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ABSTRACT One of most primitive problems by unmanned underwater vehicle intelligent swarm (UIS) is
coordination control, which has a great significance for realization of target hunting with great performance
of efficiency and robustness. Existing studies concentrate on behavior-based centralized or distributed
control approaches with the prior knowledge and mostly do not elaborately consider behavior conflicts
and constraint differences. Therefore, a novel behavior-driven coordination control framework including
topology architecture and swarm control which is inspired by immune mechanism, is investigated for
target hunting of heterogeneous UIS under unknown and uncertain environment in this paper. For topology
architecture, a hybrid non-central distributed topology is developed as a novel immune-inspired architecture
to regulate agents with self-organizational and fault-tolerance features. For swarm control, a dual-layer
switching control scheme composed by global control and local control, is proposed to drive behaviors via
behavioral-intensity, the trigger of switching is when the target is detected. The global control approach is
employed to search target, in which two constraints of energy consumption and healthy-state are considered
to achieve good operational reliability. While the local control approach is developed to form the dynamic
alliance of tracking and capturing, in which behavioral-intensity control strategy for behavior aggregation
and decision-making control strategy for behavior selection are respectively designed to avoid behavior
conflicts. Simulation results demonstrate that proposed framework can accomplish hunting under various
situations such as hunter agent is random or fixed distribution, and the number of targets asynchronously
appears. It is confirmed that our framework is capable of achieving the target hunting under unknown and
uncertain environment with greater efficiency and robustness.

INDEX TERMS Target hunting, behavior-driven, coordination control, hybrid non-central topology,

dual-layer switching control.

I. INTRODUCTION

Unmanned Underwater Vehicle (UUV) is a submersible
underwater vehicle which integrates acoustic detection,
information fusion and intelligent control functions while
performing a task. However, due to uncertainties, incom-
plete information and distributed underwater environment,
a single UUV cannot perform the complex tasks, such as
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intelligence surveillance, ocean survey, task allocation, and
time-sensitive strike, especially for target hunting in military
application [1]-[3]. In contrast, UUV intelligent swarm (UIS)
which is composed of amounts of heterogeneous agents,
is employed to offset weaknesses of single UUV with more
efficiency and robustness [4].

In navy military field, target hunting application for differ-
ent invaded agents such as torpedo and submarine, is the great
significance to study. The comprehensive hunting process
contains three continuous and parallel sub-tasks: searching
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potential targets, establishing an dynamic tracking alliance
and forming an capturing formation to finally catch target.
One primary problem in target hunting is coordination con-
trol, in which essence of coordination control is to provide
a appropriate hunting alliance for searching, pursuing and
capturing target with the possible shortest time and distance.
It has been intensively attracted much attention in community
of control [2]-[4]. Up to now, numerous methods have been
developed to address the problem of target hunting, which can
be classified into centralized and distributed two categories.

Centralized category is subject to coordination objective,
and generally uses a top-down modeling. Only a few tar-
get hunting application have been reported in this category.
For example, Bradley and Tshilidzi [S] described centralized
hunting architecture with multi-layer perceptron (MLP) neu-
ral network, in which the global hunter determines paths of
other hunters via genetic algorithm optimization. Although
this method is effective, behavior exploration does not avoid
in a particular situation where illegal behavior is evalu-
ated due to the fact that one hunter exists more than one
direction to move. Cao and Guo [6] developed a leader-
follower formation algorithm to assign hunting tasks by mul-
tiple autonomous underwater vehicles, and an angle matching
strategy was utilized to guide round up target by leading
hunter, however its topology is rigid to describe the position
of agents, which can cause imperfect robustness, especially
for large-scale agents. In the aforementioned works, central-
ized approaches are capable of achieving target hunting, how-
ever drawbacks cannot be ignored in dramatically changing
environment.

To overcome drawbacks of centralized approaches, more
attention have been attracted on distributed coordination.
On the contrary, it adopts a down-top modeling, which
essence is that all agents in the swarm have equal sta-
tus, objective and knowledge, and interact with global
or local neighbors via topology architecture and commu-
nication protocol to achieve coordination control. More
recently, many researchers have proposed a series of remark-
able studies on distributed coordination in target hunting
applications, all of which can be divided into negotiation
method [7]-[9], artificial field method [10], [11], optimiza-
tion method [13]-[15], neuron-inspired method [16]-[18]
and behavior-based method [19]-[28].

Negotiation method is greatly prevalent in target hunting,
it imitates economic mechanism of announce-biding-award
to achieve coordinate the interactions among the agents.
Chen et al. [7] proposed a distributed pursuit-evasion algo-
rithm based on interaction protocols of contract net and
subscribe-publish, simulations demonstrated that agents can
construct several swarm efficiently. Li ef al. [8] provided a
cooperative hunting strategy for multi-mobile robot system,
in which negotiation mechanism was applied to allocation
the desired hinting point and plan the on-line paths, more-
over it has been employed to coordinate in confrontational
hunting of two swarms. For example, Zhou et al. [9] utilized
contract net protocol to design an improving permissively
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dynamic alliance for multi-agents cooperative hunting. Most
of above mentioned algorithms may cause communication
decay due to the amounts of interactions among hunters, and
the associated hunters will cost more time on re-planning and
calculating.

To alleviate the influence of changed environments on
target hunting, artificial field method is employed to decide
the motion along the gradient of a potential field governed by
the target, in which two primary principles of attractive and
repulsive forces is always introduced. Escobedo et al. [10]
proposed artificial field function, in which attractive force
between hunters and target, repulsive force among hunters
are only introduced to achieve hunting task. Noguchi
and Maki [11] described an artificial potential field based on
binary Bayes filter to track the sea urchins with an opti-
mized path planning. Xue et al. [12] formulated an artificial
potential functions for distributed formation with switching
typologies and time-varying delays in a multi-agent systems.
However, potential field is easy to appear local minimum
and deadlock when hunter is subjected to multiple attractive
and repulsive forces or the hunter, target and obstacle are
geometrically collinear, so adaptability is relatively weak.

Optimization method is utilized to search an optimal posi-
tion and path according to the targets and the involved con-
straints. Yang et al. [13] formulated a decentralized control
hunting scheme of swarm robots for targeting search and
trapping inspired by bacteria chemotaxis under the guidance
of gradient information, in which a single target is considered.
Ishiwaka et al. [14] proposed a reinforcement learning algo-
rithm to model how the hunters selecting cooperative behav-
ior to achieve the task, and hunter agents are capable to learn
via two kinds of predictions, in which four hunters collaborate
to catch a target. In addition, Pan and Li [15] investigated a
comparative reinforcement learning algorithm, which based
on joint rewards to insure hunter agents to learn behaviors,
there is an static target. In these works, optimization method
may fail with more than one static or dynamic targets, which
existed limitation in real circumstances.

Neuron-inspired method is developed to establish neural-
inspired network model with its specific link mechanism
for the hunting task. Ni and Yang [16] firstly introduced
bio-inspired neural network (BNN) into cooperative hunting
to design the dynamic alliance and formation construction.
The results exhibited the capability of guiding the agent to
achieve the hunting. But, the same neuronal activity in track-
ing may increase the computing time. Inspired by [16], some
others varied BNN algorithms were emerged. For example,
Zhu et al. [17] designed an BNN-based hunting algorithm of
Multi-AU Vs, in which a distance-based negotiation approach
was put forward to assign the hunting task. To improve the
real-time hunting, Chen and Zhu [18] investigated an hunt-
ing alliance based on time-competition, and path planning
approach integrated BNN model to effectively pursuit the
invader. This kind of methods can successfully achieve the
hunting, but the searching map is rasterized, and some poten-
tial conflicts may not avoid under changing environment.
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Behavior-based method is one of significant attention in
the field of target hunting, the essence is motivated by nat-
ural collective phenomenons. Many biologists, physicists
and interdisciplinary scientists have devoted to investigate
how swarm exhibits high-level global collective-behavior
based on low-level individual distributed intelligence [19],
and numerous behavior-based methods have been developed,
in which exists two modeling styles. One is the swarm-based
macroscopic mode that researches the whole swarm, although
it is suitable for larger scale hunter agents, it completely
ignores specific individual behavior. The other is individual-
based microscopic mode that focus on individual, collec-
tive behavior as control parameters to determine the hunting
alliance and formation, so this model is the most intuitive and
prevalent modeling method in target hunting.

As one landmark work, Couzin er al. [20] proposed a
distinguished swarm model so-called Vicsek, where agent
behaviors abstracted as separation, alignment and cohesion
are dominated by the influence of its neighbors. After it was
clearly summarized, researchers have put forward a variety
of swarm coordination models such as Couzinand [21], social
force model [22], asynchronous random model [23] and fuzzy
logic model [24]. In the past decade, due to the rapid devel-
opment of information technology such as image processing,
target tracking, massive data analysis and so on, more hidden
collective features are excavated, for example Duan et al. [25]
developed a cooperative decision-making scheme inspired by
Grey-wolf swarm for hunting. Most of previous works have
concentrated on properties such as congregation, stabiliza-
tion, cohesion, and quick consensus. However, more prior
knowledge is predefined, and strict constraints are needed,
moreover behavior conflicts are not avoided, some of which
limits the applications.

Inspired by the better performance of immune mecha-
nisms in managing many complex system, Wang et al. [26]
exploited a coordinated model-inspired by Self/Non-Self
defense mechanism, but it is a concept-model without math-
ematical and experimental verification. Whitbrook et al. [27]
developed an immune network integrated reinforcing learn-
ing for incorporation into behavior-based multi-agent system.
This approach formulates an exemplified hybrid artificial
immune system to drive the concentration, but some limited
behaviors are employed as prior knowledge and target is
static without external distribution. Liang et al. [28] creatively
proposed an immune-agent interactive network (IAIN) for
behavior-based formation control of intelligent swarm. This
model improves efficiency, but the hunting may fall into due
to the conflicts. It is worth noticing that swarm intelligent
embedded in immune mechanisms is an important solution
for behavior-based coordination of swarm due to the merits
of self-organization and flexibility. But the efficiency of this
coordination control is limited, and there are few researches
of it on target hunting problem of UIS.

In this paper, a behavior-driven coordination control frame-
work based on immune mechanism is creatively proposed
to achieve target hunting. In UIS application, it working
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process involves three phases including searching, tracking
and capturing, population is larger, in which hunter agents
are heterogeneous, and location of target is unknown and
dynamic, and there are more than one targets. In the proposed
frame, the topology architecture and swarm control are tightly
coupled. The hybrid non-central topology is firstly developed
as a novel immune-inspired topology with self-organizational
and fault-tolerance features, rather than centralized and fixed
formation, which is more suitable to manage target hunt-
ing procession. Furthermore, a dual-layer switching control
scheme is proposed to drive behavior via a control parameter
called behavioral-intensity, in which global control and local
control are formulated to optimize behavior selection and
avoid behavior conflicts under disturbances and constraints.
Simulation results demonstrate that proposed framework can
effectively accomplish target hunting with higher efficiency
and robustness compared with other existing methods.

