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Abstract. Energy efficiency is the most important N .
e Encr) conumn St e by e s s
ogy of the sensor nctwork. Further energy ption could be Ig lojpul.
taking localized routing decision. In this paper we propose an ener; T ‘bY
routing for wireless sensor networks called almost Delaunay lriangugl:);t,c icient
ing approach, which meets both the energy efficiency and localized m\l:'“ rou!.
teria. The architecture of the routing tree will be dynamic even though ‘ll:lg cri-
derlying graph is static and calculated only once. Experimental rcsgull "hun.
that the performance of the proposed approach is good for uniform ra dS show
tribution of the sensor nodes. ndom dis-

1. Introduction

A sensor network is a network of many smart devices, called sensor nodes, which
distributed in order to perform an application-oriented global task, The pfi’ma ich are
ponent of a sensor network is the sensor. Sensor nodes are used to monitor so?r’n: om—l
world physical phenomenon like pressure, temperature, humidity, presence/abs real
of something, vibration, intensity, sound, pressure, motion and pollutant etc Eac‘f}:lcef
the sensor nodes is small and inexpensive but smart enough to perform seve.ral task:
The smart tiny sensor nodes are equipped with microcontroller, a radio h'ansminc;
and an energy source. The most important design and implementation requirements of
a typical sensor network are energy efficiency, routing decision type, memory capa
ity, computational speed and bandwidth. Sometimes a special central node ispd:-
ployed to control all the operations of the network. g
Wireless sensor network, widely known as WSN, has become a wide area of re-
search nowadays as the processing and storage technology became mature and feasi-
ble recently. We can now think of deploying hundreds of thousands of cheap sensor
nodes to a target area to sense some special types of information. Sensor networks are
used in a wide range of areas such as sensing ocean floor activities, volcanic activi-
ties, and phenomena in Mars etc. In most of the cases, sensor nodes are deployed in
places where the physical condition is very adverse and human cannot go there. For
this reason, there is no pre-existing network topology available in the target arca. The
major problem of the sensor network is the energy consumption. The battery technol-
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ogy is much lagging bechind than the processing and storage technology. For this
reason, the primary research on sensor network is how to efficiently use the power
consumption of each of the sensor nodes to maximize the total lifetime of the net-
work. In most of the cases, it is not feasible or even impossible to recharge the battery
of the sensor nodes. The power consumption of the sensor nodes mostly depends on
the routing of information in the network. Other mecans of power consumption in-
clude sensing and processing of the information. There is not much scope to reduce
the power consumption related to sensing and processing. So, most of the research
about sensor nctworks mainly concentrates on the power consumption duc to the
routing of information and there is still much scope to improve. Compression could
reduce the amount of data transmitted in sensor network. However, data compression
is out of the scope of this paper and hence we will not discuss about data compres-
sion.
In this paper, we propose an algorithm based on Delaunay triangulation to organ-
ize the topology of the sensor network. We name it as almost Delaunay triangulation.
The almost Delaunay triangulation routing graph is generated locally and the graph is
generated only once. At each round, the sensor nodes use a subgraph of the almost
Delaunay triangulation which is very easy to generate and also very much cost cffec-
tive. The proposed algorithm shows good performance when the distribution of the
sensor nodes is uniform. This paper is based on [13] with some enhancements.

