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A Service-Oriented Autonomous Crane System

Guangyu Xiong @, Petri Helo

Abstract—The servicing of crane systems has been a major
problem in the crane business value chain. The crane industry
has been exploring well-defined solutions to solve problems on
the customer’s site. The service-oriented concept, empowered by
artificial intelligence (AI) technology, has shown advantages in
addressing issues in manufacturing. In this study, the authors
propose a novel crane business model for the crane industry:
a service-oriented autonomous crane system, which integrates
advanced management concepts and Al-powered technology into
the traditional industry-crane system. With the help of the novel
business model, the crane industry and customers/users can
benefit from an improvement in crane performance, and the
model also offers further potential to promote problem-solving
in the crane industry on the customer’s site. From the perspective
of knowledge development, this study gives a clear description of
an intelligent service-oriented crane system. Crane stakeholders
can develop their own customized autonomous crane systems
based on the novel model with its technical structure. From the
perspective of strengthening the crane business, the proposed
model provides the foundation for developing smart solutions
for the crane industry according to the specific requirements.
From the perspective of scenarios applied to large construction
machinery, the case study in this article provides a valuable
reference for augmenting the servicing of large scale construction
machinery.

Index Terms—Artificial intelligence (AI)-powered technology,
crane business value chain (CBVC), service-oriented autonomous
crane system, service-oriented concept, social manufacturing
concept.
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I. INTRODUCTION

RANES are an important part of general construction ma-
C chinery, and are one kind of traditional lifting equipment.
A crane system can be used to lift heavy loads, and place them
in a defined area with the help of a set of basic components,
including a hoisting mechanism and supporting control sys-
tem. Because crane systems are widely used in manufactur-
ing, transportation, construction, energy, and harbors, various
types of cranes have been developed for diverse industrial sites
accordingly. On the customer site, safety and reliability are
the most important factors, which reflect in the productivity
and efficiency of crane operation and maintenance together
with convenience. Various demands shape the characteristics
of crane systems. Due to the application environments and
customers’ regional markets, crane manufacturers have to pro-
vide well-engineered solutions to satisfy customers/users. This
unique characteristic has produced widescale complexity for
the crane business. The crane industry not only delivers the or-
dered product with well-defined solutions for operation, but also
provides user-friendly solutions for maintenance. Therefore, a
comprehensive and systematic solution for crane service has
also been a key challenge for all crane manufacturers.

A. Research Problems

Autonomous crane systems have been expected to satisfy
demands from both the crane industry and customers/users
customers in recent years. However, the specific requirements
for cranes as construction machinery and the technical barriers
crane systems must overcome have plagued both the industry
and the academic world, including how to deploy resources
in the crane business chain and how to use new technology
to support the service process, from suppliers upstream to
customers/users downstream [1], [2]. Fortunately, along with
the development of the service-orientation concept [3] and its
extended concepts in product-service systems (PSS) [4], [5],
and social manufacturing (SM) [6] with artificial intelligence
(AI)-powered technology plus advanced algorithm [6], [7], [8],
[9], [10], [11], [12], [13], [14], [15], it is expected that tra-
ditional problems can be solved. In particular, the large and
complex nature of the crane and smart solutions for service
on site have been a subjects in focus for both the crane in-
dustry and customers/users. In recent years, the extended PSS
concept-Smart-PSS—has been expected to lead to improvement
in both the product life cycle management of the crane and
customers ‘/users’ satisfaction [16], [17], [18]. In fact, in recent
years many industries as well as academia have been trying to

© 2024 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License. For more information,
see https://creativecommons.org/licenses/by/4.0/


https://orcid.org/0000-0003-3317-7139
https://orcid.org/0000-0002-0501-2727
https://orcid.org/0000-0002-9634-4945
mailto:xiongguangyu@hotmail.com
mailto:phelo@uwasa.fi
mailto:steve@noswing.fi
mailto:zhen.shen@ia.ac.cn
https://creativecommons.org/licenses/by/4.0/

XIONG et al.: SERVICE-ORIENTED AUTONOMOUS CRANE SYSTEM

8031

Communication and data-driven connecting environment

<~

Pre-production

| Delivery -

Post-production

!pstallati

Customers/end users ©

on;

§i3-i-(-i-(iil-1g/Sales .

/Market... Planning Purchase

_________________ — Production
i Project e

imanagement; : ngmeermgii

af;

| Service |

Product manufacturing order delivery value chain

Fig. 1.

solve some of the traditional problems with the help of Al-
powered solutions and Smart-PSS approach [16], [17], [18],
[19], [20], [21], [22], [23].

From a business value stream perspective, for most indus-
tries, the major business process in the business value chain
(BVC) is shown in Fig. 1, illustrating how a product is de-
livered from the manufacturing process to the customer site
[23]. Regarding the crane industry, most common issues are
from the preproduction stage, that is in solution design (product
engineering and configuration), and after-sales service in the
postproduction stage, which we call maintenance in this article.
Three central problems arising are most likely to happen at the
postproduction stage in the crane business value chain (CBVC)
and reflect in crane performance. These problems are as follows.

1) Regarding crane operation: The most common issue is re-

lated to the crane system maintaining consistent operation
in terms of safety and productivity. The major problem
is normally reflected in antisway, positioning, protection
function, and people-machine collaboration, etc.
Regarding crane maintenance: The most common
issue is related to the efficient service resource from
involved crane stakeholders (see definition in the section
on method) supporting on-site maintenance in real time.
According to the Smart-PSS concept through the product
life cycle, efficient maintenance service on site is another
major problem in the after sales process.
Regarding the increased customization needs of crane
customers/users, the most common issue both crane man-
ufacturers and customers/users face is how to sustainably
provide improvement by applying continuous improve-
ment and consistently provide an optimized solution for
customers/users through e-service.

The above problems/issues may not cover all problems in
the current crane value chain, but they point out the major
areas of concern and problems that have always occurred,
and these problems could also be associated with most crane

2)

3)

>

Manufacturing focused process for customer order delivery through business value chain [23].

stakeholders (CSs). This study focuses on the most common
problems in the crane industry that occur on the customers’ site.
A major motivation of the study is to explore a well-defined
solution to help the crane industry solve the major problem of
service on site and in real time to satisfy both the crane industry
and customers/users.

