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Abstract: Due to the noncentered, self-organizing, and self-healing characteristics, mobile ad hoc
networks (MANET) have been more and more widely used as an alternative access technology
for regions having no fixed infrastructure. On-demand routing protocols (e.g., ad hoc on-demand
distance vector (AODV)) are used to cope with the rapidly changing topology of MANET and reduce
the network overhead. Taking delay, stability, and remaining energy of nodes into consideration,
a fuzzy-logic-assisted AODV (FL-AODV) routing algorithm is proposed in this paper to further
improve the reliability of the route in MANET. In the route discovery phase, the node with the
highest reliability is selected as the relay node, and the route with the highest accumulated reliability
is reserved for data transmission. Simulation results show that, compared with the traditional AODV
protocol and the fuzzy logic routing algorithm (FLRA), the proposed routing protocol has higher
reliability without increasing delay, i.e., better link connectivity and longer route life. The average
routing reliability is about 18% higher than AODV while the average delay is the same low when the
number of node greater than 70.

Keywords: MANET; fuzzy logic; AODV; FL-AODV; reliability; routing protocol

1. Introduction

Mobile ad hoc networks (MANET) consisting of a group of mobile nodes is an infras-
tructureless self-organizing and self-healing multihop network [1,2]. It can be applied to en-
vironments such as vehicles and drones, and forms vehicular ad hoc networks (VANET) [3]
and flying ad hoc networks (FANET) [4], respectively.

In view of the mobility of nodes and the dynamically changing topological structure,
it is important to design routing protocols with high reliability and low latency in MANET.
According to when and how the routes are discovered, routing protocols can be divided
into table-driven and on-demand routing [5]. Table-driven routing protocol is suitable
for the networks with slowly changing topologies, and each node in the network must
maintain routing tables to the other nodes. The advantage is lower delay and packet loss
rate, while the disadvantage is higher control overhead and thus it is only suitable for small-
scale networks. The traditional table-driven routing protocols include Optimized Link State
Routing (OLSR) and Destination Sequenced Distance Vector (DSDV) [6]. For networks
with rapidly changing topologies, on-demand routing protocol is a better choice [7]. Only
when data transmission is needed, routing discovery process and the establishment of
routing table information are carried out. The advantage is lower control overhead, better
adaptability to rapidly changing topologies and lower performance requirements for
mobile nodes. It comes at the cost of higher routing delay. Traditional on-demand routing
protocols include ad hoc on-demand distance vector (AODV) and dynamic source routing
(DSR) [6].

Many improved on-demand routing protocols have been proposed. The authors
of [8] proposed energy and quality of service (QoS) supported AODV (EQ-AODV), which
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enhances network life and reduces network load and end-to-end delay. Ref. [9] proposed
a multipath routing algorithm based on distance and energy consumption constraints
in wireless sensor networks, which selects the neighbor node with the largest weight
to transmit data. However, in a dynamic topology environment, it is complicated to
accurately calculate the probability of being selected as a relay node determined by multiple
performance metrics (e.g., delay and stability). Therefore, in this paper, we propose fuzzy
logic to comprehensively deal with the factors that are not precise in delay, stability, and
residual energy and screen out high-reliability and low-delay routing paths. Fuzzy logic is
a well-known artificial intelligence tool that can combine human experience and digital
information to solve the decision making process in a dynamic and constantly changing
system. In [10], fuzzy logic was used to infer the weights of different objective functions
according to the different type of service required by users to solve a multiobjective resource
optimization problem in VANETs. The authors of [11] proposed to extend the life of the
network based on fuzzy logic by considering energy efficiency and energy consumption
balancing of sensor nodes simultaneously.

Based on fuzzy logic, many improved routes have also been proposed. Consider-
ing different contradictory indicators, a fuzzy logic framework was proposed in [12] to
select the node with a output value of fuzzy logic system greater than the threshold in
route request packet (RREQ) as relay node during the route discovery process. Similarly,
in [13,14], the most suitable next-hop node was selected among the candidate forwarders
for packet forwarding based on geographic routing. The authors of [15] proposed to use
fuzzy logic only to compromise with flight autonomy, mobility level, and received signal
strength indicator of nodes to establish communication routing with a longer active period
in FANET. In order to reduce the number of hops caused by the optimal fuzzy logic output
value node as the relay node, the authors of [16] proposed to combine the reinforcement
learning and fuzzy logic into FANET to achieve fewer hops by considering the suboptimal
nodes. The authors of [17] made use of fuzzy logic to determine the optimal route, and took
into consideration multiple parameters to select routing relay nodes, but fuzzy logic was
only used in the destination node. Improving the energy efficiency of routing algorithms
through fuzzy logic controller was proposed in [18]. However, these works mainly focused
on using fuzzy logic to determine the optimal node without considering reliability and
hops simultaneously, which increases the probability of link interruption and delay.

