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Abstract. Identifying the boundary nodes of a wireless sensor net-
work (WSN) is one of the prerequisites for healing coverage holes, which
belongs to the main problems of QoS in a network. Most of the existing
solutions for this problem rely on the usage of coordinates or a rela-
tively even distribution of sensors on the underlying network. However,
as equipping localization devices on sensors usually means considerably
higher cost, coordinates are often unavailable in low-budget networks.
And it is often hard to guarantee the distribution of nodes. Therefore,
identifying the boundary nodes without coordinates still faces difficulties.
In this paper, we propose a distributed algorithm to solve this problem.
In our method, a checking node first finds out all the potential trian-
gles that with vertices from the 1-hop neighbors of the node. Then, the
sensor keeps triangles containing it by calculating angles. At last, trian-
gles with gap edges are identified by angle comparison to avoid wrong
identification of a boundary node which has a U shaped ring locates
beside. Ilustrated simulation results show the performance effectiveness
of our method, especially in networks with random and uneven sensor
deployment.
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1 Introduction

The nodes in a WSN are responsible for sensing the events appear in the Region
of Interest (ROI), collecting data, and transmitting them to background for
data analyzing. Therefore, a WSN should have a sufficient number of nodes'
to fully cover the entire ROI. Otherwise, events appear in places where sensors
are missing would be omitted and further affects the results of data analysis.

The work is supported by the National Natural Science Foundation of China under
Grant No. 61502010 and No. 61402009 and Natural Science Foundation of Anhui
Province under Grant No. 1608085QF 146.

! We interchangeably use the words ‘node’ and ‘sensor’ in this paper.
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Sometimes, this situation may lead to fatal consequences. Such as a missing
detection of moving troops on a battlefield or a neglect of the leakage of toxic
gases [1].

Accordingly, it is essential that a WSN fully cover the ROI in the entire
lifetime. However, nodes in it are often vulnerable. They are easily to be moved
away from original positions by animals, destroyed by harsh environments, shut
down by limited energy supply, or simply been settled outside of the ROI due
to random deployment. If there are no extra sensors to replace the failed (or
disappeared) ones, blank areas would arise and weaken the QoS of the network.
Researchers usually refer those areas as ‘coverage holes’. In order to fully cover
the ROI (again), one often need to use redundant nodes to ‘heal’ the coverage
holes, which means that moving additional sensors to cover the blank area in
the ROI [2]. In order to perform this work, the network needs to know where the
holes are. One method of finding them is to first identify the boundary nodes and
then distinguish the border of the holes and the frontier of the network, without
help from coordinates. In this paper, we propose a distributed algorithm using
techniques of point in triangle test and angle comparison to solve the problem
in networks where sensors are randomly deployed and coexist a number of small
scattered coverage holes.

2 Related Work

The method of boundary node detection can be categorized into three main ways.
The first one are the geometrical approaches. In these algorithms, all the nodes
know their coordinates [3]. Thus, Voronoi Diagrams or Delaunay Triangles or
anchor nodes can be used to help locating the boundary sensors [4]. Although,
the calculations are easy, the mechanism requires extra cost for the usage of
localization equipments. The second methods are statistical ones. They often
assume that the distribution of nodes in networks follow certain statistical func-
tions and have threshold values. The calculations in them are straightforward
but they rely on the uniform distribution of nodes in networks and often require
high density [5]. The topological methods are the third kind of solutions. They
do not need coordinates of sensors and often only need connectivity information
between nodes [6,7]. Due to limited information, most of them do not perform
well in sparse networks, especially when executed distributively.

Beghdad et al. [8] suggested a distributed algorithm BDCIS that using 1-hop
neighbors of a sensor. It requires less communication than most of the existing
works and avoids false detection of boundary nodes with the existence of some
U-shaped rings in the network. However, the critical cardinal value used in it
may not fit for randomly deployed sensor networks with small holes. Dhanapala
et al. [9] presented a distributed algorithm (we refer to it as VCSTPM) that
uses geometric relationship for boundary detection. It uses hop distances from
nodes to anchors to build a virtual coordinate system. Based on the system,
the algorithm finds out triangles and performs Point in Triangle (PIT) test by
calculating areas of them. But, when a U-shaped ring locates beside a checking
sensor, this algorithm may misidentify a boundary node as an inner sensor.
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3 The Neighborhood of a Sensor

We assume that each sensor node has an unique ID and they cannot move after
deployment. Through communication, each sensor v obtains its one-hop-neighbor
set N!. A sensor v can obtain the value of an angle formed by it with other two
nodes in N!. And two connected sensors u and v can obtain the distance between
them by evaluating the RSSI value, assuming there are no obstacles stand on the
plain network. The communication radius of a sensor is no greater than twice
the length of its sensing radius. We first define the terms of ‘inner sensors’ and
‘boundary nodes’ used in this paper. From the definition of inner nodes, we know
that if a node v is an inner nodes it should be surrounded by a ‘ring’ formed by
a number of other sensors.

