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Abstract: As multiple and heterogenous unmanned vehicle systems continue to play an
increasingly important role in addressing complex missions in the real world, the need
for effective cooperation among unmanned vehicles becomes paramount. The concept of
autonomous cooperation, wherein unmanned vehicles cooperate without human intervention
or human control, offers promising avenues for enhancing the efficiency and adaptability of
intelligence of multiple-heterogeneous unmanned vehicle systems. Despite the growing interests
in this domain, as far as the authors are concerned, there exists a notable lack of comprehensive
literature on defining explicit concept and classifying levels of autonomous cooperation of
multiple-heterogeneous unmanned vehicle systems. In this aspect, this article aims to define
the explicit concept of autonomous cooperation of multiple-heterogeneous unmanned vehicle
systems. Furthermore, we provide a novel criterion to assess the technical maturity of the
developed unmanned vehicle systems by classifying the autonomous cooperative levels of

multiple-heterogeneous unmanned vehicle systems.
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1. INTRODUCTION

A networked system composed of multi-agents has recently
been extensively studied due to its applicability to various
fields (Ref. Oh et al. (2015); Olfati-Saber et al. (2007)).
The aim of these studies is to perform high-level missions
by networking multiple low-level and inexpensive agents,
and this technology of networked system can be widely
applied, for example, military operations using multi-
drones, traffic control, and energy distribution. In particu-
lar, multiple and heterogeneous unmanned vehicle systems
are playing an increasingly important role as a solution
to complex missions since different types of vehicles in
heterogeneous systems can perform missions well suited
to their characteristics. With the development of wireless
communication, on-board data processing, and on-board
sensing technologies, the unmanned vehicle systems are
rapidly becoming intelligent. An important concept re-
lated to the system intelligence is autonomy. In general,
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autonomy of a single unmanned vehicle means that the
vehicle can observe, analyze, decide, and act on its own
without human intervention or human control, and many
studies related to this concept have been conducted by
several research organizations, such as Defense Advanced
Research Projects Agency (DARPA), Air Force Research
Laboratory (AFRL), National Institute of Standards and
Technology (NIST), and National Aeronautics and Space
Administration (NASA) (Ref. Chung (2017); Huang et al.
(2005)).
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Fig. 1. An Example of Multiple-Heterogeneous Unmanned
Vehicle Systems (UAV-UGV-USV).



Unlike a single unmanned vehicle, multiple unmanned
vehicle systems require effective cooperation between ve-
hicles to perform complex missions, and the degree of
the cooperation is gradually increasing. In this aspect,
the concept of autonomy of cooperation, i.e., autonomous
cooperation, is required in case of multiple-heterogeneous
unmanned vehicle systems. Despite the growing interests
on these networked systems, as far as the authors are
concerned, there is a lack of comprehensive literature on
defining an explicit concept of autonomous cooperation
and classifying autonomous cooperative levels of the net-
worked systems. Note that the classifying the autonomous
cooperative levels of these systems is paramount to assess
the technical maturity of the developed unmanned vehi-
cle systems. Also, this technical classification provides a
clear picture of the functional requirements of networked
systems suitable for each level of autonomous cooperation.
As a consequence, to this end, this article aims to define
the explicit concept of autonomous cooperation. Further-
more, a novel criterion is provided for the assessment
of the developed networked systems by classifying the
autonomous cooperative levels of multiple-heterogeneous
unmanned vehicle systems. This article is organized as
follows. In Section 2, we first define several terminologies
related to automation, autonomy, and cooperation of the
systems. After that, we introduce some relating works on
autonomy levels of unmanned vehicle systems. In Section
3, we present the concept of autonomous cooperation.
Furthermore, autonomous cooperation levels are classified,
which is the main result of this article. Lastly, all results
are summarized in Conclusions.

2. PRELIMINARIES
2.1 Related Term Definition

Before we study the concept of autonomous cooperation
of multiple-heterogeneous unmanned vehicle systems, we
clearly define several terminologies related to automation
and autonomy of systems as follows.

(1) Automation and Autonomy of a System
a) Automatic system: A system that performs pre-
determined procedures and makes no decision with-
out human intervention.
b) Autonomous system: A system that makes de-
cisions according to the specific algorithms without
human intervention considering the external environ-
ment and real-time status.
c¢) Intelligent system: A system that learns principles
and makes decisions without human intervention by
considering the external environment and real-time
status.

(2) Automation and Autonomy of a Single Unmanned
Vehicle System
a) Automatic unmanned vehicle system: A system
that moves by following pre-determined way points
and trajectories.
b) Autonomous unmanned vehicle system: A system
that makes decisions and moves without human in-
tervention considering the external environment and
real-time status.

(3) Automation and Autonomy of Cooperation of a Mul-
tiple Unmanned Vehicle System

a) Automatic cooperative system: A system that a
group of unmanned vehicles cooperate together in a
pre-determined way to perform a mission.

b) Autonomous cooperative system: A system that a
group of unmanned vehicles cooperate by themselves
to perform a mission without human intervention
by considering the external environment and sharing
real-time status between vehicles.

2.2 Related Works

This subsection introduces some existing classification
method.