In short, the objective of this study is to propose a novel
model for an intelligent crane system focused on the customers’
site, called SACS. A major novelty of the study is that the
proposed model not only focuses on the service-orientation to
satisfy both the crane industry and customers/users, but also
attempts to develop a basis for providing a comprehensive
e-solution for problem-solving on the customer site in real time.

B. Contributions of the Study

The major contributions are as follows.

Service-oriented autonomous crane system: the proposed
novel crane business model SACS takes into account the
service-oriented concept, integrates advanced management
ideas like the Smart-PSS approach and value chain concept,
supported by Al-powered technology. The SACS provides over-
all intelligent serviceability for the autonomous crane system.
From the perspective of strengthening the crane business, the
SACS will also provide the foundation for developing smart
solutions for the crane industry according to specific require-
ments. From the perspective of scenarios applied to similar
machinery, the crane belongs to large construction machinery
that requires well-engineered solutions. Traditionally, the harsh
environment of crane operations always presents more difficulty
on site compared with other machinery, so that this study can
increase the knowledge on smart technology applied to large
construction machinery through the novel model applied to
similar machinery used in similar environments.

Benchmark from application in the crane industry: in imple-
menting SACS, this study sets a meaningful benchmark from
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the real crane industry. In particular, some ideas of the SACS
concept are from our ongoing research project, some of which
have also applied practical aspects of intelligent autonomous
ability to improve the performance of crane systems. The results
from the case study provide a benchmark for smart solutions
implementing SACS according to the Smart-PSS idea in areas
also outside of the crane industry.

The remainder of this article is structured as follows.
Section II comprises a literature review of existing work.
Section IIT introduces the research method. Section IV presents
a description of the service-oriented autonomous crane system,
including a definition of SACS and its intelligent capability,
then a structure of SACS is established to show its main compo-
sition and intelligent functions. In Section V, some cases of best
practices related to the application of SACS are introduced. In
Section VI, a conclusion is outlined with the key findings, high-
lighting the practical implications of the study, and suggesting
further research topics and potential development.

II. LITERATURE AND RELATED WORK

In this section a review of literature relevant to the existing
work is presented. The review reflects on attempts by schol-
ars and the crane industry to solve the issues presented in
the introduction and methodology sections of the article. As
crane issues are mostly related to the postproduction stage of
CBVC when the crane equipment is on the customers’ site after
sales, the discussion begins with key technology that affects
the efficiency of operation, such as the crane control approach
that directly impacts crane operating, and service model that
impacts maintenance. In addition, due to the limitations of
traditional technology and business models, we move to the
development of Al-powered technology for autonomous crane
systems presented in existing work. Finally, a gap is pointed
out between current work and expectation of the development
of relevant research topics, wherein the value of the contribution
is situated.

A. Related Research Work

Due to key problems mostly happening on site and impacting
performance in terms of safety, productivity, and efficiency
of operation and service process after sales, we illustrate the
relation between major problem areas, crane performance, and
the focus of current work from scholars including management
approach, empowered technology such as Al-powered technol-
ogy, system/process/function, and performance. As shown in
Fig. 2, the management approach and technology support have
a significant impact on system/process/functions of the crane;
and the output of system/process/functions directly reflects in
the crane performance.

Most existing research relates to improving the performance
of crane systems. According to the focus of this work, scholars
in recent years have proposed two major streams of work, as
summarized in Table I. The first stream is from the perspec-
tive of management in considering how to deploy management
approaches in systems/processes/functions on site in order to
improve crane performance. The second stream is from the
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Fig. 2. Major problems, crane performance, and focuses of improvement.

perspective of technology-powered applications in consider-
ing the integration of software applications and technology-
powered hardware units. Amongst these, normal technology is
applied to an advanced controller to improve the autonomous
crane operation system. Then, along with the development
of AI technology, a new trend in recent years from the sec-
ond stream is more focusing on specific solution. The new
trend integrates advanced management approaches with Al-
powered technology for smart product, which is the basis for
autonomous crane systems. The goal of producing a specialized
solution is the same, that is, improvement in crane performance,
such as in safety and efficiency on site, and ease and conve-
nience in operation and maintenance for the crane manufacturer
and customer.

As Table I shows, the first stream on management approaches
has attracted the attention of some scholars, for instance in
applying CI to improve safety and reliability, which are the most
important factors on site, and very crucial for the performance
of all cranes [24]. Shin et al. state the need to define adequate
regulations for industrial sites in order to improve safety, and
propose a revision of the standard guidelines such as in accident
prevention measures [25]. Zhou et al. propose an effective man-
agement model to improve the safety of tower cranes, which is
based on a systems thinking approach [26]. The work of Zhou is
related to both management approach and performance focus.
Zhou et al. used a problem solving method to identify nine
major dimensions of the safety system based on analyzing the
characteristics of the tower crane safety system components,
and developed improvement measures accordingly. Shin et al.
and Zhuo et al. have tried to apply the CI approach based on
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# Class Literature Research Focus Contribution to Crane System
Management Shepherd et al. [24] Focus on how continuous improvement Improve safety and reliability
| approaches (CI) effectively improves crane perfor-
mance for crane systems
Shin et al. [25] Focus on adequate regulations for indus- Improve safety
trial sites, and proposal for a revision of
the standard guidelines based on RCA
Zhou et al. [26] Focus on how the proposed management Improve safety and its measures
model based on CI for cranes based on an-
alyzing the characteristics of crane safety
system components
Sadeghi et al. [27], Jinwoo Focus on how to implement appropriate Improve safety based on avoiding poten-
et al. [28], Kan et al. [29] crane management effectively to achieve tial hazards
relevant management goal by extending
safety factor
Technology- Yoon et al. [30] Focus on a developed dynamic simulator Improve safety by reduction of crane
powered that can reduce accidents for mobile cranes accidents
) application based on data analysis
Omar et al. [31] Focus on a new designed fuzzy logic con- More robust control system for crane.
troller.
Kawasaki et al. [32] Focus on an autonomous mobile overhead Improve control system and implement
crane system antisway, road obstruct recognition and
path planning
Chen et al. [33] Focus on the intelligent ability of crane Improve operation performance of crane
operation based on the proposed definition system
of intelligent crane
Smoczek et al. [34] Focus on the method of control system Application for contactless measuring of
with fuzzy control and pole placement sway, and capturing stereo images of
crane position in operation
Zhao et al. [35] Focus on developing a monitoring system Improve crane operation in outdoor en-
applying IoT technology to monitor oper- vironment
ating in real-time
Integrating Zhong et al. [36] Focus on application of wireless sensor Improve operating safety for tower crane
advanced network (WSN) and IoT for a safety man- groups on the construction site
management agement system with help of remote super-
approaches with vision
Al-powered

