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Abstract

Routing algorithm has a decisive influence on routing quality, and routing
quality has a direct impact on network performance. For FANETS, the highly
dynamically changing topology poses a challenge to the design of routing
algorithms. The paper studies the characteristics of FANETSs, and uses a
CHNN to search for FANETSs routing to form CHNNR. Using NS3 as a
simulation tool, a highly dynamic simulation scheme in the background
of the network topology of the air flight platform was designed, making
the simulation scene closer to the dynamic performance of the FANETSs
highly dynamic mobile node. By comparing parameters such as network
delay, normalized network throughput, routing load and data transmission
success rate, the performance of CHNNR and passive routing algorithms is
analyzed and compared. The simulation results show that the comprehensive
performance of CHNNR is better than other passive routing algorithms, and
it is more suitable for FANETSs networks where nodes move at a high speed
and the network topology changes frequently, and lay the foundation for the
next research.
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1 Introduction

As a special MANETs, FANETSs is widely used in military, agriculture,
disaster search and rescue and other fields with the characteristics of no
center, self-organization, and self-healing [1-5]. Due to the characteristics
of FANETS, such as limited bandwidth, limited node energy, and strong
node mobility, designing an effective and reliable routing algorithm is a
very challenging problem [6, 7]. On the one hand, the feasible path between
network communication nodes is an unknown variable. In this case, the
solution space includes all loop-free network paths. In larger FANETS,
there may be too many such paths. So that it is impossible to search for a
feasible solution space in an exhaustive manner. On the other hand, there
is currently no specific routing algorithm specifically for FANETs. Most
MANETS routing algorithms only use the number of hops as a measurement.
It may be difficult for FANETS to achieve effective resource utilization or
execute critical real-time applications. Therefore, consider using an artificial
intelligence algorithm to search for FANETSs routing, and at the same time
add restrictions on routing stability, routing maximum power, and maximum
available bandwidth to the searched routing. The Hopfiled neural network is
just such a suitable artificial intelligence method, because it can ensure that
the solution converges to the minimum of the energy function, although it
cannot ensure that the global minimum is reached.

2 Related Works
2.1 Routing Algorithm

The routing algorithm is a technology that determines how form a routing
table and plans routes for data packet forwarding based on the routing table.
The routing table maintains information about connected nodes, new access
nodes, and neighbor nodes so that the source node can send data to the des-
tination node. Generally, routing algorithms are divided into three different
categories according to the nature and attributes of routing: active routing
algorithms, reactive routing algorithms and hybrid routing algorithms [8].
The active routing algorithm regularly checks and maintains the complete
routing information of the routing. Therefore, every time a node sends a data
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packet before routing information has been planned, all nodes in all networks
must constantly maintain one or more routing tables to adapt to the constantly
changing network topology, thereby ensuring that the data is between task
nodes in the network transfer. The main representative routing algorithms is:
OLSR [9, 10], TBRPF [11, 12], DSDV [13, 14] etc. The reactive routing
algorithm only performs the route discovery process when the node needs it,
and follows the route discovery and route maintenance operations. After the
route is established, the data are transmitted through the marked path. The
main representative routing algorithms is: DSR [15, 16], AODV [16, 17],
etc. Hybrid routing algorithm is a combination of active routing algorithm
and passive routing algorithm. This type of algorithm subdivides nodes
into different groups and uses active routing to maintain the routing table
within each different group. Passive routing is used between groups. Through
hybrid routing algorithms, the network can be in active routing algorithms.
Switch between and passive routing algorithms. The foremost representative
algorithms are: ZRP [18, 19], and so on.

Reactive routing algorithm needs to send out control packets for informa-
tion exchange when searching for routes,. Its delay will be higher than that
of active routing. However, in networks with frequent topological changes
such as FANETS, it is too expensive to periodically check and maintain
complete routing information. Therefore, in FANETSs routing design, this
paper basically consider reactive routing algorithms.

