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Abstract

Complex network is a new type of analysis method in recent years, which has been widely applied in various fields.
As a heterogeneous network, the joint formation of three specific types of UAV, UGV and USV has a certain
mapping relationship with the characteristic parameters of the complex network. In this paper, for the complexity
and networked structure characteristics of different types of unmanned vehicle formations, we propose a joint
formation model of unmanned vehicles based on complex network by analyzing the dynamics of individuals in the
formation system and extracting the important factors of network construction in the formation system. On this
basis, we conducted a simulation experiment of joint formation ocean monitoring, constructed a formation that is
conducive to ocean monitoring and realized formation transformation, analyzing and verifying the performance of
the joint formation network in three aspects: average path length, clustering coefficient and degree distribution.
We expect to provide theoretical guidance and foundation for practical applications such as sea resource
exploration and ocean monitoring.
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l. Introduction

In recent years, with the rapid development of information and network technology, complex network science with
disciplinary intersectionality and complexity has gradually emerged and is increasingly applied to many disciplines,
such as system science, social science, computer and information science, etc. Along with the in-depth research of
experts from different fields in the field of complex networks, network science has become a new way to explore
complexity. And modern warfare is becoming more prominent as a complex network-based confrontation, more
and more emphasis on the multi-service joint warfare, the seizure of the right to control the sea while immediately
seizing the right to control the air and finally send ground troops, modern warfare has turned to how to control the
joint control of the sea, land and air and the joint formation of the sea, land and air forces rather than a single
service combat.

Air, sea, and land formation operations are a typical complex system that consists of complex relationships among
many unmanned aerial vehicles (UAVs), unmanned ground vehicles (UGVSs), unmanned surface vehicles (USVs),
and various types of unmanned vehicles with autonomous characteristics. In formation operations, each side of the
operation is a dynamical network of internal units coupled in a specific way, and the mode of operation is network-
based, thus modeling air, land, and sea formation operations based on complex network science can more
rationally describe the operational countermeasures.

In terms of UAV formations, Zhao et al. [1] proposed a dynamical generation algorithm with different types of
node connections in 2017 to conduct research on complex network-based UAV operations, and constructed a
network description model reflecting real combat scenarios, which better presents many properties such as
emergence and fuzziness in UAV operations; Wang et al. [2] proposed a cluster system robustness assessment
method based on complex network theory in 2020 to conduct research on UAV cluster robustness based on
complex network theory, and summarized comprehensive evaluation indexes, assessment strategies and relevant
algorithms for system robustness.

ISSN: 0010-8189

© CONVERTER 2021 503
www.converter-magazine.info



CONVERTER MAGAZINE
Volume 2021, No. 6

In terms of USV formations, numerous scholars have also conducted research. Bian et al. [3] proposed a method of
networked abstraction of USV formation air defense operations with complex networks in 2015, and conducted a
study of a complex network-based USV formation air defense operations model, revealing the relationship between
the main parameters of the operational network and the real characteristics of the operational system; Liu et al. [4]
proposed a repair model of USV formation complex networks in 2012, and conducted a study of the reliability of
USV formation complex network systems based on repair strategies In 2012, Liu and other scholars proposed a
repair model of USV formation complex network and conducted a study on the reliability of ship formation
complex network system based on repair strategy, which significantly improved the reliability of scale-free
network and concluded that the reliability of scale-free network with smaller degree index is improved more.

In terms of UGV formations, Zhang et al. [5] proposed a sliding mode control algorithm with fixed structure and
less susceptible to perturbation in 2018 for the study of UGV following control method based on the pilot-
following method, and achieved the UGV formation effect of following the pilot vehicle with time-varying desired
relative distance and angle; Li et al. [6] proposed a pilot-following algorithm based on Liapunov's method in 2019
for the study of low-speed UGV formation based on vehicle kinematic model, and achieved accurate formation and
obstacle avoidance of low-speed UGV.