2. Background

The background of sensor network research is relatively new, as the processing and
storage technology has matured recently to make the numerous sensor nodes feasible.
Research on sensor network includes preliminary ideas about how the sensor network
should function [2]{4][9][23][25] and also how to efficiently use the energy
[6][81[19](25][26])[28]. References [17] and [20] surveyed the coverage problem in
wireless network. At first sight one may think that the architecture used in existing
ad-hoc networks could be reused in sensor network. However, ad-hoc networks and
sensor networks are completely different in many ways. Firstly, in sensor network
sensor nodes do not have any unique identification unlike ad-hoc network. Secondly,
in ad-hoc network the mobile nodes could be charged if necded (like we charge our
cell phones every day). Power is not a problem in ad-hoc network. On the other hand,
in sensor network it is not feasible to recharge the batteries of the sensor nodes. We
could use data abstraction in sensor network, as the neighboring sensor nodes senses
almost the same data [25] and neighboring data is correlated. These reasons make
sensor network different from the ad-hoc network and give some new challenges to
the researchers. A lot of recent work is done on energy efficient routings
[2][8][11][19][21][25][26]. Some research divides the network in several rounds
[21][25] and in each round the topology is changed. Reference [21] uses a greedy
approach to calculate a near optimal cycle among the sensor nodes. Some research
also suggested information gathering models to reduce the amount of information
transferred. In our almost Delaunay triangulation routing we also divide the sensing
time into rounds. In each round we only change the head, which is the recciver of all
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information in the nctwork. The head of each round communicates with the base

station. Base station is usually very far from the target area. In our proposed ap-
proach, we do not have to calculate the network topology in every round.

3. Preliminaries
3.1. Assumptions

In the sensor network we assume the following properties.
1. The minimum number of sensor needed to cover an arca is given by the fol-

lowing equation
_ Ax J27
N min 2 2
2xr®xIl
where 4 is the target arca, Ny, is the minimum number of sensor nodes,

and r is the sensing range of each node [18]. We assume that in our target
area we have N nodes, where N>>N ..

The sensor nodes sense information continuously and send the information
continuously to the next node towards the head.

3.2. Our Goal

Our goal in sensor network includes the following.

1. Minimize the summation of the squared distance of the edges in the routing
tree at each round, which implies the maximization of the lifetime of the
network, because the power consumption is proportional to the squared dis-
tance [22].

2. Minimize the diameter of the tree in each round (long paths in the graph
means it will take long time to reach the information to the head).

3.

Find the tree by local computation only. This is because, neither it is feasible

to use a central supervising node in sensor network, nor every node has
complete information about the network.

3.3. Power sink

The power sink in sensor network includes sensing, processing and transrecieving of
information within the network. Most of the power is consumed in transmission. The
energy consumption to transfer a unit information to a distance d is proportional to ",
where 2<1<4 [22]. So, we should take small d’s whenever possible,

3.4. Single vs. Multi Hop

In single hop sensor network, each node directly sends information to the central
node or the head. References [25] and [28] analyzed single hop sensor network. In
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single hop sensor nctwork, the node that is far from the head consumes more power.
On the other hand in the multi hop sensor network several intermediate nodes are
used to route the information to the head. Reference [21] used multi hop sensor net-
work. In multi hop sensor network, the node that is nearest to the head consumes
more power as it has to handle a lots of child nodes. In the case of muliti hop, it will
take more time to reach the information to the head, because each hop requires some
additional time. So, we need some trade off between single hop and multi hop. We
should use multi hop when possible to reduce power consumption. We should also
keep in mind not to make too much long paths to reduce information propagation
delay. If we allow multi hop in the graph, minimum spanning tree (MST) is the best
solution. We are not considering about the MST, because it contains very long path
compared to the number of nodes in the graph. If we could restrict the diameter in the
MST, then it would be our desired solution. However, Bounded Diameter Minimum
Spanning Tree (BDMST) is NP-hard [12]. So, no efficient algorithm is likely to exist

for BDMST.

3.5. Central vs. Distributed Approach

In central approach, the routing graph and the head is selected by one or few of the
sensor nodes. On the other hand, in distributed approach the graph and the head is
selected by all the nodes in the sensor network. Central approach is not feasible in
sensor network, as the central node will become the bottleneck of the whole network.
The nodes should be able to organize themselves in a distributed and localized fash-
ion and the loss of some of the nodes will not have much effect on the remaining
network. The whole network should work well even if some nodes fail or expire.