2 (New trend) technology

Zhou et al. [37]

Wau et al. [38]

Olearczyk et al. [39]

Ma et al. [40], Sun et al.
[41], Smoczek et al. [42],
Maghsoudi et al. [43],
Rong et al. [44]

Han et al. [45]

Ray et al. [46]

Autiosalo et al. [47]

Huang et al. [48]

Burkhardt et al. [49]

Zhao et al. [50]

Focus on a cyber-physical-system-based
safety monitoring system (CPS-SMS) ap-
plied in the environment of metro and
underground constructions, with the help
of IoT

Focus on blockchain technology applied to
the safety inspection of tower crane
Focus on iCrane that uses advanced intel-
ligent crane algorithm for crane system in
heavy construction operation

Focus on solutions for the issue of swing
during crane operation by control strategy
and applying Al-powered technology

Focus on a decision support model as a
major solution for crane operations

Focus on applying 5G and IoT to remote
control for steel industry

Focus on applying digital twin to develop
multicomponents for an industrial over-
head crane

Focus on a service schedule optimization
solution—MILP model for the scheduling
issue of multiple cranes.

Focus on a novel graph searching algo-
rithm for path planning procedure

Focus on applying digital twin technology
for a hoisting management system frame-
work using Dijkstra’s algorithm

Improve operating safety

Improve the effectiveness of on-site
safety

Improve customized service, meet var-
ious crane customers’ requirements on
site appropriately

Improve crane’s performance by means
of special solutions for antisway

Support solutions considering major cus-
tomer’s requirements

Improve reliability of crane operation in
poor environments

Improve operating and related work of
served CSs in crane business chain

Improve efficiency and safety perfor-
mance for multiple cranes.

Support of special solutions for path
planning for tower cranes

Improve accuracy and safety perfor-
mance on site

3 Application  cases
of autonomous
crane system

[20], [21], [22]

Focus on application on developed service-
oriented product for autonomous crane sys-
tems supported by Al-powered technology

Improve the performance of operations
and maintenance in crane industry by
means of Al —powered technology
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root-cause-analysis (RCA) [51]. A weakness in both the above
authors’ research is that the data collection is limited by the
geographical area, or equipment types, or lack of consideration
of the service model. Their conclusions coming from the system
analysis have practical significance for improving the safety
of the crane system. Other scholars have also focused on the
combination of performance, management approach, and sys-
tem/process/function in order to improve safety and reliability
[27], [28], [29]. Sadeghi et al. [27], Lee et al. [28], and Kan
et al. [29] focused more on the safety factor and provided an
implementation of crane management. In particular, Kan et al.
[29] carried out a review of related regulations and presented an
estimation of the safety thresholds according to the website of
the occupational safety and health administration (OSHA), in
order to avoid potential hazards emanating from management,
and system/process/functions in mobile cranes. Yoon et al. [30]
developed a dynamic simulator for mobile cranes based on data
analysis of crane accidents, in order to reduce the number of
accidents and improve safety. The above work focuses on man-
agement driven and system/process/function-driven approaches
in crane system.

The second research stream is focusing on applying emerging
technology to crane systems. Omar et al. [31] presented an
autonomous overhead crane operation system with the help of
a newly designed fuzzy logic controller. The designed con-
troller was implemented and tested in a small-scale overhead
crane, and the result shows that crane operation using the
fuzzy controller is more robust compared to a traditional con-
troller. Kawasaki et al. [32] introduced an autonomous mo-
bile overhead traveling crane system that uses a two-degrees
of freedom control system in order to avoid the weakness of
the feed-forward control system and implement antisway. The
proposed system integrates systems with obstacle recognition
and path planning, the usefulness of which has been proven
in autonomous mobile systems. The above solutions focused
on control controlling systems to improve crane operation. The
above work focuses more on technology-powered approaches to
improve crane systems. Along with the development of Al tech-
nology, e-solutions driven by intelligent technology applica-
tions in research are increasing. Other scholars have attempted
to apply Al-powered technology to improve crane performance,
in particular in terms of convenience and ease of service
on the customer site. Meanwhile, the research focus extends
from the application of intelligent Al technology to related
advanced algorithms.

Amongst the research on intelligent crane systems in re-
cent years, the new trend has been in advanced management
approaches supported by Al-powered technology. Chen et al.
proposed a definition of intelligent cranes [33] from multiple
perspectives in intelligent operation capability and configura-
tion of software application and hardware equipment to im-
plement the crane tasks. According to Chen, the intelligent
crane is an automatic machinery system in which the various
tasks of movement can be completed by means of system and
function in automatic control, programming, people-machine
interaction, and self-diagnosis. Chen also pointed out that: “the
intelligent crane has some intelligent abilities similar as human,
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including perception, planning, operating, coordination, learn-
ing and decision-making.” Chen’s definition also shows how
intelligent ability can drive the intelligent functions of crane
operation. Clearly, the emergence of intelligent cranes brings
about new possibilities to solve issues in the crane industry
and new paths in the development of the industry. From the
perspective of the application of Al-powered technology with
advanced algorithms, Smoczek et al. introduced an application
for a crane control system implemented in the laboratory, which
was based on the method of fuzzy control and pole placement
[34]. According to the crane control system Smoczek described,
a machine vision-based technique was used for contactless
measuring of the sway with the presented control algorithm,
whilst an untypical stereovision system by means of a single
camera was used to capture stereo images of the crane po-
sition during operation. Besides the advanced fuzzy control
approach, Smoczek’s control system adopted more Al-powered
technology to improve performance in terms of productivity
and efficiency of the crane operation. Zhao et al. developed
a monitoring system for hoisting heavy loads in crane oper-
ation in outdoor environments, which applied the Internet of
Things (IoT) technology in monitoring the system [35]. Their
system could monitor the status of operation in real-time. Later,
Zhong et al. presented a further application of wireless sensor
network (WSN) and IoT for a safety management system [36].
According to Zhong et al., a combination of WSN and IoT
was applied for tower crane groups on the construction site
in order to ensure operating safety remote supervision. Zhou
et al. developed a cyber-physical-system-based (CPS-SMS-
based) safety monitoring system for blind hoisting operation
in the environment of metros and underground constructions
[37]. According to Zhou’s proposal, an unsafe status in the
hoisting process could be avoided by simulating and monitor-
ing using CPS-SMS. Meanwhile, IoT could also be applied to
accident prevention, and CPS-SMS was implemented in real
cases successfully. Wu et al. developed a blockchain-enabled
framework for tower cranes to improve the effectiveness of on-
site safety inspection [38]. According to Wu et al., blockchain
technology was applied for automatic safety inspection and
recording the status of crane operation by means of providing
participants with trustworthy inspection. Wu’s solution could
not only improve safety inspection, but also ensure the im-
mutability, transparency, and traceability of data, which could
provide a basis for further preventive maintenance of the crane
system. Olearczyk et al. presented an intelligent crane algo-
rithm for crane systems in heavy construction operation, which
was called iCrane [39]. The iCrane could support planning for
crane lift on heavy industry sites, by integrating all important
aspects into a developed software, such as automation, planning
of the crane, and simulation. The developed iCrane algorithm
with its application could improve customized service to meet
various crane customers’ requirements in specific automation
and planning on site. The above work took more Al-powered
technology into account in improvement or problem-solving on
site for crane system.