The main contributions of this paper are summarized as
follows. (1) behavior-driven coordination control framework
is firstly proposed to drive and evolve the discrete behav-
iors for target hunting, and unlike the previous researches,
the hunting process is dynamic and unknown like the real
world, that is, the target is not static and targets can asyn-
chronously appear. (2) The proposed control framework is
inspired and integrated by immune mechanisms such as
immune network, clonal selection and danger model to estab-
lish a dynamic hunting alliance, which is extended bio-
inspired application ranges. (3) The two constraints such
as energy consumption and healthy state are considered to
filter out inferior hunter agents in order to improve the
operational reliability. (4) The behavior conflicts are solved
by using behavioral-intensity control strategy for behavior
aggregation and decision-making control strategy for behav-
ior selection. (5) In the proposed framework, hunting time,
energy consumption and hunting distance are better than
comparative approaches in the same scenario, all the results
proves the great adaptability, robustness and efficiency of our
framework.

The remainder of this paper is organized as follows.
Section II describes preliminary knowledge and problem
statement. Section III presents behavior-driven coordination
control framework. Section IV designs the hybrid non-central
distributed topology. Section V details dual-layer switching
control scheme. Section VI performs extensive experiments
to prove the efficiency and robustness. Finally, conclusion
and future work is provided in Section VII.

Il. PRELIMINARY KNOWLEDGE AND PROBLEM
STATEMENT

A. TARGET HUNTING OF UIS

UIS is becoming an indispensable unmanned undersea com-
bat future-style, which is composed of large-scale hetero-
geneous agents. Compared with the traditional multi-UUV
cooperative system, it exists four outstanding features such
as space distribution, time distribution, resource distribution
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FIGURE 1. Conceptual schematic of UIS.

and information distribution. It is more desirable for an intel-
ligence swarm that is similar with flocks of birds, schools of
fishes and colonies of bacteria and so on. The target hunting is
one of significant applications of UIS, in which hunter agent
has an integrated capability of searching, tracking and captur-
ing in order to eliminate different-shape intruders and achieve
an optimal operational effectiveness due to its high robust-
ness, intelligence, and coordination. Fig.1 demonstrates the
conceptual schematic of UIS, each hunter agent has its spe-
cific communicating and detecting range, the triangle denotes
the detecting fan, and the dotted line denotes the distance
of acoustic communication, and the dashed arrows denotes
the communication direction. All hunters are deployed in
a combat environment and interacts with its neighbors to
search, track and capture the potential targets.

However, underwater target hunting is different from the
ground and aerial hunting due to dynamic and unstructured
environment, such as external disturbance, acoustic delay and
data loss and so on, all of which may impact on the healthy
states and cause failures in task allocation. Moreover, UUV
in a hunting alliance is heterogeneous, each individual agent
possess distinct ability, such as communicating range, detect-
ing range and energy consumption, all of which also affect
on efficiency and robustness of swarm control. In addition,
target hunting in practice is different from foraging problem
in multi-robots, the target has a certain of intelligent to escape,
thus target hunting is particularly challenging in UIS. The
above hybrid reason is a motivation to propose the behavior-
driven coordination control framework in this paper.

B. PROBLEM STATEMENT

In this paper, target hunting problem of UIS is described
as follows. Consider a multi-UUVs composed with a group
of hunter agents and enemy targets navigating in a 2D
boundless underwater environment. In this scenario, all
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hunters and targets deploys the manner of passive detec-
tion due to underwater concealment, and each hunter agent
has knowledge about neither the environment nor the loca-
tions, and each target is asynchronous to be deployed in
combat environment. We mainly investigate the searching,
perusing and capturing process of target hunting, hunter
agent moves towards target, while target changes its direction
to escape.

In searching stage, all hunter agents navigate in unknown
environment and detect targets. Once a hunter agent firstly
detects an invaded target in its detection range, who become
the role of information center to bridge a cooperative hunting
of this target. In tracking stage, the hunter associated with
role of information center is selflessly broadcasting to other
neighbor hunter agents in its communication range, then all
hunters track towards the target, a local hunting alliance is
established. In capturing stage, a number of agents in the
established hunting alliance is determined by threaten factor
of different-shape target, if threaten factor associated with
target such as submarine, is bigger, large number of agents are
needed for aggregation. Otherwise, smaller number of agents
are considered for smaller threaten factor associated with the
target such as torpedo. Once the number of hunter agents is
satisfied to threshold of operational effectiveness, which is
implied that the target is successfully capturing. The flow of
target hunting is shown in Fig.2.

As shown in Fig.2, several discrete behaviors implied in
target hunting task are executed to perform stages of search-
ing, tracking and capturing in unknown environment, how to
organize, manage and optimize these behaviors is a funda-
mental problem, since it determines the topology and control.
Moreover, to complete the efficiency and robustness of target
hunting, some associated issues in swarm control need to be
addressed, such as uncertain constraints and behavior con-
flicts. The above mentioned problems in target hunting will
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FIGURE 2. Hunting task flow chart.

be solved by using the proposed behavior-driven coordination
control framework.

1) ASSUMPTION FOR HUNTER AGENT

In this subsection, some assumptions for hunter agent are
listed as follows, which are necessary in describing process
of searching, tracking and capturing.

Assumption 1: The UIS initially forms a global searching
network Ng, if anyone target T is detected by any UUYV,
balance of global network is smashed, then IV g is divided into
several subgroups as local tracking network Ny

Assumption 2: The UIS is a heterogeneous swarm, each
UUV is able to move omnidirectionally with its ability of
detecting range Dg, and communicating range Cg.

Assumption 3: The UUV moves in horizontal plane at a
constant depth, and its kinematic and dynamic are formulated
in two coordinate frame [29], body-fixed frame {E} and
earth-fixed frame{B}, as illustrated in Fig.3.

In body-fixed frame, kinematic and dynamic with standard
nomenclature can be described as

My+C®Wv+DW)v+g(p) =1t+w )

where = [x, y, ] denotes the position and heading angle
in earth-fixed frame, and v = [u, v, r]T denotes velocity in
body-fixed frame, where u is a linear velocity in the surge,
v is a linear velocity in sway, and r is a angular velocity in
yaw. T = [1, Ty, 7,17 denotes control input forces, and w =
[we, wy, wll,]T denotes external disturbance. Without loss of
generality, g () is a vector of buoyancy and gravitational
forces and moments to set as g (y) = 0, and M, C(v) and
D(v) are inertia matrix, centripetal and Coriolis matrix, and
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FIGURE 3. UUV model in horizontal plane.

hydrodynamic damping matrix, respectively, which are given
as

[m 0 0 dygp 0 O
M=| 0 mypyp 0v|, DW¥=|0 dn O 2)
L 0 0 ms33 0 0 d33
B 0 0 —moov
Cv)y=| 0 0 miu 3)
| mpv —myu 0
where miy = m — X, mypy =m — Yy, mzz3 =1, — Ni,dy1 =

Xu +Xu|u lul, dy =Y, + Yv\v vl and doo = N, + Nr\r r|.
Moreover, UUV position in earth-fixed frame is described

n=JW)y 4)
cosyy —siny 0

J @) = | siny cos ¥ 0 (®)]
0 0 1

where J (1) is the transformation matrix.

Assumption 4: For time-varying disturbances, existing
three constants w, € R*, wy € RT and wy, € RT, Vr > 19
such that [[wy || < wy, |wy || < wy and ||w¢ || <wy [30].

Assumption 5: The UUV is simplified as a mass-point for
studying coordinated control of behavioral interaction to be
more convenient. The simplified point-mass model based on
Eq.(1)~(5) is used for each UUV [48].

dv
i T+Ww,
Assumption 6: The UUV is subject to the constraints of
healthy states and energy, and the energy consumption rate
of UUV is different among all the behaviors. Those two
constraints can affect the behavior selection and execution.
Assumption 7: The behavior for each UUV in hunting
process is composed of five discrete events as illustrated
in Table 1. One behavior b’ € [Bs, By, Bp, B¢, By1is given
a priority structure P! based on the principle that the need of
some situations outweigh those of others, [ = 1,2, ..., Q,
0=5, and the label of / is consistent with the value of priority,
that is, Bg is set with the lowest priority P! = 1, By is the

M n=J)w (6)
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TABLE 1. Discrete behavior and its priority.

Behavior Notation (b') Description Priority( P')
UUV can not become a member of global network N, and local network N, due to the
Stopping B, (F1) ) 1-Lowest
constraints of healthy states and energy
o » UIS initially navigate in unknown and uncertain environment to establish global tracking
Navigating B, (72 2
network N
» If an UUV firstly detects the target T , it automatically become the information center in the
Detecting B, (=3) 3
unformed local network N,
o B, (I=4) The information center broadcasts the invasive information to its neighbors in local the track and
Communicating c capture network N, 4
. B. (=5 Notified UUVs move and follow with the agent that detected the enemy target 7 to perform .
Moving e (15) . . 5-Highest
hunting alliance
Hunter Agentl
Hunter Agentl
T ) -4
Xumr™ .
. Hunter Agent3
Escaping
direction
[ Escaping [
Yum—> @ —0 diotn, R
Hunter Agent3 \ Target ‘ / Target
X
2-; > Hunter Agent4
Hunter Agent2
Hunter Agent2

FIGURE 4. The first escaping strategy when tracking alliance has two
hunter agent.

highest priority P! = 5, and By, Bp and B¢ are sorted by
priority from low to high, all of which can enable hunting
alliance of Ny, is established.

2) ASSUMPTION FOR TARGET

In this subsection, assumptions for target are listed as follows,
which are necessary in describing process of navigating and
escaping.

Assumption 1: The target T in hunting tasks exists two
categories such as large-shape and small-shape, difference is
the value of detecting range T g and threaten factor #.

Assumption 2: The kinematic and dynamic model of each
target T is similar to hunter agent, but for simplicity, only
dynamic is taken into consideration, as demonstrated

nr =JWrvr @)

where ny = [xr,yr, ¥7] denotes position vector, (x7, yr)
is the position coordinates, Y7 is the heading, vr is velocity,
and J(y¥r) is a transformation matrix that is the same with
Eq.(5).

Assumption 3: The target T moves straightforward initially.
If it detects hunter agent in its Tg, and hunter agents are
more than two, then the target 7' automatically selects a
one from two escaping strategies to be implemented [18],
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FIGURE 5. The second escaping strategy when tracking alliance has more
than two hunter agent.

which are demonstrated as Fig.4 and Fig.5, respectively. The
Fig.4 describes the first strategy that target T turns its direc-
tion against two hunter agents (hunter agent 1 and hunter
agent 2) inits T'g, and Fig.5 describes the second strategy that
the target T turns its direction to the midpoint of two involved
hunter agent in the tracking alliance with a largest distance

Lij = max{\/(x; — )2 + (i — y)2), where i, j is a label for
hunter agent i and hunter agent j, respectively. For example,
the target escapes between hunter agentl and agent2.