3.6. Static vs. Dynamic Topology

Some sensor network algorithm changes their networks dynamically and some re-
mains static for the whole lifetime of the network. If we use static topology, then the
energy consumption will not be evenly distributed among all the nodes of the net-
work. Some nodes will consume more energy than the others and will die much ear-
lier. To avoid situations like this, we will use dynamic topology. Thus, the load of the
network will be evenly distributed among all the nodes.

3.7. Sink based vs. Ad-hoc

Sink based sensor networks use one or more sink nodes which are also known as
heads. These sinks gather all the information and manage the whole network. The
sink nodes are usually the receivers of all node’s information in particular region. On
the other hand, there is no sink in ad-hoc networks. All sensor nodes are equal. Our
proposed algorithm is sink-based, but we change the sink (head) in each round.
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3.8. Delaunay Triangulation

A Delaunay triangulation for a set P of points in the plane is a triangulation DT(P)
such that no points in P is inside the circumcircle of any triangle in DT(P). Dclaunay
triangulation has some interesting properties that make it unique. Firstly, external
Delaunay edges in DT(P) constitute the boundary of the convex hull of P, Sccondly,
all circumcircles of Delaunay triangulation are empty. Moreover, some important
graphs like Gabriel graph, the relative neighbor graph, Euclidean minimum spanning
tree and the nearest neighbor graph are subgraphs of Delaunay triangulation [1}. De-
launay triangulation maximizes the minimum angle of all the angles of the triangles in
the triangulation. In Delaunay triangulation the expected number of node degree is
less than or equal to 6 for all network sizes [1]. Addition and deletion of nodes has
only local effects. Another interesting property of Delaunay triangulation is that com-
pass routing is possible in Delaunay triangulation [3). Figure 1 shows the Delaunay
triangulation. Dual graph of the Delaunay triangulation is the Voronoi diagram. Vo-
ronoi diagram is shown in shaded line in Figure 1. Each polygon in the Voronoi
graph is governed by a vertex.

Figure 1. Delaunay triangulation.

3.9. Enistvax

Suppose that there are N points in an area 4. Let Evsmyax represents the longest edge
in the minimum spanning tree (MST). Approximating the value of Eysryy is impor-
tant, because the connectivity of the routing tree in our proposed approach depends
on the good approximation of EvstMax.

3.10. Compass Routing

The compass routing (CR) is a local routing strategy which always moves the packet
to the vertex that minimizes the angle over all vertices adjacent to the current node
towards the destination node. Delaunay triangulation always guarantees that the
packet will reach to the destination [24]. Compass routing is shown in figure 2.
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Direction of
head

Figure 2. Compass routing.

The current node n has seven neighbors from n, to n;. Node 1 knows about the lo-
cation of the head. So, it can easily calculate the direction of the head. In Figure 2, the
node ny is in the closest direction of the head. So, node n will send its sensed informa-
tion to ny. Here the question arises: will compass routing guarantee that we will fi-
nally reach to the destination? The answer is “yes” for Delaunay triangulation, but is
not always “yes” for almost Delaunay triangulation. Statistically we found that if we
select the destination nodes (heads) from the central parts of the graph, the possibility
that the compass routing will guarantee the delivery of information to the head is

much higher.

3.11. Long Edges in Delaunay Triangulation

Edges in the Delaunay triangulation which are longer than the optimal transmission
range r of the nodes are called the long edges. Long edges in the Delaunay triangula-
tion can occur in two places.
1. Edges that have at least one vertex on the convex hull or both the vertices are
very near to the convex hull.
2. Near the big hole in the sensor network.

Figure 3. Long edge in Delaunay triangulation,
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Figure 3 shows an example of long edges. We have to take care of the long edges
near the boundary. It can be shown very easily that two nodes « and v in figure 3 can
not decide whether the edge uv will be included in the tri lation or not. We can
see that the nodes « and v are very far compared to their transmission range shown in
dotted circle. Node « and v can only decide whether the edge uv will be included or
not in the Delaunay triangulation if they have the information about all the nodes in
the network. Delaunay triangulation is not possible to generate locally because of

these long edges. Big holes can be handled by compass routing along with perimeter
routing described in [16].