In terms of the new trend for increasingly customized solu-
tions to specific demands for cranes, some scholars have also
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attempted e-solutions integrating advanced management ap-
proaches and Al-powered technology: for instance, e-solutions
for antisway and positioning and accurate positioning or grasp-
ing during crane operation, Ma et al. proposed an antisway
closed-loop control strategy for the typical issue of swing dur-
ing crane operation [40]. According to Ma, two feedbacks from
trolley moving displacement and swing angle were considered
in control strategy, both of which could be measured in real
time. Ma’s proposed strategy could not only improve the over-
head crane’s performance by means of solving the issue of
antisway, but also provide a basis for a 3-D overhead crane. As
antisway is one of the most needed improvements mentioned
in the introduction, in addition to Ma et al., other scholars have
also provided their own antisway solution from the perspec-
tive of control strategy combined with algorithm [41], [42],
[43], [44]. Regarding more specific requirements, Han et al.
developed a decision support model that integrated the major
aspects of solution in design, simulation, and evaluation for
crane operations [45]. Han’s model provided feasible crane
types and approaches by considering the cost and environment
on the customer site. Ray et al. applied 5G technology for
a developed E-crane solution for the steel industry company
Tata (an iron and steel company), where the crane operation
had to be in a poor working environment such as in rain [46].
According to their E-crane solution, the 5G new radio waveform
could be put together with narrow band IoT for the remote
control of live camera and voice in case some accident re-
medial measures needed to be taken, in order to ensure the
reliability of crane operation in poor environments. Autiosalo
et al. developed a multicomponent digital twin for an industrial
overhead crane [47]. In this, a prototype implementation for
digital twin for an overhead crane was built for the designer,
maintainer, and operator on the site of the related crane, so that
all them were CSs. Therefore, the developed industrial digital
twin could improve the operation and related work of the served
CSs. Huang et al. developed a service schedule optimization
solution for the scheduling issue of multiple cranes [48]. Ac-
cording to their solution, a mixed integer linear programming
(MILP) model was used for optimization based on lifting re-
quests, location selection, and sequences of lifting. Huang’s
solution could improve the efficiency and safety of multiple
cranes by means of scheduling optimization. Burkhardt et al.
presented a novel graph searching algorithm for path planning
procedure in the control of tower cranes [49]. According to
Burkhardt, the proposed graph-based path planning algorithm
could make a path plan based on the identification of dis-
tance, energy, or low exciting load sway paths in order to
generate the trajectory combined with an antisway controller.
Zhao et al. proposed a hoisting management system framework
that applied digital twin technology [50]. According to Zhao,
Dijkstra’s algorithm was used for hoisting route planning based
on data from a building information model. Zhao’s work could
improve the performance of accuracy and safety on site. The
above work was reflected in a Smart-PSS approach with the
help of the advanced management concept and supported by
Al-powered technology.
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Besides relevant academic work, the crane industry has also
had contributions from the e-solutions of autonomous crane
systems reflected in the Smart-PSS approach and supported
by Al-powered technology [20], [21], [22]. Amongst these,
TRUCONNECT was developed by Konecranes. With the help
of AI, TRUCONNECT offers a series of maintenance services
for all connected crane customers (local cranes) in order to
improve operational performance in safety, productivity and
sustainability, and effective service for maintenance on site, and
also take into account the product life cycle [21]. A remote
crane monitoring solution for the operation of Heavy Goods Ve-
hicles (HVG) developed by VerveTronics Imagineering offers
a solution for monitoring and collecting data on safety alerts,
operations, and the movement of cranes, which adopts cloud
technology to support remote actions/tasks of the local vehicle
[22]. Although these are only examples of the industrial appli-
cations of Al applied in the service processes of autonomous
crane systems, the application points to future trends in the
crane industry.

From the above review, and as summarized in Table I, Al-
powered technology can be applied to crane systems to satisfy
both the crane industry and customers/users. The goal of all the
work focus is the same: that is, the improvement of crane per-
formance on site, in particular ease and convenience of service
to the customer. These all point to the need for well-defined
crane solutions in terms of service on site in real time.

B. Gaps in the Current Research

A growing body of academic literature shows the strength
of Al-powered technology applied in intelligent crane systems,
and some applications of Al-powered technology have been
developed to improve the service ability in some industrial
scenarios. The weakness in current work is the limited devel-
opment of the intelligent capabilities of the autonomous crane
system. From the above review, the key limitations are listed
as follows.

1) To regarding a clear understanding of the intelligent au-
tonomous crane system, current work lacks a compre-
hensive description. Even though Chen et al. proposed
a definition of the intelligent crane [33], the description
focuses more on the aspects of intelligent functionali-
ties of crane operation, and pays less attention to intel-
ligent service aspects, which is an important stage of
entire CBVC.

2) To regarding autonomous ability, most current work has
paid more attention to the application of certain parts of
technology to partly solve issues, but has rarely consid-
ered a comprehensive and systematic e-solution for an
intelligent autonomous crane system that provides good
service in real time.

