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Autonomy is the core capability of future systems, and architecture design is one of the critical issues in system
development and implementation. To discuss the architecture of autonomous systems in the future, this paper
reviews the developing progress of architectures from automation systems to autonomous systems. Firstly, the
autonomy and autonomous systems in different fields are summarized. The article classifies and summarizes the
architecture of typical automated systems and infer three suggestions for building an autonomous system
architecture: extensibility, evolvability, and collaborability. Accordingly, this paper builds an autonomous waterborne
transportation system, and the architecture is composed of the object layer, cyberspace layer, cognition layer, and
application layer, the proposed suggestions made in the construction of the architecture are reflected in the inter-
relationships at all layers. Through the cooperation of four layers, the autonomous waterborne transportation
system can autonomously complete the system functions, such as system control and transportation service. In the
end, the characteristics of autonomous systems are concluded, from which the future primary research directions

and the challenges of autonomous systems are provided.

autonomous systems autonomy architecture automation system

waterway transportation system

| 1. Introduction

Industrial development and efficiency requirements have extensively promoted the development of automation
technology . D.S. Hardt, working as a mechanical engineer at the Ford company in the United States, was the
first person putting forward the use of automation to describe the automatic operation steps of the industrial
production process in 1946. After the 1950s, automatic control was regarded as an effective technique to improve
social production efficiency. It became more popular with various industries, industrial manufacturing automation,

metallurgy, and other continuous production process automation.

Meanwhile, business management systems and other industry classifications have been formed. In the early
1960s, the multiple inputs and multiple outputs (MIMO) optimal control problem was seriously investigated,
challenging the automation systems. To fix this kind of problem, the modern control theories involved with state-
space and dynamic programming as the core was proposed and widely used in the engineering domain,
particularly in aerospace. At the same time, some related aspects, including adaptive and stochastic control,
system identification, differential game, distributed parameter system, were proposed. In the 1970s, some attention

was laid on large-scale and complex systems, such as large-scale ecological environment protection systems,
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transportation management systems, and industrial control systems. Moreover, the aim of system control varied
from controller optimization and accurate management of systems to forecast and state design of systems for
which the cores involved operations research, information theory, and system integration theory. In the 1980s, with
the rapid development of communication technology and computer technology, the automation of management
systems has made significant progress. New automatic control methods, such as human-machine systems and
expert systems, were proposed. These control methods improve the level of management automation and promote

the development of management systems.

In the 21st century, with the development of information technology, single technology was difficult to fulfill systems
requirements. Therefore, information and communication technology (ICT), including sensor technology, computer,
and intelligent technology, communication technology, and control technology, was developed to solve system
automation problems. However, due to the increasing complexity of system functions and the diversification of
system decision-making, automation technology could not fully meet production needs. The demand for developing
autonomy became increasingly vital to alleviate the dependence on human-related interactions, on the other hand,
to improve the ability of individuals and systems to complete tasks independently. The development process of the

automation system is shown in Figure 1.
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Figure 1. The development of individuals and systems from automation to autonomous.

Afterward, the Defense Science Council of the United States issued a vital guidance document entitled the status
of autonomy in the Department of defense unmanned system with obvious goal concerning the improvement of
systems’ autonomy capability [ in which the importance of autonomous capability for systems, especially for
unmanned systems, is highlighted. It can be seen from the above analysis that autonomy has been the hotpot

research direction in promising automation, even intelligence of individuals and systems.
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At present, the research on the autonomy system mainly includes perception B!, planning 4!, decision-making &,
control 8, human-computer interaction 2, and so on. Perception is the key aspect of realizing the autonomy of
individuals and systems. Only through perception can systems interact with their environment and achieve the task
objectives of the system. Up to date, studies on perception mainly include navigation perception [&, task awareness
(8 system state awareness 2% and execution operation perception 1. To achieve systems goals, it is necessary
to plan the current or future actions or states of individuals and systems based on perception information to ensure
navigation safety. This task was always done through effective planning, which refers to the process of calculating
the sequence or partial sequence of actions that can change the current state into the expected state to achieve
the task under the premise of safety 22, The purpose of decision-making is to make expected cost-efficiency
decisions on future actions based on existing information acquired from perception and experience. Machine
learning has become one of the most effective methods to decide for intelligent autonomous systems. Generally
speaking, it is more effective to obtain information from data than manual knowledge engineering. By looking for
reliable patterns from a large number of specific data, the accuracy and robustness of autonomous systems are
higher than that of manual software engineering 131 and the system can automatically adapt to the new
environment according to the actual operation state [24l. Human-computer interaction is a hot issue in the research
of systematic autonomy. It mainly solves how to interact and cooperate among humans with the machine,
computer, or other supporting techniques 2. The investigation laid on the relationship between human and
computer system can help to improve system performance, reduce platform design and operation cost, improve

the adaptability of existing systems to new environments and new tasks, and speed up the execution of their tasks
[18],