Assumption 4: The target T keeps healthy state, and move
omnidirectionally to reversely detect hunter agents.

Assumption 5: The target T is not subject to time delays
in turning navigating directions, and the turning radius is
ignorable.

Assumption 6: The target T is dynamic, and a confrontation
derived from target swarm is ignored.

Ill. BEHAVIOR-DRIVEN COORDINATION CONTROL
FRAMEWORK

In this section, we propose a behavior-driven coordination
control framework inspired by immune mechanism for target
hunting. Thus, the involved immune mechanism and control
framework are briefly demonstrated.
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FIGURE 6. An example of immune system under the microscope [31].
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Antigen
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Paratope

FIGURE 7. B-cell and antibody and antigen.

A. IMMUNE MECHANISM

Vertebrate immune system (IS), involving a large amounts
of cells and molecules as shown in Fig.6, protects its host
from dangerous invading agents, known as antigens. Immune
responses to invading antigens are triggered by perceiv-
ing and eliminating of antibody, in which the process is
an elaborate and dynamic multiple-layer defensive mech-
anism, namely innate immune and adaptive immune [31],
[32]. Innate immune is an inherent immunity in non-antigen
specific manner, which fulfills initial regulating immune
response for antigens. Whereas, adaptive immune plays a key
role in robust respond against invaded antigens that innate
immune system cannot eliminate with an antigen specific
manner.

In adaptive immune, basic components are lymphocytes
that are classified into as two major types, B lymphocyte
(B-Cell) and lymphocyte T (T-Cell), which can affect dif-
ferent immune functions, B-Cell chiefly works by secreting
substance called antibody in blood to recognize and eliminate
invading microorganism called antigen, and T-Cell regulates
and mediate the secreted antibody from B-Cell.

B-Cells are maturing in bone marrow, all of which have
distinct structure and secretes ‘Y ’shaped antibodies from its
surfaces. The antibody recognizes and binds specific antigen
by a receptor called paratope, and the corresponding binding
region of antigen is antigen determinant called epitope as
illustrated in Fig.7. Paratope and epitope are complimentary
and analogous to key and keyhole. Moreover, antibody is
relatively specific to the antigen, and specificity degree is
determined by the affinity of couple antigen-antibody.

Over the decades, immunologists have developed a series
of immune mechanisms to fulfill interpretation the adaptive
immune. For example, clonal selection, immune network and
danger model, which are briefly reviewed.
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Clonal selection theory emphasizes that paratope of B-cells
have a high affinity to an epitope derived from the stimulated
antigen is selected to proliferate and differentiate the plasma
cells and memory cells. Once antibody paratope binds to
entigen epitopes, it driven others cells to assist with elim-
ination. In this matching process, some of the matching
B-cell are retained as memory cells to quickly improve the
concentrations of the specific B-cell when the same antigen
invades again. Inspired by this theory, the famous clonal-
selection algorithm and negative selection algorithm and their
variations have been developed to tackle path planning, and
optimization associated with swarm intelligent [34], [35].

Immune network theory is proposed to explain working of
IS in absence of invading antigens or suppression of certain
immune function that clonal selection theory is not illustrated.
It is suggested that antibodies are not only stimulated by anti-
gen, but also exists the stimulation and suppression between
antibodies. The computational model of idiotypic network
was proposed by Farmer and Packard [32], which is derived
from changing of antibody concentration via the suppression,
stimulation and natural death rates. This theory is the most
popular immune model for incorporation into coordination
control because it involves interantibody stimulation and sup-
pression, as well as matching to antigens. Its main challenge
is the definition of antigen, antibody and their dynamic in real
circumstances [34].

Danger model theory, as a newer definitions of
Self-Nonself discrimination model, was proposed by
Matzinger [36] to extend clonal selections of antibody pro-
duction of activated B-cells. It suggests that IS is more
concerned with damage than foreignness, rather than by
the recognition of non-self. In this theory, B-cells recognize
and internalize the injured/stressed agents, and these agents
undergoes different processes, in which due to insufficient
activation of T-helper cells on recognition signal 1, a specific
co-stimulation signal 2 from dendritic cell (DC), also termed
as antigen presenting cell (APC), is needed to completely
activate the T-cells, as shown in Fig.8. Once activated, all DCs
provide co-stimulation to demonstrate the innate or adaptive
immune response. Moreover, DCs contains immature DC,
semi-mature DC and mature DC, in which immature DCs
collect injured/stressed agents, and further activate in terms
of safe signal or danger signal from its neighboring environ-
ment. If environment is safe, DC becomes semi-mature and
presents antigen to T-cell that causes the T-cell-tolerance.
By contrast, if environment is dangerous, DC becomes
mature to completely activate T-cell that produce antibodies
to eliminate the antigen.

Compared with the clonal selection and immune network,
danger theory is a new definition of immune system, its den-
tritic cell algorithm and toll-like-receptor algorithm [37] all
mimic underlying translations of the involved signal models
and roles. For example, a DC-inspired subsumption architec-
ture is implemented to coordinate among various behaviors
in avoid obstacle, but this is a classification issue that can not
fully incorporate the behavior necessary for navigation [38].
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Overall, IS which is essentially a swarm intelligent sys-
tem, involves rich metaphorical immune-mechanisms. Due
to the great self-organization, robustness and adaptation and
so on, these mechanisms can be employed to coordinate and
control applications. Therefore, we can adopt some useful
metaphors to develop an appropriate framework for target
hunting, which is the other motivation in this paper.

B. DISTRIBUTED COORDINATION CONTROL FRAMEWORK
The behavior-driven control framework is formulated to
address the coordination control for target hunting as shown
in Fig.9, which is composed of hybrid topology and control
approach.

The hybrid non-central distributed topology inspired by
the immune mechanisms is creatively proposed as a novel
distributed topology to regulate agents involved into local net-
work and global network. And an dual-layer switching con-
trol scheme is developed to perform collective behavior for
target hunting, in which there exists two control approaches,
namely global control and local control. One is the global
searching network coordination control inspired by immune
network, which corresponds to the searching stage. The other
is the hunting alliance coordination control approach inspired
by clonal selection and danger model, which corresponds
to the tracking and capturing stage. Furthermore, two con-
straints of energy consumption and healthy state are mod-
elled in global control to achieve operational reliability, and
behavioral-intensity control strategy for behavior aggrega-
tion and decision-making control strategy for behavior selec-
tion are designed to avoid behavior conflicts. Noting that
behavioral-density is the only one control parameter of dual-
layer switching scheme, and the trigger of switching is when
the invaded target is detected.

C. MAPPING RELATIONSHIP OF STRUCTURAL AND
FUNCTIONAL CONSISTENCY

In order to clearly exhibits work of the proposed control
framework, the analogous mapping relationship of IS and
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TABLE 2. Analogous mapping relationship between UIS and IS.

UIs IS
Target Hunting Defense mechanism
Hunter agent(UUV) B-cell
Enemy target (invader) Antigen
Behavior module Antibody

Behavioral-intensity Antibody concentration

Detecting target Antigen stimulated
Behavioral-intensity reinforce Antibody stimulated
Behavioral-intensity weaken Antibody suppressed

Capturing target Elimination antigen

UIS is given from the viewpoint of structural and functional
consistency. As discussed in section II-A and section III-A,
it has an obviously remarkable similarity from architecture
and function, two systems are all distributed architecture and
defense mechanism. Therefore, an elaborate mapping can be
established as shown in Table 2, which is useful to study
intrinsic mechanism of our proposed framework in this paper.

Definition 1. Defense mechanism of IS is defined as target
hunting of UIS, thus the associated immune-mechanisms can
be designed to describe the searching, tracking and capturing
processes of hunting task.

Definition 2. B-cell is defined as a hunter agent U; €
[U1,U2,---,UN],i = 1,2,..., N, and N is the number of
hunter agents. Its dynamic model is denoted as Eq.(5), and
each U; is subjected to all Assumptions 1~7.

Definition 3. Antigen is defined as a invaded target T; €
[T{,T,,- - -, Tw] that invades into uncertain environment,
j = 12,..., W, and W is the number of targets. Its dynamic
model is denoted as Eq.(7), and T; is subjected to all
Assumptions 1~6.

Definition 4. Antibody is defined as a behavior module
b' € [Bs,By,Bp,Bc,Byl, 1 = 12,...,0, and Q=5 is the
number of behavior types listed in Tablel. The selection of
an appropriate behavior onboard agent U; is determined by
local interactions with target and its neighbors U;, j = 1,2,...
Ni Ni = {1,/ — 5% + (i — 3)? < Cr).

Definition 5. Antibody concentration is defined as
behavioral-intensity. The behavioral-intensity €2 is an unique
global control parameter to coordinate hunter collective
behaviors.

Definition 6. Antigen stimulated is defined as Detecting
target. If a target T is detected by any agent, global network
Ng is stimulated and the balance is broken, which is driven
the forming of local network N . Furthermore, the number
of Antigen stimulated decides the number of N.

Definition 7. Antibody stimulated is defined as Behavioral-
intensity reinforce. It implies that more behaviors are needed
to rapidly gain intensity level from neighbour U in Cg, then
an efficient N, can be successfully established to accomplish
hunting task for the target T';.

Definition 8. Antibody suppressed is defined as
Behavioral-intensity weaken. It implies that the behaviors are
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Immune system

FIGURE 10. Schematic diagram of global network without antigenic
stimulation.

needed to rapidly decline to a certain intensity level, then an
effective N can be elaborately established in order to avoid
behavior conflicts.

Definition 9. Elimination antigen is defined as Capturing
target. If a certain number of agents stimulated and sup-
pressed are allocated to hunt target T';, and this T'; can be
modeled as capturing in Ny..

IV. HYBRID NON-CENTRAL DISTRIBUTED TOPOLOGY

In a multi-agents, a topology is of significance to swarm con-
trol, which determines how agent communication with each
other, what are the control capabilities of each agent, and how
efficient of coordination [39]. That is an appropriate topology
plays a critical role to address coordination and coopera-
tion. Generally, there are three prevalent topologies, which
are star-like, web-like and hierarchy-like, respectively [40].
(1) Star-like topology is suitable for applications of central-
ized behavior-control, but it exists a communication bottle-
neck due to the critical point of failure. (2) web-like topology
can establish a complete graph with a uniform interaction,
so flexibility is the benefit in this topology, but indiscrim-
inative interaction is often inefficient. And (3) hierarchy-
like topology involve agents, all of which are grouped in
multi-layers, and all layers are organized in hierarchy. It has
trade-off ability between centralized and distributed con-
trol due to hierarchical function design of behavior interac-
tions. Although previous three types facilitates topological
models, all of which can not well solve dynamic evolution
and asynchronous reconstruction required in unknown and
uncertain environment. It is the reason why three types are
imperfect to govern behavior interaction in target hunting.
Therefore, a hybrid non-central distributed topology inspired
by the immune-response is proposed for proposed control
framework.