The core limitation is the lack of a systematic description
of the autonomous crane system, including its major value
contribution and supporting technology focused on service pro-
cess. Our study anticipates that the autonomous crane system
will be a smart e-solution for developing an overall intelligent
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autonomous ability by means of integrating Al-powered tech-
nology and Smart-PSS concept [16], [17], [18], in order to
better address service for customers/users in both operation and
maintenance. Different from existing work, the novel proposed
crane business model in this study not only completes some
defined functions/tasks for a certain aspect, such as control
for positioning, antisway, grasping, and diagnosis for safety,
but also sustainably optimizes customers‘/users’ operation and
maintenance in the entire crane product life cycle.

To fill the research gap, this study takes service-oriented
value into account in the autonomous crane system with the
help of Al-powered technology in order to develop a new
intelligent autonomous crane system—SACS—to satisfy the
crane industry and the demands of the customer. Our study
is primarily based on the new trend of second stream, and a
more smart/intelligent approach to e-solutions for solving ser-
vice problems in cranes. We comprehensively take into account
the power of the service-oriented concept and Al for service-
oriented autonomous crane systems.

III. METHOD
A. Proposed Method

The study in this article is based on our work from an on-
going project, “New Service-Oriented Business Models and
a Sustainable Manufacturing Ecology for the Life Cycle of
Smart Cranes,” mainly supported by Business Finland, with the
cooperation of the National Key Research and Development
Program of China. As mentioned in the introduction, the major
motivation of the study is to explore a well-defined e-solution
to help the crane industry to solve a major problem—service
on site and in real time to satisfy both the crane industry and
customers/users. To achieve the target, this study needs a deep
understanding of the service problems on site and current solu-
tions, and then develop the new business model for CBVC that
can fill the gap or limitations of the current way of problem solv-
ing. Because the proposed model is novel, its application to a
case crane industry is needed in order to verify its effectiveness,
so for this reason a case study is introduced and analyzed.

In terms of the problems concerned through CBVC and
the product life cycle of the crane, a systematic literature re-
view was carried out for two major research streams. Previ-
ous work has shown that Al-powered technology applied to
the autonomous crane system can help to solve some issues;
however, the autonomous crane system is still immature in
existing work, and an appropriate solution is still incomplete,
a point made in the previous section. This study follows the
new trend of the second research stream—focusing on customer
specific solutions that are integrated with Al-powered technol-
ogy and an advanced management approach. The study adopts
a combination of literature survey to review existing work, and
qualitative research to define SACS. Then a technical structure
for the crane business is presented for implementation of a novel
model. A case study is presented to verify the effectiveness
of the proposed crane business model. With the case study,
the essential ability of the intelligent functioning of the crane
system is illustrated and analyzed. To achieve the presented
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objective, the research methodology is presented as a process
in Fig. 3 and the method includes and is analyzed as follows.

1) Motivation and objective of this study as introduced in
the introduction.

2) Exploring the characteristics and concerns of the current
crane industry to understand the major problem areas of
the crane system based on a comprehensive review of
existing work.

3) Presenting an e-solution—the novel crane business
model—SACS, with its technical structure based on a
service-oriented concept, supported by Al-powered tech-
nology.

4) Introducing a case study of best practices that illustrates
how the case crane industry uses a smart e-solution for
improving the intelligent ability for service on site in
order to verify SACS.

5) Proposing possible future research topics and potential
development with the accumulation of better understand-
ing in knowledge, application, and development of Al-
powered technology.

B. Related Definition

In order to have a better understanding of terms in this study,
there is a need to clarify definitions of key terms, which are
listed as follows.

Definition 1: Product business value chain is a supply de-
mand network that can include multiple layers of participants
who are connected to the chain by business, and which can
add value for their downstream participants -customers/users—
through a defined business process or activity [23].

Definition 2: CBVC is a business value chain network for
crane products or crane systems. It contains multiple crane
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stakeholders (see definition as below) in different layers, which
are connected by the crane business and can add value for their
downstream crane customers/users.

Definition 3: Crane stakeholders (CSs) are participants
along the CBVC, including the crane manufacturer, main
contractor comprising some crane manufacturers, and sub-
contractors upstream such as component manufacturers and
engineering/design units, and customers or users downstream in
the chain.

Definition 4: Product service system (PSS) is a business
model based on a value-adding-oriented idea to satisfy con-
sumers/users by means of an integrated system for the delivery
of both products and services to meet customers ‘/users’ expec-
tations [4], [5]. Smart-PSS is an extension of PSS, which is the
integration of smart products and e-services into single solu-
tions delivered to the market to satisfy the needs of individual
consumers [16].

Definition 5: Al-powered technology refers to innovative
technologies and applications using Al, in order to change and
impact business with a wide variety of technology associated
with both software and hardware units, such as information
technology, intelligent computing, IoT, VR/AR/MR/XR, big
data, digital-twins, machine learning, deep learning, robotics,
blockchain, etc.

Definition 6: SM is defined as a kind of Internet-based and
service-oriented advanced manufacturing paradigm covering
the whole stages of a product life cycle [6].

IV. DESCRIPTION OF SERVICE-ORIENTED AUTONOMOUS
CRANE SYSTEM

A. Definition of Service-Oriented Autonomous Crane System

From the perspective of the service-oriented concept of value
chain, Smart-PSS concept, and Al-powered technology, our
definition of the service-oriented autonomous crane system is as
follows: it is a novel service-oriented business model based on a
customer-value-centric idea and Smart-PSS concept. SACS is a
suite of e-solutions of Al-powered technology integrated with
an advanced management approach to crane systems, assem-
bled to improve the service performance regarding operation
and maintenance of the crane system. SACS aims to achieve a
customer-value-centric intelligent autonomous crane system by
minimizing issues on the customer site. With SACS, the assets
of local connected cranes and related CSs can enrich important
information in real time, associated with crane status, alarm on
operation, and preventive maintenance in service, etc., which
can reduce or even eliminate issue-handling time in operation
and maintenance.

B. Intelligent Capabilities of SACS

Four key intelligent capabilities need to be considered in
developing intelligent SACS: intelligent service in operation,
intelligent service in maintenance, intelligent control and man-
agement, and intelligent connectivity through CBVC, as shown
in Fig. 4.
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Fig. 4. Key intelligent abilities through SACS.

