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Abstract— This paper investigates the use of fuzzy logic
approach to understand the level of nodes connectivity in the ad hoc
networks that can be employed to generate the list of simple if then
rules. It helps to determine the transmission range needed in order to
achieve the sure connectivity of the wireless multi hop system for a
given node density. In other words, if the transmission range of the
nodes is given, we can find out the number of nodes needed to cover
acertain area. We vaidate our results through simulation.
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I. Introduction

Mobile ad hoc networks are decentralized, self-organizing
networks capabl e of forming a network without relying on any
fixed infrastructure [1,2]. The advantage of such networks is
that the maobile devices communicate with each other in peer
to peer fashion, establish a self organizing network without the
need of any access point or any pre-existing infrastructure. In
short, they can be formed in a spontaneous way, that's why
they are known as ad hoc networks [3-7]. One of the main
properties of the MANETSs is node mobility, which causes
network topology to change ,leading to the problem of
network connectivity. To achieve a fully connected ad hoc
network, there must be a path between each pair of nodes. The
connectivity depends on the number of nodes per unit area and
their radio transmission range. Each single mobile node
contributes to the connectivity of the entire network. The
correct adjustment of radio transmission range is therefore an
important system feature. Increasing transmission range of
nodes will possibly lead to direct link between each pair of
nodes. On the other hand, decreasing the transmission range of
nodes may lead to them isolated and hence the network
disconnectivity.

It is however not decidable how much the transmission
range should be considered in order to achieve almost surely
connected network. There have been some studies to
understand the network connectivity of ad networks by
considering the node density and transmission range .In this
paper, we apply fuzzy logic[8-11] to understand the network
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connectivity by considering the same parameters and simulate
the result using NS2[12]. Our approach is much simpler and
effective.

The organization of the remaining paper is as follows.
Section |1 discusses the related literature. .Section |11 presents
the proposed approach and section IV discussed the fuzzy
simulation and section V discuss the network simulation to
verify the proposed approach .Finally the paper is concluded
in section V1.