In immune hypothesis [31]-[38], each B-cell within
immune system interacts with a group of B-cells in its neigh-
borhood by stimulusl from external antigen with paratope-
epitope connection, stimulus2 from other antibodies with
idiotope-paratope connection and suppression from other
antibodies with paratope-idiotope connection. In addition,
those interactions can exist even in absence of antigen,
as exhibited in Fig.10~11. Fig.10 describes a global network
without antigenic stimulation, whereas Fig.11 describes a
local network when an antigen breaks stability of global
network. By analogy, if there are several invading antigens,
multiple local networks are formed in global network.
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FIGURE 11. Schematic diagram of local network with an antigenic
stimulation.

FIGURE 12. Schematic diagram of hybrid non-central distributed
topology.

Inspired by this immune mechanism, if a B-cell is termed
as an agent, global network and local network naturally are
formed an multi-agent system (MAS). Furthermore, from the
topology architecture viewpoint of graph theory, a hybrid
non-central distributed topology is proposed in Fig.12.

As shown in Fig.12, there are two local networks in
global network, one is composed of Agentl, Agent2, Agent3,
Agentl0, Agentll, Agent n and Agent0l, where Agent
01 is considered as virtual local coordinator, and the other
is composed of Agent4, AgentS, Agent6, Agent7, Agent§,
Agent9 and Agent02, where Agent02 is also considered as
virtual local coordinator. The virtual local coordinator is
similar the central supervisor in star-like topology but is not
same with it, because it only plays a bridge-transferring role
of interactive information, which implies that no any control
function takes place there, hence the agent is called as virtual
local coordinator.

Clearly, our proposed topology is more sophisticated,
and which completely absorbs all outstanding features from
the previous web-like, star-like and hierarchy-like topology.
It characterize great self-organization and fault-tolerance.
Compared with previous topology, some properties implied
can be summarized in Table3.

V. DUAL-LAYER SWITCHING CONTROL SCHEME

This section elaborately demonstrates the proposed dual-
layer switching control scheme in framework, this scheme
coupled with hybrid non-central distributed topology is com-
posed of global control and local control that corresponds
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TABLE 3. Properties of four MAS topology.

Properties Star-like Web-like Hierarchy-like Proposed
Center controller YES NO NO NO
Complete communication NO YES Partly Partly
Dynamic evolution NO Partly Partly YES
Fault-tolerance NO Partly Partly YES
Automatic response NO Partly Partly YES

with global network and local network, where global con-
trol is designed to control the searching stage of target
hunting, while local control is designed to control tracking
and capturing of hunting alliance in local network. There-
fore, employing analogous mapping relationship in Table 2,
the behavioral-intensity is given by calculating behavior-
interactions and driven to perform target hunting.

A. GLOBAL CONTROL FOR SEARCHING

In the initial stage, all hunter agents are distributed to search
the potential targets, and behavior By is employed to each
agent. The behavioral-intensity is determined by local neigh-
bour agents and external disturbance. Moreover, energy con-
sumption and healthy state for each involved hunter agent are
two important constraints that achieve the better operational
reliability. Therefore, the most basic driven-model under con-
straints is developed to search target in global control.

1) GLOBAL CONTROL APPROACH

The global control approach is derived from immune-network
mechanism, in which all agents dynamically forms an
interactively global searching network Ny, which is con-
sistent with the schematic diagram in Fig.10. Thus, the
behavior-driven global control approach is developed via
behavioral-intensity:

Qb}(1) = k1[Q1(1) + Qa(1)] — K2Q3(1) ®)

where Q(bf (#)) denotes the behavioral-intensity of /-th behav-
ior onboard i-th hunt agent at tth time,
[ =1.2,...,0,i=1.2,...,N, and N is the number of hunter
agents. And k1 and k7 denote a positive constant and death
factor, respectively. It consists of three parts, 21, €25 and Q3.
21 denotes the behavioral-intensity that is derived from
stimulated and suppressed interactions among hunter agents
to perform optimal coverage, which is an integrated term of
stimulus and suppression, and defines as
0-1 N;
Qi) =) (On— bl t)bj(t) ©)
h=1 j=1
where h = 1,2, ...0 — 1 denotes other behaviors excluding
[-th behavior, N; denotes community of agent in communica-
tion range of i-th agent, j = 1,2,....N;. The ®y, and ©y; are
matching functions between /-th behavior and /-th behavior
belonging to any two agents.
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2, denotes the behavioral-intensity that is an additional
parameter derived from external disturbance model. Due to
external dynamic and unstructured underwater environment,
there exists a variety of disturbance and constrains from cur-
rent field, acoustic field and light field, and those disturbance
and constrains are time-varying, resulting in the delay and
loss of behavior information, and even affect the interacting
and coordination among all agents. Due to the great per-
formance of incremental-independence, time-independence
and self-radiation in error modeling [47], so randomiza-
tion weierstrass function derived from Fractional Brownian
Motion (FBM) is employed as the environment stimulation
function

Q(t)=arg—Asin(gt +d)+ Y ang ™" sin(g"t + dy)
n=2
(10)

where g is a positive constant, g > 1, a, € N(0, 1) is subject
to standardized normal-distribution, d, € [0, 27] is subject
to the uniform-distribution, A € [0, 1] is a roughness index
that ensure the rationality of random error, and ¢ is the time.

23 denotes the behavioral-intensity that is derived from
natural disappear due to absence of behavioral interaction.
As analyzed in section V-B, each agent in hunting swarm
has its specific healthy state and energy consumption, if a
healthy state can not facilitate to accomplish the behavior
or energy consumption exceeds its maximum threshold, this
associated agent can’t participate in global network via any
manner. So 23 is defined as

1
o +exp(0.5 — QL))

Q3(1) = pbi(bj(1) = (1)
where o is a positive constant.

Furthermore, behavioral-intensity €2 in driven model of
Eq.(8) can be rewritten by k iteration number

Q(k) = Qk — 1)+ k1[S21(k — 1) + Q2(k — 1)]
— kappay 23k — 1) (12)

In Eq.(8) and Eq.(12), behavioral-intensity constructs the
global searching control approach that facilitates agents asso-
ciated behaviors to drive the distributed network. Specifically,
each hunter agent can execute the real-time evaluation all of
its behaviors via behavioral-intensity, in which the elaborate
bop is selected to detect any targets.
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FIGURE 13. Normalized energy consumption rate of different behaviors.

2) ENERGY CONSUMPTION AND HEALTHY STATE

Each individual hunter agent U; costs energy and faces uncer-
tain healthy state in coordination control due to the behaviour
b, if the total energy consumption exceeds maximum thresh-
old E,x or total state-value lower than minimum thresh-
old Hpn, this agent can not be allocated any hunter task.
It ensures that the faulty agents are removed for the control
to be more adaptive and robust.

(1) For energy constraint, U; executes behavior b' chosen
from {Bs, By, Bp,Bc, By}, and the energy consumption
rate f E(bﬁ) of each behavior is different. For example, By
is the biggest, the reason is that hunter agent supported by the
stronger power quickly track target, and B is the smallest due
to the insufficient energy or poor healthy states. Moreover,
the f E(bf) for By, Bp and B is sequentially inserted between
Bg and By, all of which is modeled on experimental real-data
from practical mission. The f E(bf) is denoted as

exp(—0.01 x k) b' < Bg
exp(—0.02 x k) b' < By
fe®) = {exp(—=0.03 x k) ' < Bp (13)
exp(—0.04 x k) b' < B¢
exp(—0.05 x k) bl < By

where i = 1,2...N, [ = 1,2,...Q, k is the number of itera-
tion. And normalized energy consumption rates is plotted in
Fig.13.

Thus, total energy consumption ET(Uik) is accumulated
over iteration k:

ki

ky k3
Er(US) =Y feb)) + Y fe®bP) + Y fe®?)

i=1 i=1 i=1

ky ks
+Y febH+ Y feB)  (14)

i=1 i=1

where, k = k1 + ko + k3 + kg + ks.

If ET(Uik) exceeds the maximum threshold Enx, the U;
automatically selects the behavior of bf = Bg, which is
implied the death. Otherwise, the hunter can selects any
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TABLE 4. Four healthy states of UUV.

Notation Description Value
S, (Well) Normally Working Fy =
S, (Mechanical-Failure) Propulsion failure Fy
S, (Electronic-Failure) Electronic failure F;,
S, (Stopping) Energy and health constraint F;, =0

behavior, it is given

bl < By, E7(U¥) > Emax

| f as)
b; <~ {BN,Bp,Bc,Bu}, DEr(U;) < Emax

(2) Each individual agent U; is in a dynamic environment,
nonlinear external disturbance may directly affect motion
control of hunter agent, and further interferes a bad selection
in discrete behavior. Hence, we establish a fully healthy
state set that can describe UUV health from the viewpoint
of reliability theory [4], in which four states are illustrated
in Table 4.

In Table4, S describes normally working with state-value
Fg, = 1.5; and S3 belong to the nor-normal type with state-
value Fg, and Fg;, respectively, if the two values is bigger
than the pre-threshold ng obtained by normal-distribution
and pre-threshold Fg3 obtained by exponential-distribution,
respectively, UUV has ability to participate in hunting task,
otherwise it can not continue to participate. And the last S4
describes failure agent with state-value Fg, = 0 due to the
energy and health constraint, it is implied that this agent
adopts Bgs. Hence, if the total healthy state-value Hp(U f.‘)
is lower than Hy,i, = ng . F% ¥ this agent execrates Bg,
otherwise it selects b € {Bn, Bb, B¢, By} via behavioral-
intensity. It is given at any iteration k as

bl < By, Hr (UY) < Hpin 16)
bl < {By,Bp,Bc,By}, HrU¥) > Hpin
Hy(U¥) = Fg, (k) - Fsy(k) - Fs(k) - Fs, (k) (17)

3) BEHAVIOR-DRIVEN GLOBAL CONTROL UNDER
CONSTRAINTS

Under energy consumption and healthy state constraints, core
algorithm of the proposed behavior-driven global searching
control is shown as Table.5.

B. LOCAL CONTROL FOR TRACKING AND CAPTURING

In this paper, it is a critic time-point when an target is
detected by global searching network Ng, because it is an
important trigger that drive forming of local network N, to
track and capture target as shown in Fig.14, that is, N¢g is
divided into several N due to the number of target, and
emergence of N can be synchronous or asynchronous. It is
noting that this explanation is consistent with the implied
by the proposed hybrid non-central distributed topology as
demonstrated in Fig.11 and Fig.12.
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TABLE 5. Behavior-driven global control under constraints.