Definition 1 (Inner Sensors). Given a node v and the circumference ¢, of
its sensing area A, if ¢, is fully covered by other sensors in the same network,
v 18 an inner sensor.

Definition 2 (Boundary Nodes). Given a sensor v in a network, if v is not
an inner sensor, v is a boundary node.

3.1 Rings in the Neighborhood

Definition 3 (k-Hop Neighbor). If node u is connected with node v and u is
k-hop away from v, then u is a k-hop neighbor of v. The set N¥ contains all the
k-hop neighbors of v.

Proposition 1. Given a node v, if v is an inner node, it is surrounded by a
ring R, formed by the nodes in N}.

Proof. Assuming there is a ring R;) surrounds a node v, one node u € N2 is
in R;}. We remove v from R;}, the remainder of it becomes a gap ring RJ. Two
end points u; and us of RY together with node v and sensor u' construct a
quadrilateral @,/. There is a gap between node v and sensor u/, which means a
coverage hole in the ROI of @,,. If else, node v and sensor u" should be directly
connected and u’ € N_}. When the quadrilateral @,/ contains a hole, a part of
circumference ¢, is not covered by any sensor. This violates the definition of
inner nodes. The same result also applies in a ring R;l which contains any node
u e NF k> 2. 0

From the above proposition, we know that one method to distinguish the
inner nodes from the boundary sensors is to find out if there is a ring in N.}.
However, there are some difficulties. The first one is we cannot affirm the number
of nodes on the ring around sensor v (length of the ring). The second comes from
the fact that it is hard to confirm if the ring we found out is surround sensor
v (position of the ring), without coordinates. Trying to solve the first problem,
we may examine that if all the nodes in N} can build a ring by finding out a
Hamiltonian circle in a graph H NG.. The graph is constructed by all the nodes
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in NV} and the connections between sensors. However, searching for a Hamiltonian
circle in a graph is an NP problem, it is not promising to provide a solution under
limited resources when |N}| is large in a dense network. Therefore, we put our
focus on the second problem. If we first discover a ring R and then check out
if R is surrounds v or locates beside v, it is difficult. But, if we only focus on
searching a ring R surrounds v, it is relatively much easier.

3.2 Triangles in the Neighborhood

Theorem 1. Given a node v, if v is an inner node, there is a triangle T, formed
by the nodes on ring R, surrounds v.

Proof. From Proposition 1, we obtain a ring R, surrounds v. There are at least
three nodes on R, otherwise no ring can be formed. We randomly pick out three
sensors u1, Uz, and ug on R, to construct a triangle Ti.s:. We enumerate all the
potential triangles by finding out all combinations of the vertices on R,. For
each test triangle, we do Point in Triangle (PIT) test to check if it contains v. If
none of them fits, the area of R, does not cover v, R, locates beside v. O

Corollary 1. Given a node v and a set S, = N} —|J R, if v is an inner node,
either the elements in S, forms no triangle or none of the triangles contains v.

Proof. Assuming there exists a triangle T built by nodes in S, contains v, nodes
on the three vertices of T form a ring R}. As R} C|JR,, any sensor v on the
vertex of T" is not in S,,. a

From the above we know, if we obtain a triangle Tj. s built by nodes on Nv1
that contains v, we may identify v as an inner node. The uncertainty comes
from the possibility that there may exist an ‘U’ shaped ring locates beside the
checking node. Two ends of the U-ring with another points on it may form a
triangle that containing v.

3.3 Difference Between Triangles

Definition 4 (Gap Edge). Given a U-shape ring RU constructed by the nodes
in N} of sensor v, the connection between two ends pru and qru of RY provides
an edge epq that filling the gap of the U-ring. Such edge epq is a gap edge.

A triangle Tics built with a gap edge e, may mislead an algorithm that
identifying inner nodes by searching triangles containing a checking sensor. Thus,
we need to remove these triangles (Fig.1).