In order to determine a route of high reliability and low latency in the topology
of dynamic rapid changes, we propose to use fuzzy logic based on the AODV of the
shortest path to consider multiple parameters to enhance routing reliability and delay
concurrently. In addition, considering route constructed by more stable and more surplus
energy nodes can maintain longer activity period to achieve reliable transmission of data
packets. Therefore, delay, stability, and residual energy are selected as the evaluation of
node reliability.

In this paper, we propose a highly reliable fuzzy-logic-assisted AODV routing (FL-
AODV) algorithm. The main contributions of this paper are summarized as follows:

• Reliability of route is described by delay, stability, and remaining energy of nodes.
Fuzzy logic is used to fuzzy the considered performance metrics and thus to realize
the uncertainty conversion between fuzzy language concepts and quantitative values.

• Based on node reliability, the fuzzy-logic-assisted AODV routing algorithm is pro-
posed. The node with the largest reliability is added to the routing table during route
discovery process with AODV to determine a route with high reliability and low
latency. Simulation experiments have been implemented to verify the effectiveness of
the proposed algorithm.

The rest of this paper is organized as follows. In Section 2, we introduce the system
model of this paper and review the traditional AODV. In Section 3, we describe the basic
concepts and fuzzification process of normalized delay, stability, and residual energy. In
Section 4, we compare the performance of the fuzzy logic algorithm and the fuzzy-logic-
assisted AODV algorithm with the traditional AODV and present the simulation results.
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2. System Model and AODV Protocol
2.1. System Model

We consider establishing and evaluating the fuzzy-logic-assisted AODV routing pro-
tocol in the MANET environment, as shown in Figure 1. We assume that each mobile node
is equipped with GPS and the same beam array antenna in order to know its position and
speed information in real time. In the route discovery process, it is supposed that each
antenna has its own node ID to release its position coordinates, which allows the receiving
node to calculate the direction of the beam array antenna of the sending node, thereby
avoiding flooding broadcast. When communication needs to be established, each mobile
node can directionally receive the routing table of the neighboring node through the beam
array antenna to estimate the information of the neighboring node. In addition, we assume
that the switching time of the beam array antenna is negligible in this paper.

Optimal path chosen by FL-AODV 

Optimal path chosen by FLRA

Figure 1. System model of establishing and evaluating the fuzzy-logic-assisted AODV routing
protocol.

2.2. AODV Protocol

The AODV protocol is the most commonly used on-demand routing protocol [7]. The
protocol performs the routing discovery process only when data need to be transmitted,
which can relatively reduce the overhead of control messages [19], and can adapt to rapid
changes in the topology [20]. The key technologies are the “request–response” mechanism
and the sequence number mechanism, which can avoid routing loops. If the source node
needs to transmit a message with a node in the network, first determine whether there is an
available link to the destination node. If there is, use the available link for communication;
otherwise, the node performs the path finding process. The source node starts to send
routing requests to all neighboring nodes to find a path through RREQ. After receiving
the RREQ, the intermediate node creates a reverse path to the source node. Then, continue
to send the RREQ message. When the message reaches the destination node or the node
containing the destination node information, the reverse route is created successfully. At
the same time, the destination node generates a RREP message and transmits this message
through the reverse path. After the source node receives the RREP message for the first
time, the forward route is created, and the source node communicates with the destination
node through this route.

However, in the process of path discovery, flooding and sending RREQ messages to
surrounding nodes will cause serious control message overhead. In addition, the creation
of a reverse route will cause a network storm and cause serious packet loss. In route
selection process, the destination node only receives the first arrived RREQ message and
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establishes a forward route by responding to the source node with RREP packets. The
process of establishing the route does not take the energy and stability of the nodes into
consideration, which may result in the interruption of the link and in data loss and affects
the routing reliability. In the following section, fuzzy logic is used to compromise multiple
parameters to select the optimal relay node to establish the optimal route and enhance
routing reliability.