Input: Agent U, €[U,,U,,---,U,], Behavior b' €[Bg,B, B, ,B..B,, ]

Output: A global network N, of agent associated individual optimal

behavior bop

Initialize: B, for each agent, Detection Range D, , Communication

Range C, , Maximum number of iterations K, and related variables

While A N is not satisfied or the iteration number not reach to K do
k<0
For any agent U, derived form [U,,U,,---,U,]
Global network evolution via behavioral-intensity
. Calculating Q, of stimulation among agents by Eq.(9)
e  Calculating Q, of stimulation of interference model by
Eq.(10)
e  Calculating Q, of stimulation of absence of behavior
interaction by Eq.(11)
Return updating N, by Eq.(8) or Eq.(12)
. Calculating behavior energy and healthy status constraints
by Eq.(15) and Eq.(16)
Else keeping original B, for each agent in global network N
k<k+1
Repeat

Due to the target is detected by N g, behavioral-intensity of
each hunter agents can significantly change compared with
that of Ng. Thus, we need to consider target-stimulus in
global control of Eq.(12) when hunting alliance is dynam-
ically evolving. Hence, €24 denotes the behavioral-intensity
that is derived from target-stimulus, it is defined as

w;
Qu(t) =) Dybi(t) - T(1)
j=1

(18)
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where j = 1,2,...,W;, W; denotes the community of targets
T; € [T\, T, -, Tw,] detected in detection range of i-th
hunter agent, ®;; is a stimulation function of /-th behavior

on i-th hunter agent and j-th target associated with intensity
N

T(1). Moreover, the total targets are W = )~ W,.

i=1
Accordingly, behavior-driven local control for tracking and
capturing based on global control is given as

Q1) = k1[Q1(1) + Q) + Qu(0)] — k223(1)  (19)

Although, this local control is adaptive and robustness
under constraints, there exists two problems, behavior aggre-
gation and behavior selection, are needed to be mainly con-
sidered, which are all affect efficiency and robustness.

1) BEHAVIORAL-INTENSITY CONTROL STRATEGY FOR
BEHAVIOR AGGREGATION

For target hunting in UIS, if local control approach is directly
employed, more hunter agents will be crowded by executing
the same behavior, which can cause behavioral aggregation
in tracking and capturing process. Furthermore, some early
experiments have reported that swarm size should not be
too large, it is easy to induce resource waste and computing
explosions [4], [6], [20], [22], [25], [41]. Hence, a behavioral-
intensity control strategy which is inspired by clonal selection
theory, is developed to flexibly determine which intensity
value is maintained. It can prevents that many agent execute
the same behaviors in N.

Clonal selection theory states that once a B-cell is activated
and proliferated into plasma cells and memory cells so that
adequate immune response could be accumulated, in which
plasma cell can secrete specific antibodies and memory cell
can dominate in the host for a long time [41]. In this process,
T-cell responses to regulate antibody concentration when
antigen have successfully been eliminated. If the immune
response is stronger for big antigen, T-cell needs to facilitate
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the size of antibodies derived from B-cell and memory cell.
In contrast, T-cell can restore the antibodies concentration
to the initial state. Thus, the antibody concentration is more
adaptive to external changing due to the function of the T-cell.

Similarly, we mimic the adaptive capability of T-cell, the
concentrate of T-cell as a adjusted parameter can control
behavioral-intensity to coordinate the collective behaviors in
Eq.(17). Thus, 25 is defined as the behavioral-intensity that
is derived from T-cell adjusting in responding to the target
stimulus, which is given

Qs(t) = F(1-Q (1) Q1) (20)

where Q2 and €2, are same with Eq.(19). The # denotes a
control constants associated with threaten factor, each target
such as the typical large shape and small shape corresponds
to specific value that is empirically defined as

1
————, Large-shape
g=11 +le 05 (21)
H_—OS s Small—shape
&0

Therefore, Eq.(19) driven model of local control is rewritten
as

QbL)) = k1 [Q1(1) + Q2(t) + Qa(r) + Q5(0)]
—k2823(2) (22)
Q) =Q*k — 1)+ k1 [Q1(k — 1) + 2k — 1)
+ Quk — D+Qs(k — D=3k — 1) (23)

2) DECISION-MAKING CONTROL FOR BEHAVIOR SELECTION
Although local control method in Eq.(23) can maintain an
appropriate behavioral-intensity for targets in tracking and
capturing N, how to select an optimal behavior when the
hunter agent receive several interactive requests is critic prob-
lem to be considered, for example hunter agent3 positioned
at boundary of N, receives some interactions (Interactionl,
interaction2 and interaction4), as shown in Figl4. More-
over, one hunter agent is subject to constrains discussed in
section V-A.2, how to model these constraints in determining
whether this agent is involved in local hunting alliance, for
example hunter agent4 stops due to lack of sufficient energy.
In order to overcome the two problems, behavior decision-
making strategy which is inspired by danger theory is put
forward.

In danger theory, the recognition in terms of safe signal
or danger signal from its neighboring environment is facili-
tated by a two-signal model, particularly a recognition signal
(signal 1) and a co-stimulation signal (signal 2) as illustrated
in Fig.8, in which involved DCs can be divided into three cat-
egories, such as immature DC, semi-mature DC and mature
DC, and they have their respective roles. The immature DC
collects the antigenic agent, semi-mature DC presents antigen
to T-cell that causes T-cell-tolerance in safe environment,
and mature DC becomes to completely activate B-cell and
produce antibodies to eliminate the antigen. In addition, role
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of three kinds of DC is changing in terms of the external
environment in a local area.

Inspired by danger theory, if a N is activated by target,
all involved agents in forming this network can be similarly
divided into four roles, virtual central agent, activated agents,
semi-activated agents and inactivated agent, which are illus-
trated as Fig.14. The related definitions and their behavior
decision-making strategy are listed as follows.

Virtual central hunter agent (VCHA)Uycg4 is a hunter
agent U; that firstly detects any target via By in its Dg,
and it has capable of broadcasting target information by B¢
to its neighbors in its Cg for tracking target, and then its
behavior is changed quickly via process of By < B¢ <«
Bp < By with the highest priority listed in Tablel. There is
an important note that Uycga is not similar with top-down
functionality of central node in centralized control [39], [40],
it only plays a role of inflammation-bridge to form Ny, which
is the same with agent Ol or agent 02 in hybrid no-central
distributed topology shown in Fig.12. For any one Uycna,
its decision-making strategy is implemented with iteration
sequence as
IFUycpa, THENbD! < By < Bc < Bp < By (24)

Activated hunter Agent (AHA) U sp4 is the agent U; that s
inthe Cg of Uycha,j =1, 2, ..., N;, N; denotes community
of agent in communication range of U;. This is that Uaga
is automatically assigned to the activated role with Bys as
long as it is in Cg, even receiving more than one behavior
interaction requests. For any one U 44, its behavior decision-
making strategy is implemented as

IF Usga, THEN bj. <~ By < By (25)

Semi-activated hunter agent (SAHA)Usqp4 is a agent U;
that receive some interactive requests at Cg boundary of i-th
agent, behavior b]l. € [Bs, By, Bp, B¢, By] with maximum
Qmax 18 selected to be executed. Moreover, if two behavioral-
intensity bjl- and b]}-Z are equal, [ # h, the behavior with higher
priority is selected in terms of Tablel. For any one Usana,
its behavior decision-making strategy is implemented as

IF Usana, THEND] < {Bs, By, Bp, B¢, By} with Qumay

(26)

IF Usaa, Qmax (b)) = Qunax (B THEN{bfl" P!> Pt
SAHA > »émax 'j = Ndimax 'j /> h h i
bj, P'>P

(27)

Inactivated hunter Agent (IHA) U, is a agent U; that is
outside the Ny formed by the i-th agent, j = 1,2,..N-Nj,
and N — N; = {j|\/(xi —Xj)2 + (i — )7)2 > CRg}, such as
the agent2 and agent8. Its behavior stays the same as before.
Thus, for any one U ]’.HA , its behavior decision-making strategy
is implemented as

IF U, THEND, < By (28)
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3) LOCAL BEHAVIOR-DRIVEN CONTROL UNDER
CONSTRAINTS
Base on the behavioral-intensity control strategy and behav-
ior selecting decision-making strategy, local control approach
for tracking and capturing is developed under constraints,
the core algorithm is overall demonstrated as Table.6.

Up to now, the global control for searching and local
control for tracking and capturing are overall integrated to
coordinate the collective behavior in target hunting.

VI. EXPERIMENT AND PERFORMANCE EVALUATION

To evaluate the feasibility and effectiveness of the proposed
behavior-driven coordination control for target hunting by
UIS in unknown and uncertain environment, some simulation
experiments are conducted in MATLAB and C++ Platform,
and uses the computer with Intel(R) Core™i7 CPU3.20GHz.
In experiments, [U1, Ua, - - -, Uy] of N=25 hunter agents is
given a task to hunt some targets [T'1, T2, - - -, Tw], W=1 or
W=3, and all hunter and targets are subject to their assump-
tions in Section II, and the dynamics of each heterogeneous
UUV is based on Eq.(6) [48]. The velocity of hunter agent
is greater than the velocity of target in order to successfully
capture, so a half of hunter agents have lower velocity that
may be same as the target, and the other half are faster than
the target by the 20% empirically. And, the mark of successful
capturing is that eight hunter agents can track the invaded tar-
get in a local hunting alliance. Inspired by distributed control
for UAV swarm coordination [43], all experiments are divided
into for two cases: initial positions are fixed distribution and
random distribution, which are demonstrated as Fig.15.

The parameters in all experiments are set as: 2-D under-
water environment with 10000 x 10000, Dr = 1800, Cg =
2400, Tg = 2000, k1 = 0.85, k2 = 0.15, K=200, g = 1.5,
A =020 =06 Enx = 08, Fg =070, F{ = 072,
Hpin = 0.50, # = 0.622(small-shape), ®; = 1, and Oy,
is shown as Table.7. Notion that all above parameters are all
regularization.

A. BEHAVIOR-DRIVEN COORDINATION CONTROL OF
CASE 1

(1) A scenario of hunting for target W=1 is designed as:
Hunter agents is conducted with N=25, initial location of
hunter agent is the same with the exhibited in Fig.15(a),
and its heading angle v is given randomly. The target is
asynchronously introduced at position of (8000,5000), and
its heading angle is Y7 = —m. The processing is illustrated
in Fig.16 and Fig.17.

Fig.16 demonstrates searching, tracking and capturing
stages of target hunting. In initial searching stage, each hunter
agent is configured the initial By behavior to establish a
global searching network that is utilized to detect poten-
tial target in unknown environment, as shown in Fig.16(a)
at 50th iteration. In the tracking stage, a target denoted
as dotted rectangle appears at location (8000,5000) with
Yr = —m in Fig.16(b). Then, the nearby 23th hunter
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TABLE 6. Behavior-driven local control under constraints.