System architecture is a discipline used to describe the system’s internal structure and elements relationship and
guide system design and system construction. On the one hand, the architecture mainly uses the perception
module, planning module, function execution module, and information feedback module involved in autonomy
development. On the other hand, the hierarchical relationship and logical relationship among the modules need to
be defined in the autonomous system architecture. Generally, for such a system architecture 17 several
architectures should be considered and designed, including logical architecture, physical architecture, hierarchical
architecture, functional architecture, computing architecture, network architecture, software architecture, functional
architecture. The architecture of autonomous systems should also define the logical basis, organizational
framework foundation, and related model prototype of the system’s internal structure. The purpose of architecture
design is to support the development of intelligence and the realization of autonomy. Through the design of
architecture, the perception ability of the system can be enhanced, the effectiveness and accuracy of the
autonomous object design can be improved, and then the actionability of the system to achieve the established
goals can be enhanced. Besides, it can enhance the self-adaptive and self-learning ability of the system.
Therefore, the research on the architecture of an autonomous system is one of the primary issues of autonomy
research. As the system gradually changes from automation to autonomous, the architecture is also changing
significantly. Accordingly, this paper classifies the autonomous system architectures and analyzes the critical

technologies contained in the architecture.
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| 2. Autonomy and Autonomous System

Automation is the automatic control and operation of an apparatus, process, or system by mechanical or electronic
devices that take the place of human labor. The most notable feature of autonomy is characterized by the transfer
of decision-making power, which transfers the decision-making power of the whole system from the critical node of
the system to the trusted object 28 The trusted object can act upon the decision under permissions without
outside intervention. The most significant difference between an automated and autonomous system is whether the
system can self-learn and self-evolution. When a system acts according to the established rules without any error,
it is called an automated system, not an autonomous system. To achieve the goal, the autonomous system must
be able to accurately perceive and judge the environment, the state of the system, as well as the understanding of
the task, to reason the system itself and the situation, and to formulate and select different action processes
independently to achieve the relevant goals. Autonomy can be seen as the extension of automation, which is
intelligent and automation with higher capabilities. Autonomy has different definitions in different fields, which is
summarized in Table 1.

Table 1. Definitions of autonomy in different fields.

Field Definition of Autonomy

Autonomy is the main characteristic of itself, which is influenced by environment and

i (9]
Philosophy restricted by intrinsic factors.

The characteristics is that a kind of system from internal spontaneous to external promotion,
Sociology [20] its action does not need to be promoted rely on external forces, and can deal with the
situation according to own will.

Autonomy is the granting of decision-making power to an object, so that the object has the
right to act within a specified scope, that is, autonomy is a decision made independently
without outside intervention.

Control
theory (21]

Autonomy is the ability of robot system to perceive, to observe, to analyze, to plan, to make

Robotics 22 - ) .
decisions, and to take actions automatically.

| 3. Architecture of Automation System and
utonomous System
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Figure 5. The behavior-based architecture.

In this architecture, the basic behavior is relatively simple and fixed. So, it needs less physical resources and can
respond to the rapidly changing environment and task information. The whole system can also be very flexible to
achieve complex tasks. A specific layer completes each action, and each level contains the complete path of

perception, planning, execution, etc.

What is more, there is an entirely parallel structure of all levels. The advantage of the parallel structure is that, even
if one module fails, the other control loops can still work typically and perform the given actions. Therefore, the
behavior-based architecture can improve the system’s survivability and enhance the system’s ability to complete
the task.

Both knowledge-based architecture and behavior-based architecture have some limitations. The system using
knowledge-based architecture components is relatively lacking in real-time and task diversity. while the behavior-
based architecture improves the system'’s real-time performance and action response, its system is challenging to

implement. Combining the advantages of the two architectures seems to be a good solution. Thus, some scholars
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proposed a hybrid architecture #1l. The goal of hybrid architecture design is to combine the advantages of the two

kinds of architecture, that is, simple hierarchical structure and fast response speed of behavior-based architecture
2]

A typical hybrid architecture, such as CASIA-I, is proposed by researchers from the Chinese Academy of Sciences,
and an indoor mobile robot is designed based on the hybrid architecture. Researchers integrate two architectures,
where the structure includes the human-computer interaction layer, task planning layer, map database, and

behavior control layer.

Hybrid architecture is currently becoming a significant development trend of autonomous individual architecture,
but many problems are still to be solved. First of all is the coordination and implementation among different levels,
especially the coordination between knowledge-based behavior and reactive behavior. The second is how to adapt
the hybrid architecture to the dynamic environment. The third is how to supervise the individual's execution, find

problems in time, and improve the individual’'s performance.