3. Proposed Fuzzy-Logic-Assisted AODV Routing Protocol

Fuzzy logic has a relatively low computational overhead and performs well in dealing
with nonlinear, time-varying, and unclearly defined processes. In this section, we describe
the modeling of the fuzzy control system and the proposed routing algorithm based on
fuzzy logic assistance.

3.1. Fuzzification

We focus on improving the route reliability based on the shortest path criterion of the
traditional AODV protocol. In the route discovery process, we propose to select the most
reliable node determined by the maximum output value of fuzzy logic system considering
delay, stability, and remaining energy concurrently as the relay node. In the route selection
process, the most reliable route path determined by the maximum cumulative sum of fuzzy
logic output values of path is reserved for data transmission. In terms of fuzzification,
since the triangular membership function has more intuitive and lower computational
overhead [21], the input and output metrics in this paper choose the triangular membership
function to calculate the fuzzy set. In addition, considering that the node of the normalized
residual energy less than 10% easily cause link interruption and the energy consumption
of the routing data transmission is not affected when it is higher than 90%, thus the
suitable triangular and trapezoidal membership functions [22] are chosen to establish the
normalized residual energy.

The normalized delay (ND) of nodes is expressed as the average link delay with
neighboring nodes, which can be given by [16]

ND(x) = ∑n
i=1 NDx(yi ∈ Nx)

n
, (1)

where NDx(y) is normalized link delay, NDx(y) = d(x, y)/R if d(x, y) < R, and NDx(y) =
1; otherwise, Nx denotes the neighbor nodes of the node x, n represents the number of
neighbor nodes, d(x, y) is the distance between node x and node y, and R represents the
longest distance that two nodes can communicate in this system. A triangular function is
used to establish the membership function, as shown in Figure 2. The fuzzification process
of ND is that the normalized delay value calculated according to Formula (1) is used as
the abscissa, and the ordinate of the intersection point is the fuzzification language. For
example, when the ND input is 0.4, the fuzzification language is {LOW:0.2, MEDIUM:0.8,
HIGH:0}.

The normalized stability (NS) of nodes [16] is given by

NS(x) = 1− |v(x)| −min(y ∈ N{|v(y)|})
max(y ∈ N{|v(y)|})−min(y ∈ N{|v(y)|}) , (2)

where v(x) is the speed of the node x and N refers to the set of all nodes—the lower the
speed of the node x, the higher the stability. A triangle function is used to establish the
membership function of stability, as shown in Figure 3. The fuzzification process of NS, the
normalized stability value calculated according to Formula (2), is used as the abscissa, and
the ordinate of the intersection point is the fuzzification language. For example, when the
NS input is 0.7, the fuzzification language is {LOW:0, MEDIUM:0.6, HIGH:0.4}.
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Figure 2. Membership function of ND.
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Figure 3. Membership function of NS.

The normalized residual energy (NRE) is given by

NRE(x) =
Ex −min

(
Ey ∈ N{E}

)
max

(
Ey ∈ N{E}

)
−min

(
Ey ∈ N{E}

) , (3)

where Ex = E0 − vx ∗ t refers to the remaining energy of the node x, E0 and vx are the
initial energy and the energy consumption rate of the node x, respectively. A higher NRE
means a higher possibility of being used as a relay node. Trapezoidal and triangular
functions are used to establish the membership function of NRE, as shown in Figure 4.
Select the fuzzy language when the remaining energy is less than 10 percent as {LOW:1,
MEDIUM:0, HIGH:0}, and the fuzzy language with more than 90 percent as {LOW:0,
MEDIUM:0, HIGH:1}. The fuzzification process of NRE is that the normalized residual
energy value calculated according to Formula (3) is used as the abscissa, and the ordinate
of the intersection point is the fuzzification language. For example, when the NRE input is
0.7, its fuzzification language is {LOW:0, MEDIUM:0.33, HIGH:0.5}.
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Figure 4. Membership function of NRE.

3.2. Fuzzy Rules

Fuzzy logic systems can use human experience and preferences to solve any complex
problems. Fuzzy rules are a set of independent rules based on experience and simulation
experiments to achieve certain effects [15]. This paper chooses the “if–then” reasoning
relationship. To realize high reliability, based on communication experience, the fuzzy
rules set in this paper are shown in Table 1. It can be seen that the value of REL (reliability)
increases with the decrease of ND and the increase of NS and NRE. Nodes with high REL
value are most likely chosen as relay nodes. For example, according to QoS requirements
and inference system, if the input delay is smaller, i.e., ND less than 0.1, the stability is
higher, i.e., NS greater than 0.9, and the residual energy is more, i.e., NRE more than 0.9,
the output reliability is higher, as shown in the yellow area of input and output inference
surface graph in Figure 5. It is effective to avoid choosing nodes with low REL value as a
relay node during the route discovery process.
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Figure 5. Input and output surface graph of fuzzy inference. (a) Inference surface between ND and NS and REL; (b) inference
surface between ND and NRE and REL; (c) inference surface between NS and NRE and REL.
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Table 1. Fuzzy rules.