Input: Hunter agent U, €[U,,U,,---,U,], Target T €[T.T,,-.T,],

Behaviors b' €[Bg,B,,B,.B..B,]

Output: A local network NV, of agent associated individual optimal

behavior b,

Initialize: B, for each agent, Detection Range D, , Communication

Range C, , Maximum iterations K, Maximum threshold E_ ,

Minimum threshold H and related variables

min >

While A N, is not satisfied or the maximum iterations not reach to K

do
For any agent [U,,U,,---,U,]
. k<0
. Detection targets [7,,7,,---,T,, ] (Existing or Not existing).
If any 7 is detected by any U, with detection range D,
e  Forming NV,

e Role division into U,y » Uy » Ugipy » Uy Within

communication range C,
IF U, eU,,,
Local network NN, evolution via behavioral-intensity by
Eq.(22) or Eq.(23)
=  Implementing decision-making
behavior selection b,, = b' by Eq.(24)

control  for

*  Calculating behaior energy and healthy status

constraints by Eq.(15) and Eq.(16)
EndIF U, eU,,,

Local network NV, evolution via behavioral-intensity by
Eq.(22) or Eq.(23)
=  Implementing the decision-making strategy of
selecting b,, = bf. behavior by Eq.(25)

= Calculating behavior energy and healthy status
constraints by Eq.(15) and Eq.(16)
EndIF U, eUyg,,,
Local network /N, evolution via behavioral-intensity by
Eq.(22) or Eq.(23)
=  Implementing the decision-making strategy of
selecting b,, = b; behavior by Eq.(26) and (27)

= Calculating behavior energy and healthy status
constraints by Eq.(15) and Eq.(16)
End IF agent U, €U,
Local network N, evolution via behavioral-intensity by
Eq.(22) or Eq.(23)
=  Implementing the decision-making strategy of
selecting b = b; behavior by Eq.(28)

op
= Calculating behavior energy and healthy status
constraints by Eq.(15) and Eq.(16)
End
Else keeping original B, for each agent in global network N

. k<—k+1

Repeat

agent firstly detects it, the global network is divided, and the
target adopts the second escaping strategy from the mid-point
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FIGURE 15. Initializing position. (a) Case1 for fixed distribution.
(b) Case2 for random distribution.

TABLE 7. Matching function ©y,.

b'\b" By By B, B, B,
Stopping, By 1 02 -02 -02 0.3
Navigating, By 03 1 03  -03 0.6
Detecting, B, 02  -03 1 03 05
Communicating, B~ 02 03  -03 1 0.4
Moving, B,, 03 06 05 -04 1

of agentl8 and agentl7. Further, local network of hunting
alliance continuously form, as shown in Fig.16(c) at 150th
iteration. In capturing stage, the target is captured by hunter
alliance [U11,U12,U13,U18,U19,U22,U23,U24] at
position (5100,6100) until 200 iterations. In this hunting
process, hunter agents search, track and capture the target
efficiently with the guidance of the proposed behavior-driven
coordination control framework.

Fig.17 shows the priority P! changes for typical agents
during the hunting process in this situation. The hunter
agent23 firstly detects target, which has a role of Uycna
that is responded to broadcast target information in its com-
munication range, then rapidly coordinate an local hunting
alliance to track and capture, and its behavior changes is
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FIGURE 16. Hunting processing for target W = 1 by using 25 hunter
agents. (a) Searching target at 50th iterations, (b) appearing target at
100th iterations, (c) tracking target at 150th iterations and (d) capturing
target at 200th iterations.

By < Bc < Bp < By at 90-th, 91-th and 92-th itera-
tion, respectively. The hunter agent12 is subject to external
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FIGURE 17. Changes of behavior priority of typical hunter agents
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disturbance until 153-th iteration, its behavioral-intensity
satisfies for Bjys activation. Especially for hunter agent5,
it executes the behavior Bg with lowest priority at the 94-th
iteration, which also can be seen in Fig.16(c)~(d), it is the
reason that this agent is failure due to the S3 healthy state.
Itis implied that the proposed framework has great robustness
in forming the hunting alliance under uncertain constraints.
In addition, due to the longer distance, hunter agents, such as
agent 1 and agent 2, do not receives any stronger interaction
implied by behavioral-intensity, so the behavior aggregation
is effectively avoided and each individual hunter agents can
elaborately make decision to select its optimal behavior.

(2) A scenario of hunting for three targets W=3 is designed
as: Hunter agents is conducted with N=25, initial location of
each hunter agent is the same with the exhibited in Fig.15(a),
and its heading angle  is given randomly. The target is asyn-
chronously introduced at positions of (5500,8000) with 7 =
0, (7800,4600) with yv7 = —m and (2000,2000)with 7 = 0,
respectively. Hunting processing is illustrated in Fig.18.

Fig.18 demonstrates the hunting process for three tar-
gets denoted as dotted rectanglel, 2 and 3. In initial stage,
the global network composed of 25 hunter agents is con-
figured to search targets. Three targets are asynchronously
introduced at 90th, 100th and 110th iteration, which are firstly
detected by 12th, 24th and 4th hunter agents, respectively.
It is implied that the global searching network is divided
into three hunting alliance of local networks to track and
capture, as shown in Fig.18(c). Finally, targets are captured
by alliances [Ug, U10,U11,U12,U19,U20,U21, U22],
(U13,U14,U16.U17,U1s, U23, U24, Uss] and [U, U3,
U4, Us,Ug,U7,Ug, Ujs] at position (7000,8400), (5500,
4800) and (3200,1200) as shown in Fig.18(d), respectively.
In this hunting process, the excluded agent1 adopts Bg due to
without receiving any interactive request from any N, since
it locals outside Cg of any Uycp4 -

Furthermore, the hunting alliances for three targets are
distinguished and successful, there is no overlap behavior
aggregation, each hunter agent can adopt its optimal behavior
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in different stage of searching, tracking and capturing, which
can be seen the changes of behavior priority P! of typical
hunter agents (1, 2, 4, 12 and 24) in Fig.19, where hunter
agent 4, 12 and 24 all plays the role of Uycna to form the
hunting alliance in local network, and agent 2 plays the role
of Usapa to participate the third hunting alliance at 153th
iteration, and agent 1 is a failure at 122th iteration, the rea-
son is that agent 1 rapidly exceeds energy consumption due
behavior By and its-self smaller energy capacity. From the
above results, switching process of global control and local
control is effective and smooth, it is implied that proposed
framework works with great robustness and fault-tolerance
in this intelligent swarm.

B. BEHAVIOR-DRIVEN COORDINATION CONTROL

OF CASE 2

A scenario of hunting for target is designed as: Hunter
agents is conducted with N=25 to hunt target W=1 and
W=3, respectively. The initial location of hunter agent is
the same with the exhibited in Fig.15(b), and its heading
angle ¢ is given randomly. The W=1 is introduced at the
position of (8000,5000), and its heading angle is Y7 = —x.
While W=3 are asynchronously introduced at positions of
(5500,8000) with ¥r = 0, (7800,4600) with ¥ = —x and
(2000,2000) with ¥ = 0, respectively. Hunting processing
for W=1 and W=3 are illustrated in Fig.20.

The results for hunting in manner of random distribu-
tion are demonstrated in Fig.20. From the Fig.20(a)~(c),
we can see that all the hunter agents work properly for
tracking and capturing the only one target by the proposed
control framework, even in the presence of agent failure
such as the agentl8 due to the healthy constraints, and
other agents excluded in local hunting alliance are able to
autonomously navigate and search the potential targets, it is
driven by the behavioral-intensity of all involved agents.
From Fig.20(d)~ (f), three asynchronous targets separate the
global searching network into three local networks, all of
which are driven by hunting alliances in unknown environ-
ment even the failure agentl5. It is confirmed that proposed
framework is capable of completing target hunting in case of
unknown and uncertain failures.

From the results of two cases in Fig.16-20, it is exhib-
ited that the proposed behavior-driven coordination control
framework can work efficiently and satisfactorily whither dif-
ferent constraints or target number, even some hunter agents
can be unavailable. The reason behind these results are the
flexible hybrid topology and excellent coordination control.

C. COMPARISON WITH OTHER METHODS

In order to evaluate the performance of the proposed frame-
work, some compared experiments are implemented with
four prevalent methods, which are the centralized coordi-
nation based leader-follower (CCLF) [44], CNP negotiation
method (CNP) [45], immune-network model (INM) [46] and
behavior-based swarm intelligence (BSI) [43], where CCLF
is a centralized method with a star-like topology, CNP is a
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distributed method with a star-like topology, and INM is a
distributed method with a web-like topology, and BSI is a dis-
tributed method with a hybrid topology, and our proposed
framework adopts a distributed control with a hybrid non-
central topology.

4854

Moreover, three quantitative performance indicators are
defined to evaluate the effectiveness and efficiency of these
comparative methods. (1) Hunting time (HT) is defined as a
time elapsed via iteration number in hunting process, which
contains any iterations spending on searching and tracking
until capturing successfully. (2) Energy consumption (EC) is
defined to evaluate the cost of behavior-driven coordination
processing under uncertain constraint. And (3) hunting dis-
tance (HD) is defined to measure the movement distance from
the initial iteration. Generally, a lower value of those indica-
tors implies that hunting process is of greater robustness and
efficiency.

The comparative experiments are implemented with the
same configuration of Section VI-A and Section VI-B
for five methods, which exists four different experiments,
(i) case 1 for W=1, (ii) case 2 for W=1,(iii) case 1 for W=3,
and (iv) case 2 for W=3. The five methods are conducted
on the same experiments, all compared results based on
performance indicators are illustrated in Fig.21. Moreover,
the same experiments repeated 50 times for all five methods
are further conducted to prove the robust performance of
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our proposed framework, compared results of average and
standard deviation are exhibited in Table 8~12.

As shown in Figs.21, three quantitative performance indi-
cators of case 2 are higher than that of case 1, it is implied
that random distribution has a greater affect on the form-
ing local hunting alliance, especially for the detecting and
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communication of tracking stage. Moreover, those com-
parative indicators for targets W=3 is higher than that of
target W=1, this is because that the vale of behavioral-
intensity is improving with increasing of target number.
However, the increase of the proposed method is the
least.
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FIGURE 21. Comparison results. (a) HT, (b) EC, and (c) HD.

Among the five methods, the proposed method works with
the highest efficiency in different cases and target numbers.
In terms of HT, the largest value of CCFL compared with
others methods is demonstrated in Fig.21(a), one reason why
it costs much time is that it adopts a centralized coordina-
tion control with an star-like topology. If some agents are
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not available due to constraints, the more time is needed
to reconfigure the centralized architecture. In terms of EC,
although CNP based on market mechanism is a distributed
coordination method with star-like topology, the most energy
in Fig.21(b) is consumed in comparison with that of others,
because there exists a great mount of mutual interaction and
communication between contractor and administrator [4],
[28], especially when the new target is added. In terms of
HD, INM exists an hunting process with the longest distance
in Fig.21(c), especially for targets W=3, in which control
parameters are not fully considered due to complete graph
of all agents, much agents undergoes invalid motion.