2.2 Hopfiled Neural Network

Hopfield neural network [20-23] is a single-layer symmetrical full-feedback
neural network, which is very suitable for solving combinatorial optimiza-
tion problems, and has received extensive attention for its simplicity and
representativeness. FANETS routing lookup problem can be regarded as an
optimization problem with constraints. And Hopfield neural network is very
suitable for solving such problems. At the same time, the calculation of the
Hopfield neural network adopts a parallel processing method. Its calculation
amount will do not increase exponentially with the increase of the dimension-
ality of neurons. This is especially important for FANETSs network, because
the energy of nodes in the network is always limited, which means that
the energy of network nodes will not consume more. The Hopfield neural
network can be divided into continuous type and discrete type according to
the type of input and output variables. The corresponding neuron and the
mathematical model of the system can be described by differential equations



868 X. Wei and H. Yang

and nonlinear differential equations. For FANETSs routing search problems,
this article uses CHNN to search.

The Hopfield neural network first proposed the concept of energy func-
tion. Its main idea to solve the combinatorial optimization problem is: express
each state value of the neural network with the corresponding variable in
the optimization problem, and then construct the objective function of the
optimization problem, and the objective function And all the constraints of
the problem are constructed as the energy function of the neural network after
the integration of the penalty function, and then according to the principle of
the neural network, the partial derivative of the energy function about the
neuron output is obtained, and the obtained expression is the neural network
Kinetic equations. According to the energy function and dynamic equation
of the network, a complete neural network model can be assigned. When the
energy function tends to a stable minimum with iteration, the network state
obtained is the optimal solution to the optimization problem. The general
steps are as following:

1. For the combinatorial optimization problem to be processed, select an
appropriate method to represent the value of each variable, so that the
solution of the problem corresponds to the output of the neural network
one by one;

2. Construct the energy function E of the neural network, and use the
minimum value of the energy function to represent the optimal solution
of the problem, that is, when the value of the energy function tends to the
minimum and the network is stable, the result obtained is the solution of
the optimization problem:;

3. Determine the number of neurons and the structure of the neural network
according to the energy function E;

4. Establish a neural network according to the network structure. Begin
the network and make it reach a stable state after a certain number of
iterations. At this time, the output of the network is the optimal solution
to the problem under certain conditions.

3 Optimization Method

3.1 Some Functions

Set FANET as an undirected graph G = (V, E), where V = (1,2,...,n)
is the node in the FANET network, and E is the road section of adjacent
nodes. The corresponding weights of each road segment in the network are
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C’i’?, where m =1,2,... M,i=1,2,...,n,5 = 1,2,...,n. The function
is as follows function (1). Among them, LS;; is expressed as the stability
prediction of the link between nodes 7 and j. P; and P; represents the energy
of node i and node j, B;; represents the bandwidth of the link between node ¢
and node j. w represents the importance of the link weight between nodes and
w1 + wy + w3 = 1. In the mobile prediction model, the free-space ropagation
model is adopted, the received signal

Cij = w1LSij + wa(P; + Pj) + w3 Byj (D

strength only depends on the distance between the receiver and the trans-
mitter, and the clocks of all network nodes are synchronized, such as the
network time protocol (NTP) or Global Positioning System (GPS) clock. If
the movement parameters of two adjacent nodes are known, such as flight
speed, horizontal flight direction, wireless signal transmission distance, etc.,
the length of time that the links of the two adjacent nodes are maintained can
be determined. If nodes i and j are in each other’s transmission coverage r,
the position, speed, and direction of node i are expressed as (z;, y;, 2 ), v;, 0;,
and the position, speed, and direction of node j ({L‘j, Y zj), vj, 0, in order to
simplify the calculation, the default flight altitude is at the same level, then
the time that the link between node i and node j remains stable is predicted as:

—(ab + cd) + \/(a2 +¢2)-r2 — (ad — be)?
LS;; = e 2)

Among them, a = v;cos0; —vjcosl;, b = x; —xj, c = v;sinb; —v;sinb;,
d = y; — yj. When v; = v; and 6; = 0, that is, when the flight speed and
flight direction of adjacent nodes are the same, the two adjacent nodes can be
regarded as static nodes with the highest stability, that is, L.S;; = oo.