All the above studies have conducted in-depth research on formation systems and achieved remarkable results.
However, these studies only study the formation control of the same kind of unmanned vehicles, and the
application scope has certain limitations, which is not applicable to ocean monitoring in joint formations of UAVS,
UGVs and USVs, or maritime emergency search and rescue, resource exploration and other situations. Therefore,
this paper uses a complex network approach to scientifically and rationally conduct a joint formation of three types
of unmanned vehicles on land, sea and air, just as showed in Figure 1.

Figure 1: Diagram of joint formation of UAVs, UGVs and USVs.
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I1l. Materials and Methods
Dynamics Modeling for Unmanned Vehicles’ Formation

Parameter Introduction
This paper focuses on the joint formation of UAVs, USVs and UGVs using a complex network approach. In order
to facilitate the analysis of the dynamics model of these three unmanned vehicles and the formation situation, the
study selects the specific UAV, UGV and USV, which are widely used in practice and of the same medium model,
as the research objects, and analyzes their motion and force situation by combining their own relevant parameter
indexes (as shown in Table 1).

UAVs have been widely used in military, resource exploration, search and rescue and other fields because of their
small size, low cost, ease of use, low operational environment requirements, and high battlefield survivability. The
AZ-90 UAV weighs 90 kg, has a speed range of 0-150 km/h, a communication range of 0-500 km, and an
endurance of 4 h. It is a standard medium-sized UAV, which is used here It is a standard medium-sized UAV, and
it is used here as a specific object of study for the dynamic analysis of UAVs [7].

USVs are widely used for collecting maritime intelligence, detecting mines, exploring marine resources, etc.
because of their ease of deployment and recovery, as well as their ability to work stealthily for long periods of time
in shallow waters with high danger and changing environments. The "Yunzhou" fully automatic sampling and
inspection USV weighs 57 kg, has a speed range of 0-10.8 km/h, a communication range of 0-10 km, and a
duration of 6 h. It is a typical medium-sized USV, and is used here as a specific object of study for the dynamic
analysis of USVs [8].

UGVs have begun to be used in public transportation, military operations, mining, emergency search and rescue,
etc. because of their safety and stability, flexibility and convenience, battlefield adaptability, and ability to
efficiently perform tasks in remote areas. The Zhong Yun 2.0 UGV, with an overall weight of 800 kg, a speed
range of 0-80 km/h, a communication range of 0-10 km, and an endurance of 4 h, is a typical medium-sized UGV,
which is used here as a specific object of study in the dynamic analysis of UGVs [9].

Table 1 Relevant parameters of three types of unmanned equipment

Unmanned Specific study target Weight (kg) Speed range Communication Endurance
vehicle (km/h) range (km) (h)
UAV AZ90 UAV 90 0-150 0-500 4
"Yunzhou" fully automatic
usv sampling and testing USV 57 0-10.8 0-10 6
uGv Zhong Yun 2.0 UGV 800 0-80 0-10 4

Dynamics analysis
(1) Three movement rules

The motions and forces of the three kinds of unmanned vehicles are analyzed and the dynamics model is
established. The kinetic model satisfies the following three rules:

@ Proximity rule

When an unmanned device deviates from the unmanned cluster, it can automatically close to the cluster, as shown
in Figure 2:
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Figure 2: Diagram of proximity rule
® Alignment rule

The direction of motion of an unmanned device depends on the average vector of the direction of motion of the
surrounding unmanned vehicles, as shown in Figure 3:

Figure 3: Diagram of alignment rule

® Separation rule

When an unmanned device comes too close to another unmanned device, it will automatically move away, as
shown in Figure 4:
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Figure 4: Diagram of separation rule

The three rules take effect in different scopes: in the larger proximity area, the proximity rule and the alignment
rule take effect; in the smaller separation area, the separation rule takes effect.

(2) Analysis of forces
(D Realization of the idea

Stepl: The model of unmanned cluster motion is transformed into a mechanical model with multiple masses
interacting with each other (subjected to forces).

Step2: Construct three partial forces, the proximity force Fy, the alignment force F,, and the separation force Fs.

Step3: By combining the three forces Fy, F,, and Fs. into one force F, and combining Euler's method to update the
velocity v and position P of the motion, the motion of the unmanned cluster is simulated.

@ Construction of the parameters related to the partial force.