Rules ND NS NRE REL

1 LOW HIGH HIGH Excellent
2 LOW HIGH MEDIUM Good
3 LOW HIGH LOW Not Acceptable
4 LOW MEDIUM HIGH Good
5 LOW MEDIUM MEDIUM Acceptable
6 LOW MEDIUM LOW Bad
7 LOW LOW HIGH Not Acceptable
8 LOW LOW MEDIUM Bad
9 LOW LOW LOW Terrible

10 MEDIUM HIGH HIGH Good
11 MEDIUM HIGH MEDIUM Acceptable
12 MEDIUM HIGH LOW Bad
13 MEDIUM MEDIUM HIGH Acceptable
14 MEDIUM MEDIUM MEDIUM Not Acceptable
15 MEDIUM MEDIUM LOW Bad
16 MEDIUM LOW HIGH Not Acceptable
17 MEDIUM LOW MEDIUM Bad
18 MEDIUM LOW LOW Terrible
19 HIGH HIGH HIGH Acceptable
20 HIGH HIGH MEDIUM Not Acceptable
21 HIGH HIGH LOW Terrible
22 HIGH MEDIUM HIGH Not Acceptable
23 HIGH MEDIUM MEDIUM Bad
24 HIGH MEDIUM LOW Terrible
25 HIGH LOW HIGH Bad
26 HIGH LOW MEDIUM Terrible
27 HIGH LOW LOW Terrible

3.3. Defuzzification

Defuzzification is to convert the fuzzy output language obtained by the fuzzy pro-
cessing into an accurate output language. This paper uses the center of gravity (COG) [23]
method to achieve defuzzification. The main theory of COG is to output the center of
gravity of the membership function curve and the enclosed area of the abscissa as the final
output value of the fuzzy control as

v0 =

∫
v vµv(v)dv∫
v µv(v)dv

. (4)

The COG method has smoother output inference control. Even in response to a small
change in the input signal, the output will change. In the paper, we select the output
reliability level REL to comprehensively evaluate the three parameters of the node, and
set the six fuzzy languages Excellent, Good, Acceptable, Not acceptable, Bad, and Terrible
as the membership function of REL output, as shown in Figure 6. For example, when
the fuzzy language calculated and output according to the input fuzzy processing part is
{Not Acceptable:0.5, Acceptable:0.5}, the REL value of the output result of defuzzification
according to the COG is 0.5.
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3.4. Fuzzy System Realization Flow Chart

The fuzzy inference system established in this paper takes the normalized delay,
stability, and residual energy value calculated by the node as input, and outputs the
reliability level of the node after fuzzy processing. The higher the reliability, the more likely
the node is chosen as a relay node. Through the fuzzy system shown in Figure 7, the relay
node can be determined in real time. The choice of route can be determined by the highest
average output reliability level of the route. Finally, a routing path with low latency, high
link connectivity, and long network lifetime is obtained.

ND (3)

NS (3)

NRE (3)

REL (6)

protocol

(mamdani)

27 rules

Figure 7. Flow chart of fuzzy system.

3.5. FL-AODV Protocol

The proposed FL-AODV routing algorithm selects the appropriate node by integrating
multiple parameters, taking into account the reliability of the relay node, which solves
the limitation of considering a single factor in the routing selection process. The proposed
protocol is an extension of the AODV protocol and does not use additional control packets
to collect network status information. Through the HELLO data packet, the information
of all nodes can be collected, including the position, speed, and remaining energy of the
node. Each node calculates the normalized delay, stability, and residual energy value by
receiving the neighbor node information provided by the HELLO message of the neighbor
node, and processes it through the fuzzy logic system, and calculates the reliability value
of each node in real time. The FL-AODV protocol uses the reliability value provided by
each node to find a route from the source node to the destination node.