3.2 Objective Function

The FANETSs route selection problem can be formulated as an optimiza-
tion problem, that is, as a solution to system equations and inequalities,
the constraints that form the problem maximize or minimize an objective
function on a set of unknown variables. If the FANETS path selection problem
is linked with the energy function of CHNN, it is necessary to transform
the constrained problem into an unconstrained problem, and then into an
energy function. For the treatment of constraint conditions, the commonly
used method is penalty function, including external electrical method, interior
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point method, multiplier method, etc., using the idea of penalty function to
add constraint conditions to the objective function.

3.3 Energy Function

The FANETS routing optimization model is linked with the Hopfield neural
network, and the energy function of the network is constructed according to
the optimization objectives and constraints of the optimization model. There-
fore, the energy function of FANETS routing optimization can be defined as
follows:

Among them, if there is a route between node i and node j, then v;; = 1,
if there is no route, then ;; = 0. The first term of the energy function is the
objective function of the routing optimization problem, that is, the value of
the weighted sum of each objective; 1 is used to constrain non-existent paths
so that they cannot exist in the optimal path; a2, as make node s and node d
in the result, that is, to ensure that the source node and destination node are
included in the optimal path; ay transforms the 0-1 constraint into a value
that can be applied by CHNN; a5 ensures that node d reaches 1 when there
is a route between nodes s.

m
Bt (S n) S o >t
m=1 1,3

i=1 j=1

2

Z.’L‘sj—l +OZ4ZZ$'LJ .iUU +a5(1_xds) (3)
j=1

=1 j=1

3.4 Matrix Dimension Conversion

FANETS, the energy of nodes is limited, so it is necessary to convert high-
dimensional matrices into low-dimensional matrices to improve computing
efficiency and reduce node energy consumption. Because the road network
and weight matrix in the energy function are both two-dimensional at this
time, they need to be converted to vectors to represent them, that is, the
matrixes need to be expanded in order and converted to vectors to represent
them. Therefore, here this paper use the vector element xj to replace the
element x;; in the two-dimensional matrix, where £ = 1,2, ... ,n?, and the
relationship between xj, and x;; is as follows:

k=n(i—1)+j 4)
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Therefore, the energy function is rewritten into the following form:

M P 2 n? n(n—1)+d
J— m
E—ZQ<ZCkxk—m> +a12%-xk+a2 Z T —1
m=1 k k=1 i=d
ns 2 TL2

+ a Z T — 1 +a42mk(1—xk)

I=n(s—1)+1 k=1
+ 015(1 - xn(d71)+s) (5)

3.5 lterative Equation

According to the form of the energy function and the nature of CHNN,
can get:

o8 U "
87@: ZPC’Z-m ZC,Z”xkfm + a1y
k=1

m=1
n(n—1)+d
+ 20251-dSn(n—1)+d—1 Z zp — 1
k=d

ns

+ 2a351—n(s—1)—15ns—l Z xp—1

k=n(s—1)+1
O’E - m m
0x1,0x; - E:IPCl Cr' + 20251-aSn(n—1)+d—1Sk—dSn(n—1)+d—k

+ 20351 5 (s-1)-15n5—15k—n(s-1)
Sns—k — 2045k-15] (7

The definition of the S function is:

0 wndexr <0
Sinder = {1 index >0 ®)



872 X. Wei and H. Yang

Table 1 Route table
Destination Node  Source Node Innode Outnode Build Date  Stability Time
Ng N N; N, aa:bb:cc:dd X

The connection weight of the neuron can be obtained as:

_ OE
8Ikal‘l

Wy, =

9
The bias of each neuron is:

OFE

I =—-——
! aTl

M
(0) = Z PC"m — a1y + 20281 aSn(n—1)4d—1
m=1
+ 2038 _p(5—1)Sns—1 — Q4 + A58 _n(d—1)+sn(d—1)+s—1
(10)

So far, the main parameters of CHNN for finding FANETs optimized
routing have been obtained. The main connection weights W and offset I are
only related to the weights C, P, a, S;ndes, €tc. of the road section.

4 CHNN Routing Algorithm

Use CHNN to optimize FANETSs routing, and named it CHNNR, adopts
reactive routing algorithm, starts the route discovery process on demand
according to communication requirements, and establishes route table and
neighbor table on demand to reduce overhead and save network bandwidth
resources. In this article, the routing table is established using the CHNN
algorithm. The format is shown in Table 1, which mainly includes Destination
Node, Source Node, In node, Out node, Build Date, and Stability Time.