When scenes and robots change rapidly, intelligent robots cannot perceive the scene timely due to the limitation of
sensors and computing power. When the system’s hardware cannot meet the requirements of calculation, the real-
time performance of the system will be seriously affected. To solve the problem, Dr. Kuffner from Carnegie Mellon
University proposed a concept of “cloud robotics” in 2010 “3l. The cloud robot is a combination of cloud computing
and intelligent robot, moving the computing power of the robot to the cloud 4. When the intelligent robot needs to
process the information, it connects to the corresponding cloud server and processes it. The results are sent back
to the robot through the network 42,

Compared with local robots, the cloud robot moves complex information perception acquisition and information
processing computing tasks to the cloud service, which has lower requirements on local software and hardware in
the local robot. At the same time, by connecting with the cloud, it can also receive the relevant data of other
intelligent robots, realize information sharing, and enhance the learning ability of intelligent robots through
information interaction. Through cloud connection, information sharing between intelligent robots will be faster and

more convenient. The cloud robot architecture is shown in Figure 6.

Figure 6. The architecture of cloud robot.
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The four structural characteristics of the automation system are summarized in Table 3.

Table 3. Comparison of architecture characteristics of automation system.

Type Characteristic Deficiency

The order of each functional modules is

Knowledge- ) . . Concatenate structure: lack of reliability and the
clear, that is conducive to design and easy . .
based . real-time performance of action.
to implement.
Behavior- Parallel structure, which is high- response, It is difficult to design, and it is not easy to
based robust, and flexible. coordinate between modules.

The design of system is very difficult, which is
only feasible for simple individuals. Moreover,
transition redundancy, system simplicity is
not high.

Not only ensuring the real-time and task
Hybrid diversity, but also having a relatively simple
structure and easy to implement.

The complex computing tasks are

unloaded to the cloud to improve the ability ~ The cost of information sharing is high, and it is
of information sharing and task execution highly dependent on network quality.

among individuals.

Cloud robot

3.3. Transformation of Architecture from Automation System to Autonomous System

The autonomous system refers to the system which can deal with the non-programmed or non-present situation
and has self-management and self-guidance ability. The office of the chief scientist of the U.S. Air Force has issued
a document to plan the future development of the autonomous system 18l to clarify the role of autonomous
systems in future systems. The system’s autonomy means that the system has the characteristics of self-
management ability in a complex changing environment and non-present situation. Compared with traditional
automation systems or a semi-autonomous system, the autonomous system can realize self-learning and self-
adaptive ability in the face of a more complex and time-varying environment and has a broader application

prospect, such as the aerospace field 42, military field (48], and mechanical engineering field (42,

In an autonomous system, autonomy refers to the application of advanced software algorithms, a variety of
heterogeneous sensors, and other hardware facilities so that the system can interact with individuals and the
environment through limited communication for a long time. It only needs to issue the necessary task instructions
without other external intervention to independently complete the task independently and independently adjust the
system in an unknown environment. A fully autonomous system cannot be realized at the present stage, and the

vast majority of systems require people to participate in decision-making and supervision.

The level of transformation is relatively low. In the existing research, most of the systems are semi-autonomous to
some extent. In the future, full autonomy is the ultimate destination of the control field. With the development of
autonomous systems, the emphasis of human operators moves from low-level decision-making to high-level tasks,

including the overall task arrangement and coordination. In the future, these systems may contain more
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autonomous functionalities, human participation in decision-making is less and less, the weight of human decision-
making is higher and higher at the regular operation of the system, and the system will gradually transition to full

autonomy. The extension from the classical control system to the autonomous control system is shown in Figure 7.
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Figure 7. Extension from classical automatic system to autonomous system.

The classic semi-autonomous system B9 s a closed-loop system composed of sensors, decision-makers,
controllers, actuators, and control objects under specific environmental conditions. A large number of intelligent
algorithms will be used in the system to organically combine with the emerging factors, such as perception,
planning, decision-making, computing, and communication, to greatly enhance and expand the autonomous ability
of the system B, The semi-autonomous system can also interact with systems of different autonomous levels,

including human beings, and even realize the transfer of intelligence from human to equipment.

At present, the military field B2 is the most widely used field of unmanned systems, and it is also the field closest to
the application of the autonomous system. DARPA, together with ABC and Hopkins University, studied the
standard operating system (COS) of the joint unmanned air combat system 23], Different types of UAV (Unmanned
Aerial Vehicle), UAV ground control station, and communication satellite are integrated into an organic whole,
which can effectively share information among members and make planning and decision at the system level and
platform level, resulting in the networked operation between multiple platforms. The system framework is shown in

Figure 8.
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Common Operation System
(COS)

Figure 8. Common operation system.
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