.

For arbitrary obstacles, the effective coverage of a sensor can be infinitesimal.
The number, shapes, sizes as well as relative positions of obstacles make it hard
to design and analyze algorithms for full coverage. In practice, obstacles are
rarely extremely irregular. Therefore, we may choose to study coverage for a
limited number of special sizes and shapes of obstacles. Moreover, instead of full
coverage, we may also choose to ignore holes smaller than a certain predefined
threshold.
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6 Conclusion and Future work

In this paper, we propose an efficient full coverage method for a sensing region
with arbitrary boundary and obstacles. We achieve this by carefully studying how
the obstacles and the region boundary block coverage. The holes arising from
an optimal regular pattern deployment are efficiently and accurately calculated.
Algorithms based on Delaunay triangulation and 3-coloring are designed to cover
these holes. Compared with other methods, the proposed method can achieve
full coverage while dramatically saving sensors especially when the region and
obstacles are irregular. Besides the extension mentioned in the previous section,
future work can be carried out in many directions, such as multiple connectivity
and coverage with obstacles, 3D coverage and the surface coverage [15] with
obstacles, coverage by mobile and heterogeneous sensors, etc.
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