The average position vector of all neighboring nodes in the proximity region (center of gravity)

_Eznli=fi/ ni 1)

P; refers to the position vector of neighboring nodes close to the region, and n; refers to the number of neighboring
nodes close to the region.

The average velocity vector of all neighboring nodes in the proximity region

—@nl 13'{ ni (2)
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v; refers to the velocity vector close to neighboring nodes in the region.

The average position vector of all collision nodes in the separation region

_Q:nz i_Blan (3)

P; refers to the position vector of collision nodes in the separation region, and n, refers to the number of collision
nodes in the separation region.

(® Construction of partial and combined forces

Proximity force F:

P (4)

P is the position vector of the selected object node, and the direction of F; points from the object node to the
neighboring nodes.

Alignment force F,:

PEY 5)

The direction of F, is the same as the mean velocity vectorv

Separation force Fs:

PC

IP-¢+e ©)

F3:

The direction of F3 points from the collision node to the study object node, and a very small factor ¢ is added to the
denominator in order to avoid that the center of gravity of this collision node coincides with this node, resulting in
a denominator of 0.

@ Synthesis of forces
The final weighted composite force F is composed of the close pulling force F, , the aligned pulling force F, and

the separated repulsive force F3, are as shown in Figure 5. And the weight parameters w1, w, and ws of these three
forces are adjusted in the model.

FewFwEAwsE; (7)
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<l

Figure 5: Diagram of force analysis of the node
(3) Dynamics analysis

Through the combined force F, Updating the direction and magnitude of the motion velocity v of the unmanned
device.

According to Newton's second law:

dg=l=F ®)
dt m
According to the differential equation:
dv v(t+At)—v(t) 9
dt At
From (8) (9) it follows that F—v:
WARGHD (10)

According to the definition of the derivative and Euler's method, it follows that:

P(t+At P(t)

W~ (11)

Then the velocity v at the next moment can be updated by the current velocity v of the unmanned device and the
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combined force F applied to it:

i (12)

The current velocity v and the current position P of the unmanned device can be used to update the position P at
the next moment:

R (13)

Complex network modeling

Modeling process of complex networks involving mapping of formation networks, parameter analysis, and
construction of small-world networks. The overall modeling architecture for complex network modeling is shown
in Figure 6:

Complex Network Modeling

| [ |

Formation Network Mapping Parameter Analysis ‘ Constructing Small World Networks
ﬁ‘ﬁ | |
: ‘ l l [ \
Nodes ‘ Edge Clustering Coefficient| | Average Path Length | Degree Distribution Features Construction Algotithm

Figure 6: Diagram of complex network modeling architecture

Mapping complex networks to unmanned communication networks
Complex networks are networks with some or all of the properties of self-organization, small world, scale-free in

nature, and clustering, a typical complex network is composed of many nodes and connected edges between nodes,
where nodes represent different individuals in the real system and edges represent relationships between
individuals, and two nodes connected with edges are regarded as adjacent images in the network [10].

Compared to the work of a single device, the cooperation of multiple individuals has better efficiency and
robustness, and formation control and formation maintenance of multiple unmanned vehicles can be studied using
the complex network approach. Since complex networks are abstractions of complex systems, nodes in complex
networks correspond to entities in complex systems [11], specifically in this paper, nodes are abstractions of three
types of entities unmanned vehicles, and each unmanned vehicle is considered as a node in the network. And the
perception and mutual communication relationship between each individual unmanned vehicle is used as the edge
of the complex network, and the edge length of the complex network corresponds to the distance between two
unmanned vehicles, so that the unmanned formation system can be treated as a network.

Relevant parameters of complex network models
When using complex network theory to control three types of unmanned vehicles, namely UAVs, unmanned

vehicles, and unmanned ships, in formation and to analyze the connected edge approach [10-17], three basic
concepts are involved: mean path length, clustering coefficient, and degree distribution.

(1) Average path length
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The average path length is the average of the distance between two nodes in the network and is used to describe the
degree of connectivity of the network. In this paper, the average path length refers to the average distance between
two of all unmanned vehicles in the unmanned formation network. The distance dj between two nodes i and j in
the network is defined as the number of edges on the shortest path connecting the two nodes, and the maximum
value of the distance between any two nodes in the network is called the diameter of the network, denoted as D.