4. Almost Delaunay Triangulation Routing Protocol

As Delaunay triangulation is not possible to generate locally. We introduce almost
Delaunay Triangulation. Almost Delaunay triangulation is a subgraph of the Delau-
nay triangulation. We define the almost Delaunay tri gulation as the Delaunay trian-
gulation without the long edges. Note that, almost Delaunay triangulation is some-
times not even a triangulation like in Figure 4. Figure 4 shows the almost Delaunay
triangulation of the triangulation in Figure 1. Long edges are displayed in thick dotted
line and will not appear in the almost Delaunay triangulation. We can see that without
the long edges the graph is not a triangulation. It can be shown that the nodes can
locally decide which edges are in the almost Delaunay triangulation. This graph could
be generated and used very efficiently to route the sensed information.

Figure 4. Almost Delaunay triangulation.

Routing in sensor network or ad-hoc network based on Delaunay triangulation is
studied in [2][3][7][14][24][27]. It is well known that the Delaunay triangulation
cannot be generated locally. In this paper, we propose an almost Delaunay triangula-
tion routing protocol for wireless sensor networks. After deploying the sensor nodes
in the target area, there is no established network among the sensor nodes. The sen-
sors do not have any idea about the location of the other nodes and the architecture of

the network. In the proposed approach, each sensor node will perform the following
tasks after deployment.

1. Gather neighbor lists.
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. Locally generate the almost Delaunay triangulation.
Select head in each round and send the head’s information to all the nodes.
Route the information using the almost Delaunay triangulation in a greedy ap-

EEY

proach.
5. Change the head after some predefined time interval.

At first all the nodes should gather information about its neighbors. After deploy-
ing the nodes, each node will send a hello message with some energy that will reach
up to the distance CxExnstMAX- Eustmax is the longest edge in the minimum spanning
trec of all the sensor nodes and C is some predefined constant. Here we assume that
CxEstaax is less than or equal to r (communication range of the nodes). Initially the
nodes do not have any idea about the value of Eystmax. The nodes could approximate
the value of Enstmax if they have prior knowledge about the target area 4 and the
number of nodes N. When a node sends /iello message, the neighbors within the dis-
tance CxEnstmax Will receive the message. Then the neighbors will send an acknowl-
edgement message alone with its location information back to the sender. Figure 3
shows the neighborhood of node v and v with circle of radius CxEpmstmax- In Figure 3
the value of C is 1. Thus each node will get the list of all its neighbors. After all the
nodes have got their neighbor lists, we will get a connected graph. CxEmstmax Will
ensure that the graph will be connected if C21. Here each node in the graph only
Kknows about its position and the position of its neighbors. Nodes do not have any
other information about the remaining part of the huge network.

Reference [5] proposed a distributed algorithm to generate the Delaunay triangula-
tion. In [5] all the nodes require to exchange a lot of information among the nodes
which is not feasible for sensor networks. In the sensor network we cannot afford to
exchange so much information, because it will be very much costly in terms of power
consumption. So, we make some relaxation in the Delaunay triangulation. We pro-
pose an algorithm to generate the almost Delaunay triangulation by using the local
information at each of the nodes. In this case we don’t have to exchange any informa-
tion among the nodes that are far away in the network. Note that almost Delaunay
triangulation is not always a triangulation. After the almost Delaunay triangulation is
generated all the nodes now know about its neighbors in the graph. For the remaining
of the network we will use the neighbor information for routing. Now our task is to
select a head for each of the rounds. In our approach we use probability to sclect the
head. Our probability selection algorithm is much similar to that of LEACH [25] with
some modifications. Our head selection is discussed later.