Il. Literature Review

The problem of node connectivity was very first time
discussed by Cheng and Robertazzi in 1989 [13]. They
investigated the influence of node density and transmission
range of a node's broadcast in a multi hop radio network
modeled by spatial Poisson process. They suggested that for
optimizing the transmission range, its value should be lower
bounded to maintain desired network connectivity. However,
they could not implement it in real scenario. The paper [14],
an extension of [13], discusses the disconnectedness of
Poisson distributed nodes. It provides some insights on critical
coverage range vs. critical transmission range of the nodes
placed in a square area according to Poisson fixed density.
This problem is further discussed in [15] for one dimensional
line segment that determines the critical transmitting range for
Poisson distributed nodes in sguare area. However, these
works [14, 15] are difficult to apply in real scenarios because
in a Poisson process the actual number of deployed nodesis a
random variable itself whose only average value can be found.
The paper [16] discusses the critical power of nodes in a
network for transmission to ensure network connectivity by
using the percolation theory [17]. The probabilistic lower and
upper bounds for isolated and connected nodes fail to explain
about nodes not placed independently in adisc. The paper [18]
investigates the connectivity of hybrid ad hoc networks
consisting the Poisson distributed nodes using the percolation
theory [17]. It reports that for populated regions one dim
sparse network is well suited and the pure ad hoc network is
useful relatively low density areas. For density critical areas
the cellular network can provide the acceptable connectivity.
The paper [19] estimates the nearest neighbors when network
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becomes disconnected. In this work, the same number of
nearest neighbors is maintained for each node. If each nodeis
connected to less than 0.074logn nearest neighbors the
network is asymptotically disconnected. If each node is
connected to more than 5.1774logn nearest neighbors, then it
is asymptotically connected. The paper [20] discusses the
connectivity augmentation problem and determines a set of
edges of minimum weight to be inserted in order to make the
resulting graph A-vertex edge connected. It is reported that the
problem is NP hard for A>1. In [21], the same work has been
discussed by using the concept of minimum geometric disk
cover (MGDC) problem, commonly used in wireless
networking applications or facility location problems. The
paper [22] uses the random graph theory and theory of
kolmogorov complexity to establish the network connectivity
via building local cluster head connections between nearby
cluster heads without considering global network topology. In
[23], the radio transmission range problem is analyzed and the
probabilistic bounds for isolated nodes and connected nodes
with uniform nodes on 1- 2- and 3-dimension are calculated. It
reports that the transmitting range of nodes can be reduced
substantially from the deterministic requirements if there is
high probability of connectedness. The paper [24] extends the
work [23] and discusses the asymptotic minimum node degree
of a graph on uniform points in d dimension .Some more
studies on radio transmission range problem are discussed in
[25-30]. The works [25-28] however do not consider
inhomogeneous nodes .The issue of k-connectivity with
respect to different transmission ranges has been discussed in
[26, 27]. The same has been analyzed using the stochastic
connectivity properties of the wireless multi hop networks in
[29]. The paper [30] discusses the connectivity for
inhomogeneous node distributions with random waypoint
(RWP) nodes. The paper [31] extends the Bettsetter's work
[30] by incorporating the deployment border effects on the
range to provide k-connectivity. In [32], the critical
transmission power based on Bettsetter [30] is discussed to
maintain k-connectivity, ensuring k-neighbors of a node is a
necessary condition but not the sufficient condition for k-
connectivity. It is because the network graph may have critical
points which can cause the network failure and destroys the
end-to-end network connectivity. In [33, 34], the critica
transmitting range for connectivity in both stationary and
mobile ad hoc networks has been analyzed. The paper [33]
also discusses the probability for establishing a multi hop path
between two Poisson distributed nodes on an infinite line with
a given distance. The paper [35] discusses about the node that
keeps a multi hop path to a fixed base station with the nodes
moving in a straight line away from the base station. The k-
connectivity concept has been further extended in [36] that
studies the critical number of neighbors needed for k-
connectivity. There are critical or weak points that play a
major role in destroying the network connectivity. The works
[26, 27, 29, 31 36] have not discussed critical points.The paper
[37] characterizes the critical transmitting range by using the
asymptotic distribution of the longest minimum spanning tree
[38, 39]. In[4Q], the problem of minimizing the maximum of
node transmitting ranges while achieving connectedness is
discussed. The basic assumption here is that the relative
distance of al nodes is considered as input to the centralized
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topology control agorithm. In [41], a distributed topology
control protocol is discussed to minimize the energy required
to communicate with a given master node. In this work, every
node is equipped with a GPS receiver to provide position
information. Initially every node iteratively broadcasts its
position to different search regions. When the node is able to
calculate a set of nodes, called as its enclosure, based on the
position information obtained from neighbors, this process
stops. Its major drawback is that the number of iterations to
determine the enclosure depends on the definition of initial
search region, which affects the energy consumption of the
protocol. The same problem has been analyzed in [42] using
directional information obtained by using multi-directional
antenna. But such setup is not possible in sensor networks
because the nodes are very simple and have no centralized
communication facility.

The above mentioned works have used graph theory [43],
modern graph theory [44],and Probability theory [45],
Statistics for spatial data [46], Random Graphs [47],
Geometric Random Graphs [48] in order to work on the
problem of node connectivity in MANETs. We use fuzzy
logic to address the network connectivity problem in ad hoc
networks . Our method provides better results, than the
existing methods discussin literature [26-30].

1. Proposed Work

To achieve afully connected ad hoc network there must be a
path between each pair of nodes. The connectivity therefore
depends on the number of nodes per unit area (node density)
and radio transmission range. Each single mobile node
contributes to the connectivity of the entire network. The
correct adjustment of radio transmission range is therefore an
important system feature. Consider Fig 1lin which O isagiven
node .If some node A isin the inner circle, then the node O
has direct link with node A. If the node O has transmission
range r and some node B liesin outer circle, then there must
be some other node C in the range of O which liesin the
communication range of both O as well as node B lying in the
outer circle.