Lemma 1. Given a boundary sensor v, a triangle T, containing v is formed by
the nodes on a U-ring R, locates beside the node. Gap edge E, on T, divides
area around v into two parts All) and A%. Nodes u1, ug, and uz are the three
vertices on T,,. Among them, ui and us are the end points of E,. The shortest
path between uy and us is on the same side of the area that containing T,.
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Fig.1. An ‘U’ shaped ring locates beside the checking node (colored black). Three
nodes on the U-ring (colored gray) build a triangle that containing the checking sensor.
There is also a gap edge (black dotted line) built by two end nodes on the U-ring. The
edge divides area around the checking sensor into two parts. There should be no shortest
path between the end points of the gap edge on the opposite side of the U-ring.

Proof. We assume area Al contains T),. If the shortest path Py between u; and
uy is in area A2, there exists at least one node p, on the path. Then, the two
edges other than F, on T, form a ring R, together with the path Pj!. The area
of R, includes the area of T},. Since T}, contains v, the ring R, contains v. Node
v is an inner sensor. O

v

Theorem 2. Given a boundary sensor v, a triangle T, containing v is formed
by the nodes on a U-ring R, located beside the node. Fdge e, on T, is the gap
edge. Nodes uy, uz, and ug are the three vertices onT,. And the former two nodes
are end points of e,. Angle Zusujus is a side angle of T,,. Randomly pick a node
u, on the shortest path Py} between uy and us. The value of angle Zuyujus is
no greater than the value of Zusuius.

Proof. The two end points on E, divide the U-ring R, into two parts R} and
R2. Since R, is U-ring, the length of R} and R2 is hardly to be equal. We assume
R} is the longer one. If u3 is on R} and P}l is on R2, it is easy to verify the
result. The same situation holds when ug is on R2 and P! is on R2. O

According to the above analysis, we propose our distributed coordinate-free
boundary nodes identification algorithm based on point in triangle test and angle
comparison.

4 Boundary Nodes Identification

Our distributed algorithm contains three parts. It first finds out all the potential
triangles constructed by the 1-hop neighbors of a checking sensor. Then, it exe-
cutes PIT for each triangle to test if it contains the node. At last, the triangles
containing gap edges are removed by angle comparison.

In the algorithm, each sensor is initially set as an inner node. A node v
collects the 1-hop neighbors of it by communication with directly connected
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neighbors. In this process, if |V}| < 3, no ring can be built by nodes in the 1-
hop neighborhood of v, thus v can be directly set as a boundary node. After the
execution of this algorithm, each node v obtains a list of triangles, the vertices
on them are the nodes in N}.

4.1 Point in Triangles Test

Next, we do PIT test for each item in Ly to examine if it contains the checking
sensor.

Algorithm 1. Point in triangle test by angles

1: Input: node v, triangle T', angle ¢ = 0.
2: Output: true or false.

3: Initially, output = false;

4: for each edge e in T: do

5. Get the two end points p and ¢ on e.
6:  Obtain value of the angle /puvq.

T ¢=¢+ Lpug.

8: end for

9: if ¢ = 27 then

0 output = true.

1: end if

Since sensor v can obtain the value of an angle formed by it with other two
nodes in N! and a triangle T in Lz is built by the nodes in N}, for any two
nodes p and ¢ on T, we can obtain value of angle Z/pvq. We add up the value of
the angles in T'. If T' contains v, the result should be 27. Otherwise, T' does not
contain v. This is ensured by axiomatic geometry.

Each triangle T' that contains node v is added into a list LS.. Then, we remove
the items in LS. that containing gap edges (Fig. 2).

4.2 Remove the Triangle that with a Gap Edge

In the last step, we remove all the invalid triangles in Lf. We use a Test of
Triangle Validity (TTV) algorithm to check the validity of each triangle in L.
After running TTV, if |LS%| > 0, which means there exists at least one valid
triangle, the checking sensor is an inner node. Otherwise, it is a boundary node.

Definition 5 (Valid Edge). Given an edge e, if e is not a gap edge, e is a
valid edge.

Definition 6 (Valid Triangle). Given a triangle T, if all the edges in T are
valid edges, T is a valid triangle.
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N~
(a) The third vertex on the tri- (b) The third vertex on the tri-
angle containing the gap edge is angle containing the gap edge is
on the longer segment of the di- on the shorter segment of the di-
vided U-ring. vided U-ring.

Fig. 2. Angle comparison in triangles with gap edge. The blue dot is the sensor selected
randomly on the shortest path between two nodes on the end of a gap edge. (Color
figure online)

Algorithm 2. Test of triangle validity

1: Input: node v, triangle T

2: Output: valid or invalid.

3: Initially, the validity Vr of T is Vi = walid.