In the route discovery process, the intermediate node selects the node with the highest
REL value as the relay node, which can make the average reliability value of the selected
path better than the path that only sets the RREQ received for the first time as the relay node
and achieve better overall performance. In the route selection process, the destination node
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selects the node with the largest reliability value as the relay node, so the finally selected
path has the largest average reliability value. In addition, the intermediate node will not
forward the RREQ to the previous hop node that has forwarded the RREQ, different from
the traditional flooding, which can reduce the flooding overhead accordingly. The specific
routing process of the protocol is described in Figure 8.

First, source node 1 initializes REL value of the RREQ packet to 0 and updates its REL
value to RREQ, and broadcasts RREQ to neighboring nodes, as shown by the orange nodes.
Then, the neighboring nodes accumulate the REL value to update RREQ , and establish
reverse routes.

Optimal path chosen by FL-AODV 

Figure 8. The route discovery process of FL-AODV.

Then, the relay nodes 2, 3, and 4 broadcast RREQ to neighbor nodes other than the
source node, and the intermediate node selects the previous hop node that forwards the
RREQ with the largest REL value among the received RREQs as the next hop of the reverse
route. For example, node 6 will select a 4-to-1 path with a larger REL value, accumulate its
REL value to RREQ, and establish a reverse route, as shown by the green path.

Similarly, the intermediate node continues to forward the RREQ to the neighbor nodes.
Different from the AODV protocol, it will not send RREQ to the previous hop node that
has forwarded the packet and the node with the same hop count, which reduces the huge
overhead caused by complete flooding. In addition, the intermediate node will select the
largest REL value of the fuzzy logic output as the relay node in the last hop node that
forwards the RREQ to the node, update RREQ, and establish a reverse route, as shown by
blue and purple path.

Last, the destination node 25 selects the route with the largest REL value as the optimal
route, and according to the reverse route to unicast RREP packets to the source node, as
shown by the red arrow.

In short, improved AODV algorithm based on the fuzzy logic is described in Algorithm 1.
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Algorithm 1 Framework of relay nodes and routing selection based on fuzzy logic

Input: Distance, speed and energy of nodes;

Output: Route with high average reliability;

1: Calculate the normalized delay (ND), stability (NS), and remaining energy (NRE) based
on the distance, speed, and energy of the node;

2: Input ND, NS, and NRE to the fuzzy system;

3: Output value REL value according to the fuzzy rules established by the fuzzy system;

4: Select the RREQ forwarding node with the largest REL value as the relay node;

5: Superimpose REL value and forward;

6: Repeat 4 and 5 until the receiving node is the destination node;

7: return optimal route;

4. Simulation and Results

In order to verify the effectiveness of the proposed FL-AODV algorithm, we compare
the FL-AODV algorithm with the traditional AODV and fuzzy logic routing algorithm
(FLRA). As an algorithm with common feature of fuzzy-logic-based routing algorithm
in exiting work, FLRA algorithm, only uses fuzzy logic to find the route and select the
neighbor node with the highest reliability value of fuzzy logic output as the relay node.
Until the destination node is located in the neighbor node, the destination node with higher
priority is selected to construct the optimal route, as shown by green path in Figure 1.
Different from the traditional AODV algorithm which takes the path to the destination
node first as the routing rule, i.e., the shortest path criterion and the FLRA algorithm that
only relies on reliability to select the route, the FL-AODV algorithm selects the path with
lower delay, higher stability, and more residual energy as the optimal path on the basis of
AODV and fuzzy logic.

The simulation environment parameters are set to a square area of 1000 m × 1000 m,
in which nodes are randomly distributed. The remaining energy of the nodes varies with
time and energy consumption rate gradually decrease and the energy consumption rate of
each node is evenly distributed. In this paper, we analyze and compare the performance
of the appropriate path selected by the three algorithms in exactly the same scene. The
performance indicators choose the average path reliability, end-to-end delay, hop count,
link connectivity, and route life as the analysis objects. Detailed simulation parameter
settings are given in Table 2.

Table 2. Parameter setup.

Parameters Value

Simulator MATLAB
Number of nodes 10–150

Scope of broadcasting 200 m
Simulation Area 1000 m × 1000 m
Speed of nodes 0–10 m/s

Routing algorithm FL-AODV, AODV, FLRA

In Figure 9, the average reliability calculated mainly by stability and residual energy
of the three algorithms are compared. It can be seen that, when the number of nodes is
less than 30, the average reliability of the three algorithms is too low owing to the high
probability of link interruption, and increases slowly when the number of nodes is greater
than 80, because the reliability is less affected by the link interruption in dense networks. As
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the number of nodes increases, due to the relay node selection of the highest reliability, the
average routing reliability of the FLRA algorithm is better than the other two algorithms,
while AODV algorithm performs worse without considering the reliability. Compared
with the traditional AODV routing algorithm, the proposed FL-AODV algorithm, which
considers both routing reliability and the shortest path concurrently, is improved by about
18% when the number of nodes is greater than 70 in terms of average path reliability .
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Figure 9. Comparison of average reliability of paths.