D=mmaxd, (14)

The average path length L of a network is defined as the average of the distances between any two nodes and is
expressed as follows:

NN+ =Y (15)
2

Here N is the number of network nodes.

In war, the average path length can reflect the efficiency of a complex network formation to perform the task, and
the situation of war is always changing, highly efficient communication becomes the key to achieving victory in
formation operations. The shorter the average path length, the shorter the delay in sending and receiving
information, and the higher the overall communication efficiency of the system.

(2) Clustering coefficient

The clustering factor means: the density of a closed loop formed by each node and the points around it in the whole
complex network. Suppose there is a node i in the network with k; edges connecting it to other nodes, these k;
nodes are called neighbors of node i. Obviously, there can be at most k; (k; — 1) /2 edges between these k; nodes.
And the ratio of the actual number of edges E; of these k; nodes to the total possible number of edges ki (ki — 1)
/2 is defined as the clustering coefficient C; of node i.

CiEifei (ki — 1)) (16)

The clustering coefficient C of the whole network is the average of the clustering coefficients C; of all nodes i.

=y G (17)

(3) Degree distribution

The degree distribution is the number of connected edges around a node, and the degree k; of node i is defined as
the number of other nodes connected to that node. The greater the degree of a node, the more "important™ the node
is in some sense. The average of the degree k; of all nodes in the network is called the (node) average degree of the
network, denoted as <k>. The distribution of degrees of nodes in a network is often described by the cumulative
distribution function P(k), which represents the probability that the degree of a randomly selected node is exactly k
[18].
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A= P (18)

k'=k k

It represents the sum of the probabilities that the degree is greater than or equal to k. This approach ensures that all
data are presented and eliminate the problem of different data points falling into the same interval.

Small world network
Most real networks are neither completely regular nor completely random and cannot reproduce some important

features of real networks. In order to achieve the transition from completely regular networks to completely
random graphs, Watts and Strogtz introduced a small-world network model [19] in 1998, called the WS small-
world model, is as shown in Figure 7. The algorithm for constructing the WS small-world model is as following:

Starting from a fully regular graph: consider a nearest neighbor coupled network containing N points that enclose a
ring, where each node is connected to each of its left and right neighboring K/2 nodes. And k is an even number.
Randomized reconnection: reconnects each edge in the network randomly with probability p, i.e., one endpoint of
the edge remains unchanged while the other endpoint is a random node in the network, and there can be at most
one edge between any two different nodes that are not connected to themselves.

In the above model, p=0 corresponds to a completely regular network and p=1 corresponds to a completely random

network, and the transition from a completely regular network to a completely random network can be controlled
by adjusting the value of p.

Randomized reconnection

v

Figure 7: Diagram of small world network

Most of the networks in the real world are not completely random networks, and the degree distribution has a
serious inhomogeneous distribution, and small-world networks can reproduce the real-world situation better [20],
so small-world networks are chosen for the study of complex networks.

I11. Results

In this paper, three experiments are done to model the dynamics of unmanned cluster networks and the study of
complex network formations. Simulations are performed using Netlogo and Matlab software to verify the
applicability of the complex network approach in joint formation of unmanned vehicles by analyzing the motion of
the unmanned vehicles in the cluster and the formation transformation.

Experiment 1: Unmanned cluster motion based on dynamics model

The joint simulation of the three unmanned vehicles is conducted during the experiment, and the three kinds of
unmanned vehicles are allowed to move at the same speed to achieve the effect of speed matching. From the
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relevant parameters of the three specific unmanned vehicles selected for this experiment in Table 1, it is known
that the maximum movement speed of the UAV is 150 km/h, the maximum movement speed of the UGV is 80
km/h, and the maximum movement speed of the USV is 10.8 km/h. The number of UAVs is set to 22, the number
of UGVs to 15, and the number of USVs to 13 at the beginning of the simulation, and the initial formation of the
formation is circle (as shown in Figure 8). The simulation is carried out by continuously adjusting the initial
motion speed v of the cluster, the radius d; of the approach area, the radius d, of the separation area, and the
weights wy for the approach pull F; , w, for the alignment pull F, and w3 for the separation repulsion F3, and the
control variable method is used here for the experimental analysis.