4: for each edge e in T: do
Set the initial validity V. of e, Ve = valid.
Get the two end points p and g on e.
Get the third vertex w on T
Calculate value of the angle Zgpw by the Cosine Theorem.
9:  Find the shortest path P} between node p and ¢ within the set N
10:  Pick a random node v on path P}.
11:  Calculate value of the angle Zupw by the Cosine Theorem.
12:  if Zupw < Zgpw then

13: Ve = inwalid.
14: end if

15: Vr=Vr AVe.
16: end for

In step 8 and 9 of TTV, we use the Cosine Theorem to calculate the value
of an angle and this requires values of distance between two nodes. Given node
p and ¢, if they are directly connected, by evaluating the RSSI value between
them, d,_, can be obtained. If node p and ¢ are not directly connected, we can
calculate d,_q4, as p € N} and g € N!. We first obtain the distance dp—, between
node p and v. Then, we get the distance dy—, between node ¢ and v. At last,
with the help of angle Zpvgq, we calculate the distance dp,_,.

4.3 Discussion

Performance Evaluation. Each sensor v in our distributed algorithm sends
out and receives O(n) messages, n = |N}|. The computational complexity of it
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for each sensor v contains three parts. The first one comes from enumerating
triangles in N}, it is O(n3),n = |N}|. The second part is PIT, it contributes
O(n),n = |Lp|. The main contribution of computational complexity in TTV
comes from the search of a shortest path between two nodes. Depends on the
breadth first algorithm used on the graph H NG} constructed by all the nodes
in NV} and the connections between sensors, the complexity of TTV can be up to
O(mn?), m = |L%|, n is the number of vertices in HNG..

Algorithm Improvement. We do not need to visit all the triangles in L5.
If LY contains at least one valid triangle, the checking sensor is an inner node.
Thus, the algorithm only needs to visit the triangles in L. one after another, if
it meets a valid triangle, it stops.

Due to the lack of coordinates, it is hard to locate triangles containing the gap
edges precisely by TTV, especially in a network with random sensor deployment.
And interferences may be brought in TTV by the accuracy problem in floating
point calculation. In order to refine the result, if a sensor is set as an inner
node after running TTV and it has at least two 1-hop neighbors as boundary
nodes, it checks the number of connected components of a graph built by its
boundary neighbors. If the graph has more than one connected components,
then the checking sensor should be a boundary node.

5 Simulations

We first build a 5 * 10 small ROI and randomly deploy 48 nodes in it. The network
fully covers the ROIL. Figure3(a) shows that due to random position of sensors
our algorithm without refinement has a little difficulty on fully distinguish the
boundary nodes. After refinement, the defects can be compensated.
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(a) Algorithm without refinement. (b) Algorithm with refinement.

Fig. 3. Boundary nodes identification on a small random network. Red diamonds show
the boundary nodes.

In order to further test the performance of our algorithm, we build a 40 * 30
ROI containing 848 randomly deployed nodes. Among these sensors, 524 of them
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Fig. 4. Boundary nodes identification on a random network. (Color figure online)

Fig. 5. Our algorithm performance. Most of the boundary nodes and inner ones are
correctly distinguished. (Color figure online)

are boundary nodes. In this network, there is an irregular shaped coverage hole
at the center, together with several small holes randomly scattered in it. In the
simulation results, the red dots are the boundary nodes and the light blue crosses
are the inner ones. Our algorithm correctly identified 450 boundary sensors and
304 inner nodes (Fig.5). The correctness rate is 85.8% for the boundary nodes
and 93.8% for the inner ones. The boundaries of most of the small holes are also
correctly depicted. However, we see from Fig. 4 that BDCIS overly picked out too
many boundary nodes (Fig. 4(a)) and VCSTPM overly identified too many inner
sensors (Fig.4(b)). Though both of them show their efficiency in distinguishing
the boundary of the center hole and the frontier of the entire network, they can
hardly recognize the random small holes. Due to lack of space, other simulation
results are omitted in this part.
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6 Conclusions

In this paper we studied the problem of identifying boundary nodes without
coordinates in a distributed fashion. We analyzed the feature of an inner sensor
and proved that each inner node has a triangle containing it. We extracted
the difference between triangles containing inner nodes and the ones containing
boundary nodes next to U-rings. According to these analyses, we presented a
three-step algorithm to identifying the boundary sensors. The effectiveness of
it has been verified by simulation results. Our future work will be focus on
improving this algorithm, reducing the usage of angles, and studying problems
in three dimensional environments.
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