In Figures 10 and 11, we compare the average end-to-end latency and path hops of the
three algorithms. It can be seen that, with increases in node number, the average end-to-end
latency and path hops of the FL-AODV and AODV gradually increase and approach a
stable value when the number of nodes is more than 90, while the FLRA increases rapidly.
This phenomenon occurs due to more relay nodes are selected in the path discovery process
of the FLRA algorithm as the number of nodes gradually increases, the average number of
hops increases sharply, resulting in a rapid increase in average end-to-end delay. However,
since the shortest path characteristics of AODV, the FL-AODV algorithm similar to the
AODV algorithm maintains lower latency and hops.
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Figure 10. Comparison of average end-to-end latency.
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Figure 11. Comparison of average path hops.

In order to better compare the overall performance of these three algorithms on
reliability and delay, we construct the ratio of reliability to delay, where it is proportional
to the average reliability, and inversely proportional to the average end-to-end delay. As
can be seen from the comparison of reliability to delay ratio in Figure 12, as the number
of nodes is gradually increased, the comprehensive performance of FL-AODV performs
better, while the FLRA performance is worse. This confirms that FL-AODV is better to
achieve high reliability and low latency performance, although the reliability of FLRA
is higher than the FL-AODV algorithm as shown in Figure 9. Especially, the FL-AODV
algorithm is about 10% higher than the AODV algorithm and 25% higher than the FLRA
algorithm when the number of nodes is greater than 100 in terms of ratio of reliability to
delay. In short, compared traditional AODV and FLRA, the proposed algorithm FL-AODV
has a better overall performance.
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Figure 12. Comparison of average reliability to delay ratio.

Moreover, in order to verify that the proposed algorithm has better link connectivity,
longer route life, and scalability in terms of speed at the same time, in this paper, we
compare the average link connectivity and route life of these three algorithms at different
moving speeds of nodes.

It can be seen from Figure 13 that the average link connectivity determined mainly
by link interruption probability and routing reliability of these three algorithms decrease
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with the increase in maximum moving speed owing to the greater randomness of selection
of relay nodes and the routing of source and destination nodes in a network with rapidly
changing nodes. Compared with AODV and FLRA, the FL-AODV algorithm performs
better. It is because that the reliability of AODV algorithm is worse than the other two
algorithms optimized by fuzzy logic, which results in lower link connectivity, and the link
interruption probability of FLRA algorithm is more prominent due to greater randomness
of selection of nodes when the speed is greater than 25 m/s, which accelerates the decline
of the link connectivity. However, the reliability and link interruption probability of FL-
AODV change slower, therefore, with the increase of node speed, the FL-AODV algorithm
achieves the better average link connectivity.
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Figure 13. Comparison of average link connectivity at different speeds.

In Figure 14, the average route life determined mainly by residual energy and routing
reliability of the three algorithms are compared. It can be seen that, compared to AODV
and FLRA, the route life of the FL-AODV algorithm performs better with the increase
in maximum moving speed. It occurs because, as the speed increases, the nodes change
rapidly, the routing reliability, and residual energy of the FLRA algorithm that only selects
the best reliable node is greatly affected, thereby reducing the route life rapidly. In addition,
since the residual energy and reliability of the node is not considered, the routing life of
AODV is shorter. However, the route reliability of FL-AODV algorithm based on AODV is
less affected owing to the feature of the shortest path. Therefore, with the increase of node
speed, the FL-AODV algorithm achieves the longer route life.

In summary, the overall performance of the FL-AODV algorithm is better since it has
higher reliability including better link connectivity and longer route life under the condition
of low delay and low hop count. Besides low complexity, fuzzy logic comprehensively
considers multiple indicators for routing selection, and thus can better meet the increasing
demand for higher communication service quality.
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Figure 14. Comparison of average route life at different speeds.