Once the almost Delaunay triangulation is generated, all the nodes will have to
only remember the neighbors in the almost Delaunay triangulation. On an average
each node has 6 ncighbors [1]. So, each node has to store the information about 6
adjacent nodes. Now the sensing task will be divided into rounds. In each round, the
head is selected and the head’s location information is sent to all the nodes. Then
each node will choose one neighbor in the closest direction to the head for routing.
This routing is known as compass routing [3]. In compass routing only local informa-
tion and the information about the destination is used to route the information. No

other external information is required for routing.
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4.1. Algorithm

We can generate the almost Delaunay triangulation by the following steps.
Step 1:
(a) Send hello message to the distance CxEysrvax and wait for the reply. Here, C

is some constant. C>1 will ensure that the graph will be connected. Approximation of
Eyistmax is shown in section 8.

(b) Upon receiving hello message, acknowledge the sender alone with the location
information of the current node.

(c) Update the neighborhood list according to the acknowledgements of the hello
messages.

Step 2:

For each node , calculate the Voronoi polygon formed by the perpendicular bisec-
tors of each line segment (,v), where v; is the neighbor of u. To gencrate the almost
Delaunay triangulation, we will connect  with the neighbor nodes that has common
edge in the Voronoi polygon. The algorithm is very simple. After the execution of the

algorithm each node will need to remember only the neighbors that have edge with it
in the graph and forget the other neighbors.

4.2. Head Selection

For each round we should select the head. For simplicity, we assume the whole net-
work is a single cluster. Our head selection algorithm is much similar to LEACH
[25). Each node assigns itself some probability to be the head in the next round. This
probability depends on the following criteria,

1. Remaining battery power.

2. Location within the network.

LEACH [25] only considers the remaining battery power to assign the probability.
If a node has much remaining battery power then it is more likely to be the head. In
our approach, if a sensor is near the convex hull or near a big hole then it will assign
itself lower probability of becoming head. Nodes in the middle part of the target area
will assign higher probability to select itself as head. Nodes could know whether they
are near the boundary or not by observing the distribution of its neighbors. Here, we
use a token based head selection algorithm. The token is generated by the base sta-
tion, which is very far away from the target area. Base station does not have any
problem of power and it knows about the target area and the distribution of nodes in
the target area. At first the base station sends the token to any arbitrary node in the
target area. The token contains a probability variable, which is the minimum required
probability for being the head. If the receiving node has higher probability then the
minimum requirement then it will select itself as the head and will inform that it is the
head for the current round to the base station. Base station will then broadcast a mes-
sage about the location of the head of the current round to the whole network. If its
probability is less than the minimum requirement, then it will send the token to one of
its neighbors. After each round, all nodes will update their probability accordingly, as
their battery power will decrease after each round. At the end of a round the head will
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reset the minimum requirement of becoming the head in the token and will relcase the
token to one of its ncighbors.

Figure 5. Routing trce in two different rounds.

Figure 5 shows the topology of the sensor network in two different rounds by us-
ing the compass routing in the same almost Delaunay triangulation. Head in each
round is displayed in larger solid circle and the routing tree is displayed in solid lines.

4.3. Initial Head Problem

In the above mentioned head selection approach, there is a problem. We have men-
tioned that at the very beginning (just after the almost Delaunay triangulation graph is
generated) the base station will send the token to a sensor node randomly. However,
the base station does not know the location of any of the nodes initially. For this rea-
son, the base station will not be able to send the token to the initial head randomly. As
the location information is used for addressing in sensor network, the base station
needs to know the location of the initial head. To solve this problem, few (at least
one) of the sensor nodes should send their location information to the base station.
The nodes that will send their location information are the potential heads for the first
round. The number of potential heads for the first round should be few. Because,
sending the location information to the base station will need much energy. We have
to select only few of the sensor nodes locally by the sensor nodes. Here we could use
the degree information to select the initial potential heads.