Four key intelligent capabilities need to be considered in
developing intelligent SACS: intelligent service in operation,
intelligent service in maintenance, intelligent control and man-
agement, and intelligent connectivity through CBVC, as shown
in Fig. 4.

In the proposed SACS, we take the service-oriented concept,
Smart-PSS, and value chain concept into the novel crane busi-
ness model, in order to enhance the crane’s overall performance.
In the intelligent operation a friendly human-computer interface
is provided, and the execution of programs for operation is
controlled to implement fully automatic cranes with processing
set-up.

The intelligent service in maintenance uses Al-powered tech-
nology, such as big data technology, IoT, VR, digital-twins,
cloud computing, and advanced algorithm to support decision-
making and predict and prevent potential failure through a
predictive maintenance approach.

The intelligent control and management capability provides a
management system for well-functioning process management,
information monitoring and transformation, and sustainable de-
velopment through related CSs involving value-adding for end
users in the crane system.

Intelligent connectivity through CBVC enables necessary
functions/actions/tasks to be implemented remotely. Intelligent
connectivity enables transformational new capabilities in trans-
port, entertainment, industry, and much more. In order for tech-
nical systems to match human actions digitally with connected
environments, however, they must match the speed of our nat-
ural reaction times. The network used must be ultra-reliable, as
many critical tasks will be implemented remotely, which should
be implemented by means of cost-effective edge infrastructure
to enable scaling.

The next sub-section introduces the technical structure of
SACS, which not only includes composition levels and ele-
ments, but also detail illustrating the reflection of major intel-
ligent capabilities from a technical perspective.

C. Technical Structure of SACS

As the service-oriented concept that emphasizes the
customer-value-centric idea plays an important role in SACS,
the major process of SACS runs through the crane value chain
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Fig. 5. Technical structure of SACS.

through remote functions/actions/tasks. A technical structure
is created in Fig. 5, which provides the basis of an actual
implementation of SACS, and its one detailed application is
introduced in the next section. Fig. 5 shows that SACS contains
four technical levels, which are the cloud level, connectivity
level, crane level, and collaboration and security manage-
ment level.

The cloud level provides cloud-driven functions/actions that
can be performed remotely supported by Al-powered technol-
ogy. This level serves as a platform serving as a medium or plat-
form for data, management, operations, and decision-making
between other levels. Through this level, a comprehensive and
systematic management approach is defined and adopted to

connected local cranes (customers/users). The connected cus-
tomers/users are able to obtain a cloud-based digital service in
real time. The data could relate to customers’ assets, operating
data, components/spare parts/devices, and people on site. There
are three major elements at this level: cloud, data/cloud storage,
and remote functions/actions/tasks. There is a need to clarify
here that “cloud” used for the cloud level only refers to the ap-
plications performing remotely to achieve defined tasks. These
include not only cloud applications, but also web-based and
mobile-based applications, which can be used as a supplement
to cloud applications if feasible. With the related technology
of cloud computing, data/information storage and defined re-
mote functions/actions are performed at this level. The cloud
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functions/actions can be defined and agreed with connected
customers/users. Meanwhile, the technology of data analysis
and big data are applied to support crane control and decision-
making at the crane level for operation and maintenance on
site. One important supporting function at this level is remote
monitoring. With the help of remote monitoring, remote func-
tions/actions can be reacted to and performed. For instance,
from the perspective of service for safety and maintenance
and predictive maintenance, preauthorized maintenance, and
assessment for some key components/spare parts, safety alarm
and important analysis are performed or supervised remotely.
From the perspective of CI, continuous supervision for the
customer to optimize processes for operation and maintenance
can also be included. From the perspective of operation for
safety and productivity, loads, positions, brakes, and length of
rope are included for computing and analysis in order to support
decision-making at the crane level.

At the connectivity level, loT-based networks are provided
that connect data/information from CSs and process collected
data/information, with the help of IoT-driven technology in-
tegrated with software application and hardware units. There
are two major elements at this level: one is the source of
data/information from CSs, and the other element is for data
collection and processing. In terms of data collection and pro-
cessing, more intelligent functions can be developed and ac-
cessed; for instance, the intelligent sensor and vision units can
be integrated in related equipment to support data/information
collection and processing. Regarding the source input of
data/information, there are three groups of data/information, the
first being the equipment data from inside the crane, such as
data on sway and position, variable-frequency drive (VFD), and
the power of the crane. The second group of data is related to
the environment on the customers’ site outside of the crane,
such as data on layout, and temperature in the environment
of the local crane. Some crane-related data come not only
from the local crane, but also from other stakeholders, such as
manufacturers, contractors or subcontractors who use the nec-
essary data to produce or engineer the equipment or component
accordingly. The third group comprises special data for mainte-
nance, such as daily/regular inspection, complaint-related data,
service capacity in the system including all stakeholders, and
maintenance service-related data/information. All data should
be authorized for functions/tasks for the crane system, where
authorization is supported at the collaboration and security
management level.

At the crane level, the crane functions/actions/tasks are im-
plemented. In order to do so, two major elements are needed
at this level. One element contains the control system and
decision-making system, which define and input related param-
eters for the crane operation and support the decision-making,
such as in path planning, storage management, and safety is-
sues such as collision detection on site. In this element, the
control part consists of the central controller and measurement
system. The measurement system is designed for measuring the
positions and speeds of the crane’s motion mechanism, and the
central controller applies the control method to define related
parameters for the execution of crane operation, such as in sway,

8039

speed, etc. Currently, crane manufacturers use programmable
logic controller (PLC) for the control system, and the control
method applies advance control algorithms such as fuzzy logic
controlling (FLC)-based, or PID-based algorithms to define the
appropriate parameters. Both the control and decision-marking
parts are developed with software and hardware, and installed
into SACS, which is one part of the solution. In terms of the
second element, execution, the motion mechanism enables the
crane operation. With the help of a remote monitoring system,
the status of operation in the crane equipment is monitored,
and further maintenance action can be taken accordingly, such
as predictive maintenance and preauthorized maintenance. Be-
sides regular maintenance and prediction of the service’s func-
tion, real time complaints about issues can also be followed and
reacted to through remote maintenance if needed. Most major
service-oriented functions/actions/tasks should be authorized
or preauthorized, which is at the collaboration and security
management level and also supported by Al