5. Conclusions

In this paper, we proposed a highly reliable fuzzy-logic-assisted AODV routing algo-
rithm. The proposed algorithm comprehensively considered delay, stability, and residual
energy as the routing criteria, and realized the selection of a low-latency, high-link con-
nectivity, and long-life routing through a fuzzy system. Simulation results verified that,
compared with traditional AODV and FLRA algorithm, the proposed algorithm has a
higher reliability without increasing delay, i.e., better link connectivity and longer route
life and is more suitable for the scenarios where users are moving at high speed. Especially,
the FL-AODV algorithm is about 10% higher than the AODV algorithm and 25% higher
than the FLRA algorithm when the number of nodes is greater than 100 in terms of ratio
of reliability to delay, which confirms that FL-AODV algorithm can better achieve high
reliability and low latency performance.

Author Contributions: Conceptualization, J.L., M.W., D.W., and P.Z.; writing—original draft prepa-
ration, M.W.; writing—review and editing, J.L.; supervision, J.L. and M.W.; project administration,
X.Y. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported in part by the National Natural Science Foundation of China
(NSFC) under Grant 61971127, 61871465, 61871122, by the National Key Research and Development
Program under Grant 2020YFB1806600, and by the Fundamental Research Funds for the Central
Universities.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ismail, D.P.I.I.; Ja’afar, M.H.F. Mobile ad hoc network overview. In Proceedings of the 2007 Asia-Pacific Conference on Applied

Electromagnetics, Melaka, Malaysia, 4–6 December 2007; pp. 1–8.
2. Al-Absi, M.A.; Al-Absi, A.A.; Sain, M.; Lee, H. Moving Ad Hoc Networks—A Comparative Study. Sustainability 2021, 13, 6187.
3. Sharma, S.; Nidhi. Vehicular Ad-Hoc Network: An Overview. In Proceedings of the 2019 International Conference on Computing,

Communication, and Intelligent Systems (ICCCIS), Xi’an, China, 18–19 October 2019; pp. 131–134. [CrossRef]
4. Khan, M.A.; Safi, A.; Qureshi, I.M.; Khan, I.U. Flying ad-hoc networks (FANETs): A review of communication architectures,

and routing protocols. In Proceedings of the 2017 First International Conference on Latest trends in Electrical Engineering and
Computing Technologies (INTELLECT), Karachi, Pakistan, 15–16 November 2017; pp. 1–9.

5. Yadav, N.S.; Yadav, R. Performance comparison and analysis of table-driven and on-demand routing protocols for mobile ad-hoc
networks. Int. J. Inf. Technol. 2007, 4, 101–109.

http://doi.org/10.3390/su13116187


Sensors 2021, 21, 5965 15 of 15

6. Kaur, G.; Thakur, P. Routing Protocols in MANET: An Overview. In Proceedings of the 2019 2nd International Conference on
Intelligent Computing, Instrumentation and Control Technologies (ICICICT), Kannur, India, 5–6 July 2019; Volume 1, pp. 935–941.

7. Bai, Y.; Mai, Y.; Wang, N. Performance comparison and evaluation of the proactive and reactive routing protocols for MANETs.
In Proceedings of the 2017 Wireless Telecommunications Symposium (WTS), Chicago, IL, USA, 26–28 April 2017; pp. 1–5.

8. Hamrioui, S.; Lorenz, P. EQ-AODV: Energy and QoS supported AODV for better performance in WMSNs. In Proceedings of the
2016 IEEE International Conference on Communications (ICC), Kuala Lumpur, Malaysia, 22–27 May 2016.

9. Benaddy, M.; Habil, B.E.; Ouali, M.E.; Meslouhi, O.E.; Krit, S. A mutlipath routing algorithm for wireless sensor networks under
distance and energy consumption constraints for reliable data transmission. In Proceedings of the 2017 International Conference
on Engineering MIS (ICEMIS), Monastir, Tunisia, 8–10 May 2017; pp. 1–4.

10. Khan, A.A.; Abolhasan, M.; Ni, W.; Lipman, J.; Jamalipour, A. A Hybrid-Fuzzy Logic Guided Genetic Algorithm (H-FLGA)
Approach for Resource Optimization in 5G VANETs. IEEE Trans. Veh. Technol. 2019, 68, 6964–6974.

11. Al-Kiyumi, R.M.; Foh, C.H.; Vural, S.; Chatzimisios, P.; Tafazolli, R. Fuzzy Logic-Based Routing Algorithm for Lifetime
Enhancement in Heterogeneous Wireless Sensor Networks. IEEE Trans. Green Commun. Netw. 2018, 2, 517–532.