Figure 6. Degrees in almost Delaunay triangulation.
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Figure 6 shows the degree of each of the nodes in the almost Delaunay triangula-
tion. Some predefined integer DEG value will be used to select the initial potential
heads. The nodes that have degree equal to or more than DEG will send their location
information to the base station. However in this approach many of the nodes will be
selected as we can see from figure 6 that many of the nodes has degree 5 or more.
Instead of only using the degree of the current node we will use the degree of the
current node and the degree of the neighbors of the current node. Figure 6 shows the
degree of the current node plus the degree of its neighbors of the same graph.

Figure 7. Degrees of current node and the neighbor nodes.

Now we can use these values to select the initial heads. The value of DEG should

be selected in such a way so that only a few but at least 1 initial potential head is
selected.

5. Complexity

The algorithm to generate the almost Delaunay triangulation will run in Oulogn)
time. The complexity of the algorithm depends on step 2 to calculate the Voronoi
polygon. The Voronoi polygon can be calculated in O(ilogn) time in the same way
the 2D hidden surface removal algorithm works, simply by using divide and conquer
method. As hidden surface removal algorithm is a well known algorithm, we will not
cover the details about the complexity of generating the Voronoi polygon. We will
just show that the generation of Voronoi polygon is the same problem as hidden sur-
face removal problem. In 2D hidden surface removal problem, there are several lines
and we have to find out the lines that are visible from a particular point. In Voronoi
polygon generation, the current node knows the position of its neighbors. So, it will
find the perpendicular bisector of each of the lines connecting the current node with
its neighbors. Then the Voronoi polygon will consist of the perpendicular bisector
lines that are visible from the current node. Hence, Voronoi polygon generation is the
same as hidden surface removal problem.
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6. Analysis

For any p; and p; in a finite set P={p,,...p,} of distinct points,
D(pup)S cxd@up))..ceeeneenens ) )
holds [25], where d(p;p;) is the Euclidean distance between p; and p;, D(p.p)) is the
shortest path length in the Delaunay triangulation and
24

3cosZ
6

c=

This bound of ¢ is not tight. In reality we will get a much smaller value of c in
most cases. Equation (1) is also true for almost Delaunay triangulation but the value
of ¢ would be bigger than that of Delaunay triangulation. Statistically it is found that
the value of c lies between 1.5 and 2 even for almost Delaunay triangulation in most
of the cases.

In cquation (1) D(p,p;) indicates the minimum length path between p; and pj. Hov{-
ever, compass routing does not always find the minimum length path. Theoretically it
could be shown that the path found by compass routing in not even bounded by any
constant ¢ with respect to the Euclidean distance between p; and p; [2]. However, in
practice the situations like this is very rare and this situation arises in highly degener-
ate case where the nodes are on the boundary of a single circle. We assume that the
distributions of the nodes are uniform and random and thus we avoid the worst case.
In our sensor network problem, Euclidean distance of the path found is not so impor-
tant. We want to minimize the sum of the squared distance of each edge in the path.
So, even though D(p,p is almost 2 times longer than the Euclidean distance, the
square distance is much better in the case of almost Delaunay triangulation. Delaunay
triangulation ensured optimal squared distance as Delaunay triangulation maximizes
the minimum angle in the triangles and so does almost Delaunay triangulation.

It may scem that randomly selecting some of the neighbor nodes will generate the
same affect as the almost Delaunay triangulation. However, if we select the neighbor-
ing nodes randomly, the resulting graph will not be a planar graph; hence it will not
support perimeter routing [16] in case of big hole described in section 3.

7. Experimental Results

In our algorithm, we are making a greedy decision at each node. This greedy ap-
proach does not ensure that we will finally reach to the head with the minimum cost
path. So, in this algorithm the path found to the head will be higher than the D(p;H),
where H is the head. Table 1 shows the statistical result found in 500 routing trees in
10 different almost Delaunay triangulations. In our experiment we have used square
target area A of size 200x200 and number of sensor nodes N is 50. We have used
uniform random distribution of the nodes in the target area 4. The neighbors of the
nodes are within the range CxEystmax. Here we have used C=1.5. We did not ap-
proximate the value of Eystmax here. We took the exact value of Ewstmax. After
generating the almost Delaunay triangulation graph we have generated 50 rounds
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(with all the 50 nodes as head) for each case. We have selected different heads in
each round. The last column in Tablc | shows the number of cases where the com-
pass routing was not successful, i.e. some of the nodes could not reach the head by
using compass routing.