In this article, use an improved HELLO packet to perform topological
exchange on neighboring nodes to inform neighboring nodes of their own
node’s existence and attributes. The improved HELLO packet contains infor-
mation such as node bandwidth, node flight speed, node location, and node
flight direction. Each neighbor node that receives HELLO pakcet checks and
updates its Neighbor table so that it can be used to calculate the routing
weight between neighboring nodes when needed, and use CHNN to search
for optimized routes. The format of Neighbor table is shown in Table 2.
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Table 2 Neighbor table
Neighbor Node  Bandwidth  Flying speed  Flying direction Position
Na B., Va 9a (-Tm Yas Za)

Nb Bb (% 01; (xlhylnzb)

4.1 Route Discovery

The route search process first need to calculate the route weight between
adjacent nodes, which are realized by the interaction of adjacent nodes on
the route. When the information exchange between neighboring nodes is
completed, the CHNN algorithm is started to search for optimized routes to
build a routing table. When a node decides that it needs a route to reach a
destination node, if the node did not know the destination node before, or a
valid route to the destination node has become an invalid route or the stability
has expired, then the node needs to be started Route lookup process. When
a route is needed for communication, the source node first checks its own
routing table, and if there is a route to the node, it checks the establishment
date and stable time of the route entry. If the interval between the creation
date of the route entry and the current date exceeds the stable time, the routing
table considers this route as an invalid route and deletes the route and starts
the route search process. If the source node does not know the destination
node before, it will first send a HELLO packet to the neighbor node, update
the Neighbor table according to the HELLO packet returned by the neighbor
node, calculate the routing weight between neighboring nodes based on the
updated neighbor table, and use CHNN to optimize routing Find and update
the route table, and then send data according to the route table.

4.2 Route Maintain

In CHNNR, there is no need to reserve a backup route, because the mainte-
nance of the backup route will generate new network overhead. For a specific
route application, only one route is selected and only one route is valid. Not
using alternate routes means that periodic route updates are not required,
which can effectively save network energy. If the source node has a route
break, the route discovery process is directly started for route search. When
the route breaks in the intermediate node, the node broadcasts the HELLO
packet to the neighbor node. The neighbor node that receives the HELLO
packet performs local routing update and routing maintenance.
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5 Simulation and Discuss

5.1 Performance

In multi-hop ad hoc networks such as FANETS, the main parameters that
affect network performance are [23, 24]:

* Packet delivery ratio (PDR): PDR is the ratio of the data packet P;
sent by the application layer of the source node to the data packet P,
received by the target node, that is, the statistical measure of the correct
transmission of the data packet. It reflects the two main characteristics
of FANETSs network reliability and network congestion. The function is
shown in function (11). P

.
PDR = P, (11)

* Throughput (TH): TH is the amount of data transmitted from source to
destination per unit time, which can be divided into node throughput
and network throughput. Node throughput is the data packet received
by the target node per unit time, and network throughput is the network
throughput per unit time. The average value of the sum of data packets
received by all nodes.

* Delay (DE): DE is the time required for a data packet to be sent from
the source to the destination for correct transmission, including the sum
of all delays such as queuing delay, processing delay, and sending delay.
Usually, take the average value, which is the average delay.

* Normalized routing load: Under different network loads, the transmis-
sion volume of routing control packets per unit time. Reflects the rate at
which the network topology changes.

5.2 Parameter Settings for NS3

In order to verify the effectiveness of the CHNNR algorithm and improve the
performance of FANETS, this paper developed a CHNN algorithm based on
C++. First, the effectiveness of CHNN on routing optimization was verified
on the PC, and then it was transplanted to NS3 [25, 26] for simulation veri-
fication. NS3 is a major new and improved version of NS2. The realization
of NS3 simulation model relies on C++, and its core design is extensible
to support future development. NS3 also supports integration with actual
equipment.