(1) General Autonomy Level

Table 1.
Level Definition Description
1 Human in the/Human control
loop
2 Human on the|Autonomous
loop action  under
human
monitoring
3 Human out of|Autonomous
the loop action without
human

Based on Table 1, many methods have been stud-
ied according to the degree of human interven-
tion/control or human-computer interaction (Ref.
Sheridan (1992); Council et al. (2005); Suresh and
Ghose (2010)). These classification methods are gen-
eral but not specific, therefore, it is difficult to apply
these methods to the systems with various technical
elements.

(2) Autonomy Levels for Unmanned Systems Framework,
ALFUS (Ref. Huang et al. (2005)).
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Figure 2: ALFUS Detailed Model

Fig. 2. The 3-Axis model of ALFUS. Image is extracted
from Huang et al. (2005).

Different from the general classification methods of
autonomy levels as stated in Section 2.2.(1)., the au-
thors in Huang et al. (2005) identified three autonomy
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Fig. 3. Autonomy Level Classification in ALFUS. Image is
extracted from Huang et al. (2005).

keywords: 1) mission complexity, 2) environment dif-
ficulty, 3) human interface. Based on these keywords,
they presented autonomy levels for unmanned sys-
tems framework, ALFUS, as shown in Fig. 2 and Fig,.
3. This method is detailed and systematic compared
to the other classification methods.

2.8 Autonomy of Cooperation

As stated in Section 2.2, several autonomy level classifi-
cation methods have been studied for a single unmanned
vehicle system. However, as far as the authors are con-
cerned, there is no comprehensive literature on defining
concept and classifying levels of autonomous cooperation
of multiple-heterogeneous unmanned vehicle systems. In
this aspect, the following section studies on the concept
of autonomous cooperation of multiple-heterogeneous un-
manned vehicle systems.

3. WHAT IS AUTONOMOUS COOPERATION?
3.1 Concept of Autonomous Cooperation

From the term definition in Section 2.1, we recall the
definition of the autonomous cooperation of networked
systems as follows.

Definition 3.1. (Autonomous Cooperation). Autonomous
cooperation of multiple-heterogeneous unmanned vehicle
systems means that a group of unmanned vehicles coop-
erate by themselves to perform a mission without human
intervention by considering the external environments and
sharing real-time status between vehicles.

Definition 3.1 implies full autonomy of cooperation of
networked systems, and it is necessary to classify the
autonomy levels of cooperation to reach full autonomy.

3.2 Autonomous Cooperative Levels

Autonomy keywords are required to classify autonomous
cooperative levels of multiple-heterogeneous unmanned
vehicle systems. To identify the autonomy keywords, let
us consider the following cooperation process of humans:

There is a group of people to perform a teamwork mission
by working together. To solve a teamwork mission,

(A) They categorize a mission into smaller tasks (Mission-
Task categorization).

(B) They check each limitation and human-task compati-
bility (Ability recognition).

(C) All tasks are allocated to people (Task allocation).

(D) They determine the order of allocated tasks (Task
arrangement).

(E) If there are additional tasks created or left, they
reallocate tasks (Task flexibility).

Inspired from the above cooperative dynamics observed in
human interactions, we have identified five pivotal key-
words for autonomy cooperation. Based on these key-
words, the following table shows the new autonomous
cooperative levels of multiple-heterogeneous unmanned ve-
hicle systems, which is the main result of this article.

Table 2.
Human in | Human on | Human out
the loop (1) | theloop (2) | of the loop
3)
Mission- Al A2 A3
Task cate-
gorization
A)
Ability B1 B2 B3
recognition
B)
Task C1 C2 C3
allocation
©)
Task ar- | D1 D2 D3
rangement
(D)
Task flexi- | El1 E2 E3
bility (E)

The following cooperation scenario is provided to help
better understanding of the presented autonomous coop-
erative levels in the above table.

A Scenario:
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Fig. 4. Autonomous cooperation of the system in a sce-
nario.



In Fig. 4, a human pilot breaks down a mission into several
tasks (A1) and checks the task-vehicle compatibility re-
quirements (B1) in a ground control station (GCS). After
each vehicle receives information about categorized tasks,
task limitation, and task-vehicle compatibility from the
GCS, all vehicles decide tasks through auction algorithms
(C3) and arrange the order of tasks (D3) in a fully dis-
tributed way. If additional tasks are created, the tasks
are allocated to the specific vehicles under the monitoring
of the human pilot (E2). Utilizing the autonomous coop-
erative levels as delineated in Table 2, the autonomous
cooperative level attributed to a given scenario’s system
is determined as A1-B1-C3-D3-E2. This elucidation con-
sequently underscores the imperative of augmenting the
technical proficiency in the realms of mission-task catego-
rization (A), ability recognition (B), and task flexibility
(E) in order to elevate the autonomous cooperative level
of the system. Also, we note that the proposed method in
Table 2 allows for the distinction of a comprehensive range
of 243(3*3*3*3*3) autonomous cooperative levels.

4. CONCLUSION

This article delves into an exploration of the concept
of autonomous cooperation within systems. Additionally,
we undertake the task of classifying the distinct lev-
els of autonomous cooperation exhibited by multiple-
heterogeneous unmanned vehicle systems. The authors
anticipate that this endeavor will serve as a fundamen-
tal cornerstone, laying the groundwork for forthcoming
investigations into autonomous cooperation within diverse
networked systems. As part of our future research endeav-
ors, we intend to delve deeper into the classification of au-
tonomous cooperative levels inherent to various networked
systems. Moreover, a critical aspect of our forthcoming
work involves the identification and delineation of the
technological requisites corresponding to each autonomous
cooperative level.
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