Figure 8: Unmanned cluster initial formation

In the course of the simulation, it was found that when d; , d, , w1 , w2 , w3 were constant and the initial motion
speed v was 10.8 km/h-80 km/h, the initial formation of the unmanned vehicle formation changed to another
formation under the action of the combined external force F, but the formation didn’t disperse in general, as shown
in Figure 9.

Figure 9: Formation at an initial speed greater than 10.8 km/h and less than 80 km/h
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And when the initial movement speed of the formation is greater than 80 km/h or less than 10.8 km/h, the
formation disperses, but under the combined external forces, the unmanned clusters still close up and move in the
same direction with the guarantee of no collision. As shown in Figure 10.

Figure 10: Formation at an initial speed greater than 80 km/h or less than 10.8 km/h

From experiment 1, we can see that when unmanned vehicles’ speed is between 10.8km/h and 80km/h, the
formation didn’t disperse based on dynamics model. Therefore, in order to ensure the stability of cluster formation,
it is suggested that the initial speed range is 10.8 -80 km/h. Adjusting other parameters at a certain speed, it is
found through several experiments that the best formation effect is achieved when the radius of the approach area
d, is 80, the radius of the separation area d, is 41, and the weight parameters wy , w2 , ws are: 0.06, 7.07, and 10,
respectively.

Experiment 2: Formation of three unmanned vehicles in a small world network

Mesoscale eddy, a common type of eddy in the ocean, usually rotate at a high speed and move forward as they
rotate. It moves like a typhoon and has a lot of kinetic energy. The Kinetic energy of these mesoscale eddies
accounts for more than 90% of the large and mid-ocean flow energy in the whole ocean, which is of great research
value. The complex network is used to control the formation of UAVs, UGVs and USVs to keep the formation
unchanged and move to eight directions such as east, south, west, north and southeast to keep the formation
circular [21]. In the actual three-dimensional space, this circular formation is circular in shape from the perspective
of top view, but from other perspectives, this formation is messy and cannot be seen as regular. This formation has
unique advantages, seemingly messy stereoscopic three-dimentional structure, actually assumes the circular
configuration. In this way, the key nodes in formation network can be adjusted easily and the mesoscale eddy can
be dynamically monitored. At the same time, the formation can easily send signals to the center node when
conducting joint marine monitoring by UGVs, USVs and UAVS, so as to realize more accurate monitoring of
ocean eddy currents. When a node in the formation fails to act according to the given instructions due to failure,
the stability of the circular structure makes it convenient for other nodes to be substituted to form a new formation,
which can better support long-term ocean eddy current dynamic monitor.
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Figure 11: Circular formation and movement of the formation

When the basic formation is always kept constant, different ways of connecting edges will lead to changes in the
average path length, clustering coefficient, and degree distribution, are as shown in Figure 12. As the number of
reconnected edges increases, both the average path length and the aggregation coefficient of the complex network
will start to undergo a significant decrease and later level off, are as shown in Figures 13 and 14. After many times
of reconnecting edges, the degree distribution is found to be approximately normally distributed, which verifies
that the complex network is applicable to the formation [22-23], is as shown in Figure 15.

From experiment 2, we can see that when the joint formation of UAVs, UGVs and USVs is a circle from the
perspective of top view, the formation is very stable during the movement, and during the process of reconnection
of sides, the important parameters of complex network: average path length, clustering coefficient, and degree
distribution are also smooth and conform to the reconnection law of heterogeneous networks. So circular joint
formations based on complex networks are well suited for ocean monitoring.