In the NS3 simulation environment, the main parameter settings are
shown in Table 3. In the simulation scenario, 50 nodes are distributed in
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Table 3 Parameters of simulation environments

Parameters Value

Simulator NS3

Number of nodes 50

Simulation range 500 m x 500 m

Channel type Wireless channel

Channel bandwidth 11 Mbps

MAC layer 802.11 DCF

Network layer CHNNR, AODYV, DSR
Transfer Models WaveLan

Mobility model Random waypoint mobility

Data transmission rate 1 Mbps
CBR Connections 20

Simulation times 900s

the area of 500 m x 500 m, the simulation time is set to 900s. FANETS
node Channel uses wireless channel, bandwidth is 11mbps, physical layer
uses 802.11 DCF, network layer uses CHNNR, AODV and DSR, node
mobility model uses Random waypoint mobility [27-29], CBR Connections
is set to 20.

5.3 Results and Discuss

Because the energy of a single aircraft is limited, in order to save energy as
much as possible, routing optimization algorithms are required to converge
quickly. Specifically in the CHNN search for optimized routing, it needs
to converge to the stable state of the neural network in a limited number
of cycles. In order to verify the convergence speed of CHNN in routing
optimization, we deliberately first simulated and ran the routing optimization
CHNN algorithm on PC. The scale of nodes in the network is 50, and the
weights between nodes are set randomly. limiting the number of cycles of
the CHNN algorithm to no more than 10,000. The results of running on an
ordinary PC show that the average time to find the optimized route is about
800ms, and the average number of cycles is 2000. Therefore, it can be directly
transplanted to the flying ad hoc network.

After confirming the feasibility and effectiveness of the CHNN algorithm,
we transplanted the CHNN algorithm based on NS3. According to the setting
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Figure 1 The packet delivery ratio when node mobility speed increase.

in the paper [21-24], in the CHNN algorithm, P = 500, a; = a2 = a3 =
a4 = as = 200. In the NS3 simulation, we focused on comparing the Packet
Delivery ratio, delay, and delay of the three routing protocols of CHNNR,
DSR, and AODV. Key performance indicators such as the packet delivery
ratio, the throughput and the delay. The detailed comparison is shown in
Figures 1-3.

When the node moving speed is low, the probability of routing breakage
in the network is small, so the network load is also low. At this time, the
network throughput under several routing metrics is not much different. As
the moving speed of nodes increases, the possibility of routing breaks in the
network increases, and the Route discovery process of nodes with communi-
cation requirements is also frequently started. At this time, the control packets
in the network will inevitably increase. With the continuous increase of
network load, local network congestion has gradually increased. CHNNR can
avoid areas with intense competition and conflict through reasonable routing,
and can alleviate the increase in network congestion. The route selected by
CHNNR takes into account various factors of the node, which can reduce
the number of packet transmissions, thereby reducing the average end-to-end
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delay (show in Figure 2), increasing the packet arrival rate (show in Figure 1),
and reducing the number of nodes Power consumption extends the life of the
node, thereby increasing the throughput of the network (show in Figure 3).

Select high-speed mobile scenes and compare CHNNR, DSR and AODV
under fair conditions. Using a network model of 50 nodes, the number of
communication source nodes is fixed at 20. The packet transmission rate
slowly increases, knowing where the throughput is saturated. The throughput
here represents the sum of the receiving throughput of the destination node of
each data source node, and the “network load” the sum of the sending rates
of all data source nodes, in kb/s. If there is no retransmission, then the ratio
of throughput to network load is equal to the packet delivery rate.

Since the HELLO packet uses an extended control format for cross-
network layer information exchange, the length of the control packet becomes
larger. Show in Figure 4, we can see that the routing load of CHNNR is higher
than that of AODV and DSR. However, considering the impact of CHNNR on
network throughput, the improvement of network key performance indicators
such as average delay and packet arrival rate is within an acceptable range.
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6 Conclusions

Based on careful study of the traditional active routing AODV and DSR
in MANETS, this paper proposes an optimized routing algorithm CHNNR
based on CHNN and applies it to FANETs. CHNNR comprehensively con-
siders the energy and bandwidth of the node, and establishes an optimized
route between the source node and the destination node. The simula-
tion results show that CHNNR can alleviate network congestion, reduce
node power consumption, extend node life, and improve the life cycle of
FANETs. However, the simulation environment setting in this article is
more ideal, without considering more scenarios and influencing factors of
FANETS, the next step can be an engineering test on CHNNR to verify its
reliability.
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