Furthermore, performance of BSI and proposed method
are better than others three methods, which exhibits the great
efficiency of behavior-based distributed coordination control
with hybrid topology. However, BSI can not well deal with
the problems of behavior aggregation and uncertain con-
straints, which result in a bigger energy consumption and
hunting distance. Additionally, the results in Fig.21 demon-
strates that the proposed method is not very sensitive to the
variations of the case and target number, which also prove
adaptability and robustness for dynamic environments.

Table 8~9 displays average value of HT, EC and HD
in 50 repeated experiments with aforementioned five meth-
ods. It is indicated that our proposed method achieves the
lowest HT, EC and HD performance under different cases.
Table 10~11 displays the standard deviation of HT, EC and
HD, the standard deviation of their method is much larger
than that of our proposed methods, especially for HT of
CCLF, EC of CNP, and HD of INM. It is shown that the
stability and robustness of our proposed is stronger than that
of other methods.

In order to further prove differences of observed average
value in Table 8~9 are significant or not, an Analysis of
variance (ANOVA) is employed to determine whether the
mean of subjects are different, and it uses the F-test to
statistically test the equality of means [49]. In this paper,
there are five subjects corresponding to five methods, and
within subject, four types of observed average value, such
as (i) case 1 for W=1, (ii) case 2 for W=1,(iii) case 1 for
W=3, and (iv) case 2 for W=3 in Table 8~9, are selected
to form the sampled data set of each indicator. Moreover, all
statistics are F'-distributed in terms of degree of freedom (df)
of Between subjects n1 and Within subject n;, and it can be
checked in F-test threshold-table. Results are demonstrated
in Table 12.

Table 12 displays analysis results of ANOVA for three
indicator. F-values of three indicators listed in the sixth col-
umn are calculated as F(HT) = 14.201, F(EC) = 3.753
and F(HD) = 21.234, all of which are bigger than critical
value F 54,15y = 3.056 with significant level « = 0.05.
It is proved that the observed average value is significative
difference in terms of HT, EC and HD, which given a stronger
evidence that the proposed control framework is the most
stable no matter for topology and control manner compared
with the five methods.
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TABLE 8. 50 comparative experiments for W = 1 on average value of three indicators.

HT EC HD
Method Topology Control manner
Case 1 Case 2 Case 1 Case 2 Case 1 Case 2
CCLF[44] Star-like Centralized 239.4 296.8 73.9 83.0 9950 11640
CNP[45] Star-like Distributed 141.8 172.0 83.6 90.9 14031 15208
INM[46] Web-like Distributed 116.0 137.5 80.1 84.8 14580 16420
BSI[43] Hybrid Distributed 76.2 89.8 74.0 81.3 9245 10100
Proposed Hybrid non-central Distributed 69.4 72.4 62.7 73.4 8052 9327

TABLE 9. 50 comparative experiments for W = 3 on average value of three indicators.

HT EC HD
Method Topology Control manner
Case 1 Case 2 Case 1 Case 2 Case 1 Case 2
CCLF[44] Star-like Centralized 318.6 345.7 71.7 80.2 11250 12560
CNP[45] Star-like Distributed 173.4 203.2 82.0 92.8 14200 15802
INM[46] Web-like Distributed 1342 162.1 81.0 84.5 15004 17905
BSI[43] Hybrid Distributed 86.3 95.8 75.5 80.9 9850 10070
Proposed Hybrid non-central Distributed 73.0 74.8 63.9 74.2 8105 9358

TABLE 10. 50 comparative experiments for W = 1 on standard deviation of three indicators.

HT EC HD

Method Topology Control manner
Case 1 Case 2 Case 1 Case 2 Case 1 Case 2
CCLF[44] Star-like Centralized 4.951 5.218 2.101 2.348 43.125 46.481
CNP[45] Star-like Distributed 3.245 3.485 4.128 4.421 45.358 47.856
INM[46] Web-like Distributed 2.801 2.853 2.012 2.207 59.257 62.349
BSI[43] Hybrid Distributed 2.781 2.950 1.954 2.143 40.128 42.982
Proposed Hybrid non-central Distributed 2.529 2.593 1.829 1.901 33.584 36.018

TABLE 11. 50 comparative experiments for W = 3 on standard deviation of three indicators.

HT EC HD
Method Topology Control manner
Case 1 Case 2 Case 1 Case 2 Case 1 Case 2
CCLF[44] Star-like Centralized 5.523 5.971 2.694 2.864 43.517 46.582
CNP[45] Star-like Distributed 3.458 3.695 4.369 4.528 48.891 50.124
INM[46] Web-like Distributed 2.985 3.219 2.451 2.759 67.854 70.125
BSI[43] Hybrid Distributed 2.951 3.125 2.354 2.562 42.361 45.691
Proposed Hybrid non-central Distributed 2.701 2.803 1.962 2.017 36.245 38.691
TABLE 12. Analysis results of ANOVA.
Indicator ~ Within subject and Between subjects Sum of Square (SS) Degrees of freedom (df) Mean Square (MF) F
Between subjects 35193.280 4 8798.320 14.201
HT Within subject 9293.611 15 619.574
Sum 44486.891 19
Between subjects 227.750 4 56.938 3.753
EC Within subject 227.560 15 15.171
Sum 45531 19
Between subjects 73180517 4 18295129 21.234
HD Within subject 12923749 15 861583
Sum 86104266 19

Additionally, in the four distributed method (CNP, INM, by immune mechanism in our method absorbs outstanding
BSI and Proposed), hybrid non-central topology inspired properties from star-like, web-like topology and its variations,
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TABLE 13. Comparisons of three topologies architecture.

. . . . Hybrid non-
Properties Web-like Star-like Hybrid
central

Autonomous High Low Medium High

Adaptive Low High High High

Interactive High Medium High High

Cooperative Low High High High

Dynamic Medium Medium High High

such as autonomy, adaption, interaction, cooperation and
dynamicity [39], [40], [43]. Table 13 exhibits the comparison
of four different distributed coordination control. It is implied
that the smooth switching is facilitated to swarm control via
the hybrid non-central topology.

VIl. CONCLUSIONS AND FUTURE WORKS

Coordination control of target hunting is one of primitive
challenging problems in UIS. In this paper, a behavior-driven
coordination control framework involved topology architec-
ture and swarm control is proposed to realize searching,
tracking and capturing in unknown and uncertain environ-
ment. By virtue of the immune mechanisms, hybrid no-
central topology and dual-layer switching control scheme
are developed to tightly couple, in which behavior con-
flict under constraints is solved by two strategies, such as
behavioral-intensity control strategy for behavior aggregation
and decision-making control strategy for behavior selec-
tion. Extensive simulations have been conducted to evalu-
ate robustness and effectiveness of the proposed framework.
Eventually, results have demonstrated great performance in
different conditions compared with several state-of-the-art
methods for centralized or distributed control of target hunt-
ing. It is confirmed the proposed framework is more suitable
target hunting under dynamic underwater environment. Our
future work will focus on the design of static or dynamic
avoiding obstacles in target hunting in 3D underwater envi-
ronment. Moreover, targets only escape independently under
hunting condition in this paper, there is no considering the
capability of swarm confrontation, thus the swarm confronta-
tion of red-blue is of significance to be solved in the future.

REFERENCES

[1] E. Fiorelli, N. E. Leonard, P. Bhatta, D. A. Paley, R. Bachmayer, and
D. M. Fratantoni, “Multi-AUV control and adaptive sampling in Mon-
terey bay,” IEEE J. Ocean. Eng., vol. 31, no. 4, pp. 935-948, Oct. 2006.

[2] B. Das, B. Subudhi, and B. B. Pati, “Cooperative formation control of
autonomous underwater vehicles: An overview,” Int. J. Autom. Comput.,
vol. 13, no. 3, pp. 199-225, Jun. 2016.

[3] Y. Wu, “Coordinated path planning for an unmanned aerial-aquatic vehi-
cle (UAAV) and an autonomous underwater vehicle (AUV) in an underwa-
ter target strike mission,” Ocean Eng., vol. 182, pp. 162-173, Jun. 2019.

[4] H.T.Liang, F.J. Kang, Y. F. Fu, “Overview of multi-agents modeling and
simulation for underwater unmanned combat systems,” J. Syst. Simulation,
vol. 30, no. 11, pp. 4053-4066, 2018.

[5] B.Van Aardtand T. Marwala, ““A study in a hybrid centralised-swarm agent
community,” in Proc. IEEE 3rd Int. Conf. Comput. Cybern., Mauritius,
Mauritius, Apr. 2005, pp. 169-174.

[6] X. Cao and L. Guo, “A leader follower formation control approach
for target hunting by multiple autonomous underwater vehicle in three-
dimensional underwater environments,” Int. J. Adv. Robotic Syst., vol. 16,
no. 4, Jul. 2019, Art. no. 172988141987066.

4858

[71

[8]

[9]

[10]

(11]

[12]

(13]

(14]

[15]

[16]

(17]

(18]

(19]

(20]

(21]

[22]

(23]

(24]

(25]

(26]

[27]

(28]

(29]

(30]

Y. C. Chen, H. Qi, and S. S. Wang, ““Multi-agent pursuit-evasion algorithm
based on contract net interaction protocol,” in Proc. Int. Conf. Natural
Comput. (Advances in Natural Computation), 2005, pp. 482—489.

R. Z. Li, H. Z. Yang, and C. S. Xiao, “Cooperative hunting strategy for
multi-mobile robot systems based on dynamic hunting points,” Control
Eng. Chian, vol. 26, no. 3, pp. 510-514, 2019.

P.-C. Zhou, B.-R. Hong, Y.-H. Wang, and T. Zhou, ‘“Multi-agent cooper-
ative pursuit based on extended contract net protocol,” in Proc. Int. Conf.
Mach. Learn., Shanghai, China, Feb. 2005, pp. 1-5.

R. Escobedo, C. Muro, L. Spector, and R. P. Coppinger, “Group size,
individual role differentiation and effectiveness of cooperation in a homo-
geneous group of hunters,” J. R. Soc. Interface, vol. 11, no. 95, Jun. 2014,
Art. no. 20140204.

Y. Noguchi and T. Maki, *“Path planning method based on artificial poten-
tial field and reinforcement learning for intervention AUVs,” in Proc. IEEE
Underwater Technol. (UT), Kaohsiung, Taiwan, Apr. 2019, pp. 1-6.

D. Xue, J. Yao, J. Wang, Y. Guo, and X. Han, “Formation control
of multi-agent systems with stochastic switching topology and time-
varying communication delays,” IET Control Theory Appl., vol. 7, no. 13,
pp. 1689-1698, Sep. 2013.