Increasing the transmission power of node O will increase
transmission range that will help to cover more nodes like B
viadirect link. On the other hand, decreasing transmission
power may lead to itsisolation. It however cannot be decided
to have amost a surely connected network for the given
transmission ranges of the nodes .In this paper we address this
problem using fuzzy logic. We estimate the number of nodes
and transmission range needed for a given areato ensure
network connectivity. We take node density and transmission
range as two inputs and one output i.e. network connectivity.
Both the input variables take three linguistic values: low, high,
very high and the output variable has two linguistic val ues:
surely and poorly. Therulebaseisgiven by Tablel
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Fig. 1 Effect of transmission range on network

connectivity

Tablel. Fuzzy Rules for Network Connectivity

Node Density Low High | Very High
Transmission Range

Low Poorly | Poorly | Poorly
High Surely | Surely | Surely
Very High Surely | Surely | Surely

The node density parameter assumes valuesin the set for
500m x 500m
{0.000028,0.00004,0.00008,0.00012,0.000016,0.0002,0.0002
4,0.00028,0.00032,0.00036,0.0004} and for 2000m x 1000m
{0.000007,0.00001,0.00002,0.00003,0.00004,0.00005,0.0000
6,0.00007,0.00008,0.00009,0.0001} and the transmission
range assumes values in the set
{40,60,80,100,120,150,160,180,200,220,250,300} and the
network connectivity assumes values in the set
{10,20,30,40,50,60,70,80,90,100} .T he membership function
for input parameters are triangular as shown in Fig 2 ,Fig
3and Figdand that for output parameter is Gaussian , as shown
inFig5
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Fig 2: llustration of Triangular Membership Function of
Node Density for 500m x 500m
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Fig 3: lllustration of Triangular Membership Function of Node
Density for 1000m x 1000m
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Figure 4: lllustration of Triangular Membership Function of
Transmission Range
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Table I1. Analysis of Fig6 with respect to transmission range
80m, 100m, 150m, 250m

T
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o
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Network-connectivity
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Figure 5: lllustration of Gaussian Membership Curve of
Network Connectivity

IV. Fuzzy Simulation

We have taken the normalized value for each parameter
because the actual value of the parameters might be different
for different networks. The crisp normalized values are
converted into fuzzy variable. We have estimated the node
density by varying the number of nodes from 7 to 100 for the
given area 500x500m? and 1000x1000n. In fuzzy simulation
[49] we have estimated the network connectivity, based on
node density and transmission range, as shown in Figé and
Fig7.

A2 O @ N @
o © © o o

Network-Connectivity

w
=}
n

300°

Transmission-Range

Node-Density

Fig6. Illustration of fuzzy simulation for terrain of size
500mx500m

Fig6 provide the information about the network connectivity
which is summariesin tables |1 with respected to transmission
range 80m, 100m, 150m and 250m for terrain of size 500m x
500m.
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nnecte

Node Transmission Range
Density | 80 100 | 150

250

9.28X10' 38.72 | 53.30 | 80.72 | 81.70

0.4x10” | 38.72 | 53.30 [ 80.72 | 81.70

0.8x10* | 39.70 | 54.21 | 81.56 | 81.92

1.2x10" | 39.70 | 54.21 | 81.56 | 81.92

1.6x10* | 40.64 | 55.72 | 82.60 | 83.0

2x10% | 40.64 | 55.74 | 82.60 | 83.12

2.4x10* | 42.45 | 56.81 | 83.32 | 83.54

2.8x10" | 42.64 | 57.20 | 83.67 | 83.71

3.2x10" | 43.40 | 64.45 | 84.20 | 84.50

3.6x10" | 43.56 | 69.20 | 84.67 | 85.0

4x10* [ 44.26 | 79.80 | 85.10 | 87.34

Network-connectivity
S (4] (2] ~ o
o o o o o

w
=)

300°

Transmission-Range

Node-Density

Fig7. lllustration of fuzzy simulation for terrain of size 1000m
x 1000m

Fig7 provide the information about the network connectivity
which is summariesin tables 111 with respected to transmission
range 80m, 100m, 150m and 250m for terrain of size 1000m x
1000m.

Tablelll. Analysisof Fig7 with respect to transmission range
80m, 100m, 150m, 250m

Node Transmission Range

Density | 80 100 [ 150 | 250
0.7x10° | 37.72 | 51.30 | 78.72 | 80.70
1x10° | 37.78 | 51.32 | 78.74 | 80.72
2x10° | 38.30] 52.21 | 79.56 | 81.50
3x10° | 3834|5228 79.65 | 81.62
4x10° | 39.24 | 53.40 | 80.27 | 81.85
5x10° | 39.30] 53.48 | 80.35 | 82.12
6x10° |40.41 | 5432|8130 | 8254
7x10° | 4053 | 54.41 | 81.57 | 82.71
8x10° | 58.20| 65.24 | 82.20 | 83.50
9x10° | 62.56 | 67.20 | 83.67 | 84.54
10x10° | 63.26 | 74.50 | 84.10 | 86.34
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For example in order to position 100 nodes or more nodes
having terrain of 500 x 500 m? and 1000x1000 m? , we need
the transmission range of all hodesto 110 or higher then that
in order to make our network surely connected From our fuzzy
simulation we can also predict the vice versai.e. if we know
that our nodes are capable of transmitting the range of 100 or
less then that, then we need at least 800 nodes or more to
make the network surely connected. We will validate these
results using NS2