12. Feyzi, A.; Sattari-Naeini, V. Application of fuzzy logic for selecting the route in AODV routing protocol for vehicular ad
hoc networks. In Proceedings of the 2015 23rd Iranian Conference on Electrical Engineering, Tehran, Iran, 10–14 May 2015;
pp. 684–687.

13. Souza, J.; Jailton, J.; Carvalho, T.; Araújo, J.; Francês, R. A Proposal for Routing Protocol for FANET: A Fuzzy System Approach
with QoE/QoS Guarantee. Wirel. Commun. Mob. Comput. 2019, 2019, 1–10. [CrossRef]

14. Hu, X.; Ma, L.; Ding, Y.; Xu, J.; Li, Y.; Ma, S. Fuzzy Logic-Based Geographic Routing Protocol for Dynamic Wireless Sensor
Networks. Sensors 2019, 19, 196. [CrossRef]

15. Alzamzami, O.; Mahgoub, I. Fuzzy Logic-Based Geographic Routing for Urban Vehicular Networks Using Link Quality and
Achievable Throughput Estimations. IEEE Trans. Intell. Transp. Syst. 2019, 20, 2289–2300. [CrossRef]

16. He, C.; Liu, S.; Han, S. A Fuzzy Logic Reinforcement Learning-Based Routing Algorithm For Flying Ad Hoc Networks. In
Proceedings of the 2020 International Conference on Computing, Networking and Communications (ICNC), Big Island, HI, USA,
17–20 February 2020; pp. 987–991.

17. Amiri, E.; Hooshmand, R. Improving AODV with TOPSIS Algorithm and Fuzzy Logic in VANETs. In Proceedings of the 2019
27th Iranian Conference on Electrical Engineering (ICEE), Yazd, Iran, 30 April–2 May 2019; pp. 1367–1372. [CrossRef]

18. Ambika, B.J.; Banga, M.K. A novel energy efficient routing algorithm for MPLS-MANET using fuzzy logic controller. Int. J. Inf.
Comput. Secur. 2021, 14, 20. [CrossRef]

19. Parvathi, P. Comparative analysis of CBRP, AODV, DSDV routing protocols in mobile Ad-hoc networks. In Proceedings of the
2012 International Conference on Computing, Communication and Applications, Dindigul, India, 22–24 February 2012; pp. 1–4.
[CrossRef] [PubMed]

20. Kulkarni, N.S.; Gupta, I.; Raman, B. On Demand Routing Protocols for Mobile Ad Hoc Networks: A Review. In Proceedings of
the 2009 IEEE International Advance Computing Conference, Patiala, India, 6–7 March 2009; pp. 586–591. [CrossRef]

21. Kustiawan, I.; Liu, C.Y.; Hsu, D.F. Vertical handoff decision using fuzzification and combinatorial fusion. IEEE Commun. Lett.
2017, 21, 2089–2092. [CrossRef]

22. Barua, A.; Mudunuri, L.S.; Kosheleva, O. Why Trapezoidal and Triangular Membership Functions Work So Well: Towards a
Theoretical Explanation. 2013. Available online: https://scholarworks.utep.edu/cs_techrep/783/ (accessed on 2 September
2021). [CrossRef]

23. Van Broekhoven, E.; De Baets, B. Only Smooth Rule Bases Can Generate Monotone Mamdani–Assilian Models Under Center-of-
Gravity Defuzzification. IEEE Trans. Fuzzy Syst. 2009, 17, 1157–1174.

http://dx.doi.org/10.1109/TVT.2019.2915194
http://dx.doi.org/10.1109/TVT.2019.2915194
http://dx.doi.org/10.1109/TGCN.2018.2799868
http://dx.doi.org/10.1155/2019/8709249
http://dx.doi.org/10.1155/2019/8709249
http://dx.doi.org/10.3390/s19010196
http://www.ncbi.nlm.nih.gov/pubmed/30621104
http://dx.doi.org/10.1109/TITS.2018.2867177
http://dx.doi.org/10.1109/TITS.2018.2867177
https://scholarworks.utep.edu/cs_techrep/783/
http://dx.doi.org/10.1109/TITS.2018.2867177

	Introduction
	System Model and AODV Protocol
	System Model
	AODV Protocol

	Proposed Fuzzy-Logic-Assisted AODV Routing Protocol
	Fuzzification
	Fuzzy Rules
	Defuzzification
	Fuzzy System Realization Flow Chart
	FL-AODV Protocol

	Simulation and Results
	Conclusions
	References