At the collaborative and security management level, a prac-
tical network security platform is provided, which is responsi-
ble for the necessary protocols and collaborative management
of connected assets on SACS. As important data/information,
resources, and capacity need to be shared with CSs for re-
mote service functions/actions, and to support operation and
maintenance for local connected assets, the stakeholder needs
the collaboration and security mechanism, which is indispens-
able in covering all the cloud service functions/actions to act
against potential cybersecurity vulnerabilities. In practice, one
application could be the application of blockchain technology
[52], which can provide data/information security automatically
implemented via intelligent contracts between CSs, an and pro-
tect the effectiveness of collaboration. In addition, there are
also other options to promote collaboration and security, but
no matter what mode, coordination and security functions must
be included. From a technical implementation perspective, the
preauthorization or authorization, data security, predefined rules
and knowledge supporting the service function/actions on the
local crane can be defined, such as authorization for regular
maintenance service. All authorization needs to be updated
according to the crane’s status with a new agreement initia-
tion. The collaboration and security management level supports
most remote service functions/actions for crane operation and
maintenance. The CSs apply the service-oriented concept and
collaborate with each other to undertake operating and servicing
functions/actions for the local crane by following preautho-
rization, authorization, and new agreements if needed. At the
collaborative and security management level, data/information
security and effective communication are maintained in or-
der to implement the remote functions/actions in an effi-
cient way.

With the above technical structure of SACS, the crane indus-
try is able to secure an intelligent capability to add service/value
for customers/users according to their own specific customiza-
tion. Under the developed SACS, crane customers/users are
able to handle the major issues in operation and maintenance
with remote functions/actions/tasks. The next section presents
an application from a real case and research work.
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V. APPLICATION OF SERVICE-ORIENTED AUTONOMOUS
CRANE SYSTEM

A. Smart Control System for Crane

An application based on SACS has been developed by our
sponsor company SW—which has supported our on-going
project. The application is a control system developed for im-
plementing SACS for the crane industry with its connected
customers, the control system of which is called the smart
control system.

The smart control system serves as an e-solution for con-
nected customers (local crane) to meet the needs of service on
site in real time. Its major components are structured as in Fig. 6.

As Fig. 6 shows, a selected PLC is used for the smart crane
system, and has four modules with key functions, as follows:

1) data module for data input and exchange;

2) function module for data collecting and processing ac-

cordingly;

3) positioning module to actuate dimension control;

4) control center module for functioning of control modes

for connected customer.

SW is able to use the smart crane control system to provide
a set of smart e-solutions to provide service remotely from its
control center. The smart e-solution supports connected local
cranes in improving safety and productivity with the help of
developed cloud features/functions.

With the help of related software applications and hardware
units, the intelligent capabilities of autonomous crane systems
with service-oriented features can be achieved when enabled
by the above modules: in particular, solutions for the special re-
quirements, mentioned previously, include intelligent antisway,
positioning, grasping, planning/scheduling, alarm, maintenance
in harsh environments, and supporting storage management
according to service agreement. These service-oriented features
are achieved through the application of SACS.

In Fig. 6, with the connectivity that corresponds to the cloud
level offered by the case company, the related input of the data
module is from the connected local crane, including related data
for operation, inspection, maintenance, and findings which sup-
port management for the local customer. The function module
collects input data and processes them according to the element
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of data collecting and processing at the connectivity level in the
technical structure, as shown in Fig. 5. The positioning module
implements intelligent positions for the crane operation that
correspond to the crane level of SACS associated with data
processing at the connectivity level and remote supporting at the
cloud level. Moreover, an antisway sensor is also developed as
a special solution to antisway through a control center module.
The control center can affect all levels of structure on SACS, as
shown in Fig. 6. With the control center module, three control
modes are available for customers to choose for operation on
site: autonomous, semiautomatic, and operator-based according
to the requirements of local customers, and each control oper-
ation can perform motor travel, crane position, and antisway
accordingly.

Regarding solutions for the special requirements of cus-
tomers, the smart control system is able to provide a set of
e-solutions for remote service. First, with an antisway algo-
rithm, and embedded in the smart sensor developed by SW,
the selected PLC is able to achieve smooth and accurate crane
positioning. Frequency converters are used for dimension con-
trol for the traveling motors directly controlled from PLC, and
a developed smart sensor with embedded smart algorithm for
antisway helps the connected cranes to travel smoothly and
meet the special requirements for accurate antisway during
movement of the crane. Second, customers can obtain their
special requirements for intelligent recognition and grasping,
and intelligent path planning and positioning remotely. Third,
besides operation on site, more value-added service for loading
planning/scheduling, storage management, and maintenance is
also considered based on the SACS, through remote functions
and cloud connectivity, empowered by Al-powered technology,
such as IoT, big data, data analytic, VR/digital twins, and cloud
computing. These Al-powered technologies link and work to-
gether to support the cloud level, connectivity level, crane level,
and collaboration security and management level corresponding
to the technical structure of SACS, as shown in Fig. 5.

With the remote function, the smart control system in the
control center can supervise the connected customer with many
functions/tasks on site in real time. Major implementable func-
tions/tasks include the job queue from the factory data-system,
position data exchange on time, counting runs, counting ser-
vices, counting product life cycle, and even energy counting,
document storage, management for collaboration, and security
corresponding to the collaboration and security management
level of the proposed technical structure of SACS, as shown
in Fig. 5. More cloud features and remote functions are still
being developed, which aim to satisfy future customers with
more requirements. All provided cloud services in real time
are reflected in solutions for connected local customers: normal
operations, special solutions and optimization for management,
which are implemented by the smart control system based
on SACS.

For executing features, functions, and cloud services success-
fully, the smart crane control system conducted a series of tests
and finally put the results into actual application. Regarding
the defined piloting process shown in Fig. 7, two major tests
were conducted. First, a test was conducted on a demo crane
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installed in the university lab that our project team has been
working with. Major features, functions, and cloud services
were tested, results were analyzed during the test process, and
adjustment and optimization were addressed in accordance with
the feedback from the test. Then a more optimized solution was
piloted on connected cranes on several European customers’
sites in harsh environments. These connected cranes indicated
that all cloud service functionality was fully realized.