V. Network Simulation

In order to verify our approach to measure the level of
network connectivity based on the parameters node density
and transmission range, we use NS-2.34[12]. We generate the
network scenario with the help of following simulation
parameters:

Table IV: Simulations Parameters

Dropped

Averageend- | 80.8323ms 248.839ms

to-end delay

For 1000m* 1000m area and transmission range 250m, 150m,
100m and number of nodes 7, we measure the following
network parameters

Table VI. Performance parameter for transmission rangein
1000m* 1000m

Network Trans mission Range
Parameters 250m 150m 100m
Generated 4436 1454 20
Packet

Received 4320 1403 0
Packet

Forwarded 1477 338 0
Packet

Packet 97.38 96.49 0
Delivery Ratio

Total Packets | 43 12 0
Dropped

Average end- 76.9442ms 248.62ms | 0
to-end delay

Simulation Parameter Vaue

Routing Protocol AODV

MAC Layer IEEE802.11

No. of Nodes 7

Packet Size 512B

Initial Energy 1.5W

Rx Power Consumption 0.1W

Tx Power Consumption 0.1W

Teran Size 500m* 500m,1000m* 1000m
Transmission Range 250m , 150m ,100m
Simulation Time 200sec

Traffic Source TCP

We simulate the network connectivity by varying the
transmission range for number of nodes for two different
terrain of size 500m*500m and 1000m* 1000m.

For 500m*500m area and transmission range 250m, 150m,
100m and number of nodes 7 , we measure the following
network parametres :

Table V Performance parameter for transmission rangein
500m*500m

Network Trans mission Range

Parameters 250m 150m 100m
Generated 8493 2913 25
Packet

Received 8385 2901 0
Packet

Forwarded 3457 943 0
Packet

Packet 98.72 99.58 0
Delivery Ratio

Tota Packets | 60 17 0
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From TableV and Table VI, it can be observe that with the
transmission range 250m and 150m, there are fewer packets
generated and average end to end delay increases while packet
delivery ratio drops by 0.8%. This result can be evident from
Tablell and Table Il which shows strong network
connectivity for the 7 no. of nodesin area of size 500m x
500m and 1000m x 1000m with respect to transmission range
150m and 250m. For 150m the, network connectivity is
80.72% for terrain of 500m x 500m and 78.72% for terrain of
1000m x 1000m. Also, for 250m, the network connectivity is
81.70% for terrain of 500m x 500m and 80.70% for terrain of
1000m x 1000m. We can also visualize the strong network
connectivity with the help of ns simulator, as shown in Fig8.
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Fig 8. lllustration of Strong Network Connectivity in terrain of
size 500m*500m using 7 nodes with respect to transmission
range 250m.

For Transmission range 100m, Although Packets are
generated in both Table VV and Table VI but are not forwarded
to the desired destination .This again can be evident from table
Il and table I11 which shows network disconnectivity for the 7
no. of nodesin area of size 500m x 500m and 1000m x 1000m
with respect to transmission range 100m. The network
connectivity for terrain of size 500m x 500mis 53.30% and
for 1000m x 1000m it is 51.30%. We can visualize this poor
network connectivity with the help of ns simulator as shown in
Fig9 and Fig 10. In Fig9 packets are generated but do not
forwarded to the desired destination. Also, after someinterval
the network become completely isolated as shown in Fig10.
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Fig9: lllustration of Network Disconnectivity in terrain of size
500m x 500m using 7 nodes with respect to transmission
range 100m
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Fig10. Network become isolated

VI. Conclusion

In this paper we have proposed fuzzy logic based solution for
the node connectivity problem in moble ad hoc network. For
the given node density ,we can decide the transmission range
to ensure the network connectivity and vice versa. We have
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validated the results using NS2 simulator . This study can be
helpful in designing the mobile ad hoc network.
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