B. Yang, Y. Ding, Y. Jin, and K. Hao, “Self-organized swarm robot for
target search and trapping inspired by bacterial chemotaxis,” Robot. Auto.
Syst., vol. 72, pp. 83-92, Oct. 2015.

Y. Ishiwaka, T. Sato, and Y. Kakazu, “An approach to the pursuit problem
on a heterogeneous multiagent system using reinforcement learning,”
Robot. Auto. Syst., vol. 43, no. 4, pp. 245-256, Jun. 2003.

P. Ying and L. Dehua, “Improvement with joint rewards on multi-agent
cooperative reinforcement learning,” in Proc. Int. Conf. Comput. Sci.
Softw. Eng., Dec. 2008, pp. 536-539.

J. Ni and S. X. Yang, “Bioinspired neural network for real-time coop-
erative hunting by multirobots in unknown environments,” IEEE Trans.
Neural Netw., vol. 22, no. 12, pp. 2062-2077, Dec. 2011.

D. Zhu, R. Lv, X. Cao, and S. X. Yang, “Multi-AUV hunting algorithm
based on bio-inspired neural network in unknown environments,” Int. J.
Adv. Robotic Syst., vol. 12, no. 11, p. 166, Nov. 2015.

M. Chen and D. Zhu, “A novel cooperative hunting algorithm for inhomo-
geneous multiple autonomous underwater vehicles,” IEEE Access, vol. 6,
pp. 7818-7828, 2018.

H.-T. Zhang, M. Z. Chen, G.-B. Stan, T. Zhou, and J. M. Maciejowski,
“Collective behavior coordination with predictive mechanisms,” IEEE
Circuits Syst. Mag., vol. 8, no. 3, pp. 67-85, 3rd Quart., 2008.

1. D. Couzin, J. Krause, N. R. Franks, and S. A. Levin, “Effective leader-
ship and decision-making in animal groups on the move,” Nature, vol. 433,
no. 7025, pp. 513-516, Feb. 2005.

M. Aldana, V. Dossetti, C. Huepe, V. M. Kenkre, and H. Larralde, “‘Phase
transitions in systems of self—propelled agents and related network mod-
els,” Phys. Rev. Lett., vol. 98, no. 9, Mar. 2007, Art. no. 095702.

P. Yang, M. Liu, X. Peng, and X. Lei, “Progress of theoretical modelling
and empirical studies on collective motion,” Chin. Sci. Bull., vol. 59,
no. 25, pp. 2464-2483, Sep. 2014.

N. W. Bode, A. J. Wood, and D. W. Franks, “The impact of social networks
on animal collective motion,” Animal Behav., vol. 82, no. 1, pp. 29-38,
Jul. 2011.

B. H. Lemasson, J. J. Anderson, and R. A. Goodwin, “Motion-guided
attention promotes adaptive communications during social navigation,”
Proc. Roy. Soc. B, Biol. Sci., vol. 280, no. 1754, 2013, Art. no. 20122003.
H. Duan, D. Zhang, Y. Fan, and Y. Deng, “From wolf pack intelligence
to UAV swarm cooperative decision-making,” Sci. Sin.-Inf., vol. 49, no. 1,
pp. 112-118, Jan. 2019.

J. Wang, X. Zhao, B. Xu, W. Wang, and Z. Niu, “Immune multi-agent
model using vaccine for cooperative air-defense system of systems for
surface warship formation based on danger theory,” J. Syst. Eng. Electron.,
vol. 24, no. 6, pp. 946-953, Dec. 2013.

A. Whitbrook, U. Aickelin, and J. Garibaldi, “Idiotypic immune networks
in mobile—robot control,” IEEE Trans. Syst., Man, Cybern. B, vol. 37, no. 6,
pp. 1581-1598, Dec. 2007.

H. Liang, F. Kang, and H. Li, “UUV formation system modeling and sim-
ulation research based on Multi-Agent Interaction Chain,” Int. J. Model.
Simul. Sci. Comput., vol. 6, no. 2, Jun. 2015, Art. no. 1550019.

Z. Yan, X. Liu, J. Zhou, and D. Wu, “Coordinated target tracking strat-
egy for multiple unmanned underwater vehicles with time delays,” IEEE
Access, vol. 6, pp. 10348-10357, 2018.

X. Liu, S. S. Ge, and C.-H. Goh, “Neural-network-based switching
formation tracking control of multiagents with uncertainties in con-
strained space,” IEEE Trans. Syst. Man Cybern, Syst., vol. 49, no. 5,
pp. 1006-1015, May 2019.

VOLUME 8, 2020



H. Liang et al.: Behavior-Driven Coordination Control Framework for Target Hunting by UIS

IEEE Access

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

E. Méhes, E. Mones, V. Németh, and T. Vicsek, ““Collective motion of cells
mediates segregation and pattern formation in co—cultures,” PLoS ONE,
vol. 7, no. 2, Feb. 2012, Art. no. e31711.

J. D. Farmer, N. H. Packard, and A. S. Perelson, “The immune sys-
tem, adaptation, and machine learning,” Phys. D, Nonlinear Phenomena,
vol. 22, pp. 187-204, Oct./Nov. 1986.

A. Raza and B. R. Fernandez, “Immuno-inspired robotic applications: A
review,” Appl. Soft Comput., vol. 37, pp. 490-505, Dec. 2015.

J. Hur, ““Multi-robot system control using artificial immune system,”” Ph.D.
dissertation, Dept. Mech. Eng., Univ. Texas Austin, Austin, TX, USA,
2007.

M. Gong, L. Jiao, L. Zhang, and H. Du, “Immune secondary response and
clonal selection inspired optimizers,” Progr. Natural Sci., vol. 19, no. 2,
pp. 237-253, Feb. 2009.

P. Matzinger, “The danger model: A renewed sense of self,” Science,
vol. 296, no. 5566, pp. 301-305, Apr. 2002.

U. Aickelin, P. Bentley, S. Cayzer, J. Kim, and J. McLeod, “Danger theory:
The link between AIS and IDS,” in Proc. Int. Conf. Artif. Immune Syst.
(ICARIS), 2003, pp. 147-155.

R. Brooks, “A robust layered control system for a mobile robot,” IEEE J.
Robot. Autom., vol. RA-2, no. 1, pp. 14-23, Mar. 1986.

Q. Zhu, S. L. Aldridge, and T. N. Resha, ““Hierarchical collective agent net-
work (HCAN) for efficient fusion and management of multiple networked
sensors,” Inf. Fusion, vol. 8, no. 3, pp. 266-280, Jul. 2007.

Q. Zhu, “Topologies of agents interactions in knowledge intensive multi-
agent systems for networked information services,” Adv. Eng. Informat.,
vol. 20, no. 1, pp. 31-45, Jan. 2006.

P. P. Yang, M. Y. Liu, X. K. Lei, and C. Song, “Progress in modeling and
control of fission behavior for flocking system,” Control Decis., vol. 31,
no. 2, pp. 193-206, 2016.

S. Razali, Q. Meng, and S.-H. Yang, ““A refined immune systems inspired
model for multi-robot shepherding,” in Proc. 2nd World Congr. Nature
Biologically Inspired Comput. (NaBIC), Dec. 2010, pp. 15-17.

L. Weng, Q. Liu, M. Xia, and Y. Song, “Immune network-based swarm
intelligence and its application to unmanned aerial vehicle (UAV) swarm
coordination,” Neurocomputing, vol. 125, pp. 134-141, Feb. 2014.

U. Neettiyath and A. Thondiyath, “Improved leader follower formation
control of autonomous underwater vehicles using state estimation,” in
Proc. 9th Int. Conf. Informat. Control, Autom. Robot., 2012, pp. 472-475.
Q. Yuan, Y. Guan, B. Hong, and X. Meng, “Multi-robot task allocation
using CNP combines with neural network,” Neural Comput. Appl., vol. 23,
nos. 7-8, pp. 1909-1914, Dec. 2013.

H. Wu, G. Tian, and B. Huang, “Multi-robot collaboration exploration
based on immune network model,” in Proc. IEEE/ASME Int. Conf. Adv.
Intell. Mechatronics, Jul. 2008, pp. 1207-1212.

H. Zhu and C. C. Ji, Fractal Theory and its Application. Beijing, China:
Science Press, 2011.

H. T. Liang, “Research on modeling of Multi-UUV cooperative combat
system based on immune agent interaction network,” Doctoral disserta-
tion, Northwestern Polytech. Univ., Fremont, CA, USA, 2017.

I. Nemoto, M. Abe, and M. Kotani, ‘“Multiplicative correction of subject
effect as preprocessing for analysis of variance,” IEEE Trans. Biomed.
Eng., vol. 55, no. 3, pp. 941-948, Mar. 2008.

HONGTAO LIANG received the Ph.D. degree
from Northwestern Polytechnic ~ University
(NWPU), China, in 2017. From 2016 to 2017,

e he was a Visiting Scholar with the Department
of Electrical and Computer Engineering (ECE),
—— National University of Singapore (NUS). He is

- currently an Assistant Professor with the School
of Physics and Information Technology, Shaanxi
Normal University, China. He has authored or
coauthored over 30 articles and holds 18 patents.

His researches focus on undersea unmanned systems, multiagent systems,
and coordination control. He was a recipient of the Excellent Doctoral
Dissertation Award of the China Simulation Society, in 2018, and the
Outstanding Ph.D. Student Award, in 2018.

VOLUME 8, 2020

YANFANG FU received the Ph.D. degree from
Northwestern Polytechnic University (NWPU),
China, in 2008. She is currently a Professor with
the School of Computer Science and Engineer-
ing, Xi’an Technological University, China. Her
researches focus on system control and modeling
and multiunmanned underwater vehicle (UUV)
formation control.

FENGJU KANG is currently a Full Professor and
the Ph.D. Supervisor with the School of Marine
Engineering, Northwestern Polytechnic Univer-
sity, China, where he heads the System Control,
Modeling and Simulation (SCMS) Group. He has
authored and coauthored more than 200 articles,
30 patents, and two research monographs. His
researches focus on intelligent control, unmanned
underwater vehicle (UUV) formation control,
and weapon system control. He was a recipient

of 14 provincial awards. He is also serving as an Association Editor for the
Journal of System Modeling.

JIE GAO received the Ph.D. degree from North-
western Polytechnic University (NWPU), China,
in 2013. She is currently an Associate Professor
with the School of Physics and Information Tech-
nology, Shaanxi Normal University, China. Her
researches focus on computing intelligence and
machine learning.

NING QIANG received the Ph.D. degree from
Northwestern Polytechnic University (NWPU),
China, in 2016. From 2018 to 2019, he was a
Visiting Scholar with the Department of Com-
puter Science, University of Georgia (UGA). He is
currently an Assistant Professor with the School
of Physics and Information Technology, Shaanxi
Normal University, China. His research focuses
on intelligent control for autonomous underwater
vehicles.

4859