Figure 12: Circular formation after reconnection of sides
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Figure 13: Clustering coefficient of the re-edge process Figure 14: Average path length of the re-edge process
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Figure 15: Degree distribution of the re-edge process

Experiment 3: Combining small-world networks with dynamical models

The dynamics model of Experiment 1 and the small-world network of Experiment 2 are combined for joint
formation simulation. Different unmanned vehicles will be connected to each other because of the establishment of
a complex network, while constantly changing the direction and speed of motion under the action of joint external
forces, and the formation will also realize the change of formation under the complex network over time [24-26].
Unmanned formations form a wide variety of formations during the course of motion, are as shown in Figure 16.
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Figure 16: Multiple complex network formations based on dynamics models

In the process of movement, the formation of unmanned cluster will change, accordingly, the connected edges
between each unmanned device will also be reconnected, then the average path length, clustering coefficient,
degree distribution, etc. will also change accordingly. In the simulation experiment, a formation is selected from
formation to dispersal. 0-8 s is the process from dispersal to gradual clustering of unmanned vehicles, and 8 s-20 s
is the process of dispersal of clustered unmanned vehicles.

Clustering coefficients and average path length are as shown in Figures 17 and Figure 18.
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Figure 17: Clustering coefficients of formation Figure 18: The average path length of
transformation process queue transformation process

The average path length significantly decreases and the clustering coefficient significantly increases from 0 sto 8 s
due to the mutual proximity of unmanned vehicles. The average path length significantly increases and the
clustering coefficient significantly decreases from 8 s to 20 s as unmanned vehicles spread out from each other in
preparation for forming the next formation. The node degree distribution is as shown in Figures 19 and 20.
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Figure 19: Degree distribution at 8s Figure 20: Degree distribution at 20s

The unmanned vehicles’ formation is the most compact at 8 s. The node degree distribution deviates from the
normal distribution and favors the part with larger node degrees; the unmanned vehicles” formation is the loosest at
20 s. The node degree distribution deviates from the normal distribution and favors the part with smaller node
degrees.

Experiment 3 reflects that the network structure has not been destroyed by analyzing the three important
parameters of complex network in the process of formation change: average path length, cluster coefficient and
degree distribution over time, and verifies that heterogeneous formation network is stable when combined
formation and formation transformation are carried out using complex network.

V. Discussion

This experiment chose three medium-sized unmanned vehicles, namely AZ90 UAV, "Yunzhou" automatic
sampling and inspection USV, and Zhong Yun 2.0 UGV, as specific research objects to conduct three experiments.
Experiment 1 verified the dynamics of the unmanned vehicle in the formation of the formation, so that the
unmanned vehicle under the dynamics of the law to achieve safe and orderly movement and formation, to provide
theoretical support for the realization of the joint formation of land, sea and air. Experiment 2 verifies the
application of complex networks in the formation of unmanned vehicle, and constructs a circular formation
suitable for the battlefield through complex networks, and this joint formation can remain stable and unchanged in
the process of movement, so as to keep stable and durable in the ocean monitoring. Experiment 3 integrates the
kinetic model and complex network, and through the method of complex network, the unmanned vehicle moves
under the law of kinetics to realize the transformation of formation, so as to flexibly adapt to the complex and
changing battlefield. Overall, these three kinds of vehicles validate the applicability of the complex network
approach to joint air, land, and sea formation ocean monitoring. The next step will be to study the specific ocean
monitor under different connection methods and the evolution model of the complex network model under
dynamic conditions, reflecting the realistic monitor process.

V. Conclusions

Complex network theory is an effective method for conducting research on unmanned vehicle formations. In this
paper, three specific types of UAV, UGV and USV are selected as research objects, the dynamics characteristics of
the unmanned vehicle movement process are analyzed, the corresponding network structure model is established
based on complex network theory, and then the joint formation of three kinds of unmanned vehicles based on
complex network under the dynamics model is studied through three simulation experiments. Simulation analysis
of joint formation ocean monitoring of land, sea and air is carried out in the experiments, and a robust and
applicable circular formation and formation transformation strategy for the actual battlefield are proposed. The
three important indicators in complex networks: clustering coefficient, average path length and degree distribution,
are analyzed purposefully, and the corresponding complex network indicators change as the unmanned vehicle
formations are reconnected with the edge and the formation movement, and the variation rules are consistent with
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the basic characteristics of complex network, which verifies that the complex network method has a good
performance when applied to the joint formation of unmanned vehicles.

VI. Patents
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