Table 1. Number of fail in almost Dcl y tri lation by using pass routing,
No. of edges in .
# Eastaax  Delaunay Tr%angu- lon No: of Compass Routing
lation g edges  failed for # of heads
1 96.02 137 7 0
2 73.36 134 15 6
3 79.06 132 7 0
4 74.52 131 12 1
5 86.09 136 11 0
6 83.57 134 13 0
7 98.81 134 5 1
8 103.79 134 4 0
9 75.74 134 12 3
10 83.01 134 10 0

In Table 1, we can see that compass routing is possible in most of the cases, Only
for a very few times some of the nodes could not reach to the head by using compass
routing in almost Delaunay triangulation. It is found from the experiment that these
situations arise when we select the head near the convex hull or near the boundary of
big hole. In our algorithm we assign small probability for the nodes near the convex
hull or big holes to become the head and thus we avoid the situations like these.

8. Approximating Evstmax

The nodes in the target area do not know about the value of the Ey;sryax beforehand.
We did some experiment to find the value of Eyisryax on random points. In our ex-
periment we have used an area of 10x10 unit and put N nodes randomly in it, for
N=234,...... ,100. For each value of N we have generated 255 different random point
sets. For each case we generated the MST and took the value of Eysnyax. The values
of the Emstmax are shown in figure 8. The value of Eysryax varies largely for small
N. But it is stable for bigger N. Figure 8 shows that the value of Eysry.x is stable for
90% of the cases for big N.

We could make these types of simulation in a computer to get the value of
Eustmax for a given area 4 and N. This preprocessed value of Eysmyax will be in-
formed to all the nodes before deploying, which will be helpful to define the
neighborhood.
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Figure 8. Value of Enxistmax-

9. Error Handling

From table 1, we can see that sometimes the compass routing fails for almost Delau-
nay triangulation. This problem can be solved by perimeter routing alone with com-
pass routing. Perimeter routing alone with compass routing was extensively studied in
[16]. Whenever there is no neighbor closer to the destination (compass routing is not
possible), then compass routing is switched to perimeter routing. Perimeter routing
requires that the underlying graph is planar. Almost Delaunay triangulation is a planar
graph and hence, it supports perimeter routing describe in [16]. During perimeter
routing, if any intermediate node finds that it is possible to switch to compass routing,
then it will switch from perimeter routing to compass routing. In this way we could
solve the failure cases found in table 1.

Moreover, the value of Eysrmax could be arbitrary larger than our experimental
value shown in section 8. Even though this situation is rare, we should handle this
situation carefully. If Eystmax is larger than the approximated value then the graph
will be disconnected. However, we want the graph to be connected. After the graph is
generated, some of the nodes will try to count the number of nodes in the network by
using flooding of messages. Once the flooded message reaches some leaf node it will
bounce back to the head through the same path. On its way back to the head, it will
use a counter to count the number of nodes on the path. The head will sum up the
counter of all the bounced messages. If the number of nodes is less than ¥, this means
the graph is disconnected. So, all the nodes will increase their transmission range to
discover some new neighbors in order to make the graph connected. This process will
continue until the whole network becomes connected. This process is expensive, as
we have to exchange a lot of messages among the nodes. Note that this situation is
very much unlikely to happen in nature.
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10. Conclusion and Future Work

We have used only one cluster. Further research could be continue
same algorithm with multiple clusters. Multiple heads could possil
ure cases of compass routing in almost Delaunay tri 1
tion could be further reduced in this way.

d to implement the
bly reduce the fail-
and power p-
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