As the behavior of a system can be measured by defined key
performance indicators (KPIs), so the performance of cranes is
measured by defined KPIs during piloting, which use a smart
control system instead of the old system. The two major KPIs
that have been developed take into account the cycle time of
automated positioning and Overall Equipment Effectiveness
(OEE) of cranes. The definition and calculation of the two major
KPIs is as follows.

1) R-CTP: The ratio of improvement of automated position-
ing of piloted connected cranes; the percentage of improvement
of average cycle time (minutes or seconds) daily spent on po-
sitioning from piloted cranes (%)

CTP, — CTP,

R—CTP(%):TP]) (1)

CTP: average cycle time for positioning daily

CTP
>~ Numbers of cycle time spent on all positioning daily

Numbers of delivered positioning daily

@

CTPb: CTP before the smart control system was applied.

CTPa: CTP after the smart control system was applied.

2) R-OEE: The improvement ratio for OEE from piloted
connected cranes within 24 h; the percentage of improvement
on average OEE (%) daily from piloted cranes (%)

OEE, — OEE,

R — OEE (%) = ~ OEE, (3)

OEEDb: OEE before the smart control system was applied.

OEEa: OEE after the smart control system was applied.

OEE: Overall Equipment Effectiveness is an industry stan-
dard indicator that shows how a machine, production line or a
complete process is performing in terms of asset effectiveness.
This research utilizes OEE to examine the crane’s process. In
theory, OEE calculation is in terms of Availability (A), Perfor-
mance (P, can be speed, rate), and Quality (Q)

OEE=AxPxQ 4
A Planned operation time-Unplanned downtime

Planned operation time )
_ Total operation amount x Ideal cycle time ©)
Planned production time-Uplanned downtime
_ Total operation amount x Ideal cycle time 7
Gross operating time
Q = 100% — Wasted operation % ®)

In piloting practice, the OEE calculation uses a simplified
formula for convenient data collection, and the formula is: value
added operation time/planned operation time. Therefore, the
OEE calculation is as follows:

OEE = (A X P X Q)eory )

B (Valuable operating time>
Planned operation time practice

(10)

B (Ideal process time — Wasted operation time>
Total time-Planned stoppages practice

an

The two major KPIs above reflect the improvement of per-
formance of cranes by using the smart control system. In the pi-
loted cranes, the antisway functionality improved the precision
in both manual operations as well as in automated positioning.
For manual operations, the safety indicators guided the opera-
tors. In terms of the above calculation, automated positioning
antisway enabled faster running speeds and thus improved the
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Fig. 8. Example of views of cloud features and functions from the smart control center. (a) Overview for connected facilities and crane showing in the
control center on cloud. (b) Overview of customers’ orders from one connected crane in Vaasa. The middle view is a 3-D view of facility and connected
crane; the right side shows daily status of the connected crane. (c) Service for received orders of storage management (schedule of crane) from connected
local cranes in customers’ warehouses. (d) Overview of connected customer login in customer portal. (¢) VR technology for 3-D experience that can apply

digital-twins for simulation of local customers’ site in a lab.

automated positioning of the piloted connected cranes by 20%
as connected cranes can transfer corrective maintenance actions
to preventive maintenance. The OEE improvement was 5—-10%.
Autonomous features of the crane can provide additional capac-
ity and enable 24-h use.

B. Benefits of the Smart Control System for Cranes

As scenarios both in the university lab and real customers’
sites have shown, the smart control system shows that some
benefits have been produced, with even more cloud features still
under development. Fig. 8 shows views on screen of the cloud
features in the control center, including views, as follows;

1) overview from the control center showing connected fa-

cilities and crane on site;

2) view of customer orders from one connected crane with
3-D view of facility and connected crane;

3) view on service for received orders of storage man-
agement (schedule of crane) from connected crane
in customers’ warehouse, information of lifted loads/
product;

4) overview of connected customer login in customer portal;

5) VR technology for customer experience with 3-D view
that applies digital-twins in the lab.

The smart control system is the best practice of the SACS
in applying smart e-services to all connected crane customers.
Regarding all scenarios both from the lab testing and real
customers’ sites, the benefits of cloud service from the smart

control system are obvious. In particular, with the developed
smart sensor embedded with intelligent algorithms for special
features such as antisway and positioning, the connected crane
benefits from reaching the quickest solution during operation
without sway, even when lifting and lowering. This process can
be completely automated, so that not only is overall efficiency
improved, but safety is also increased. By adopting the smart
control system in several piloting scenarios under various en-
vironments on customers’ sites, strong intelligent capabilities
and cloud features can be achieved to improve efficiency for
operation and maintenance.

Obviously, the smart control system provides a smart e-
solution to help service in operation and maintenance, and
for solving problems on site and in real time. The piloting
shows that improvement of efficiency can be achieved both
for operation and maintenance for connected cranes. In short,
the key benefits from the smart control system are listed
as follows.

1) Improve performance on the customers’ site, both in op-
eration and maintenance, such as in safety and reliability,
accuracy and stability, productivity, and responsiveness,
through intelligent function, such as antisway, quick po-
sitioning, intelligent recognition and grasping, etc.

2) Improve problem-solving, local customer management
and CI for crane customers through intelligent service
function after sales, such as optimization in planning/
schedule solutions, storage management, optimization of
product lifecycle service, and security management.
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3) Improve remote service to provide more cloud features,
through intelligent computing, data analysis, IoT and
big data, such as preventive maintenance, and intelligent
alarm.

In short, as the service-oriented business model, the smart
control system offers service convenience to crane manufactur-
ers, and an improvement in safety, productivity, and sustain-
ability to connected users. It is a smart solution reflecting the
Smart-PSS concept. Furthermore, more cloud services/features
are under development, aiming to provide smart e-solutions to
satisfy the customer and produce possible innovations in service
value-adding.

VI. CONCLUSION AND FURTHER RESEARCH

In this section, the main contributions of this work are sum-
marized, and directions for future research are pointed out.

A. Conclusion

This study mainly presents the novel crane business model-
SACS based on service-oriented concept and supported by Al-
powered technology. SACS provides efficient e-service delivery
to customers/users, and solves issues quickly on site. Its appli-
cation to the crane industry verifies the effectiveness and huge
potential of the novel crane business model. In response to the
major service problems on crane sites, the major findings from
this study include the following areas.

First, from the perspective of knowledge development, the
study gives the first clear description of an intelligent service-
oriented crane system for crane service on site. To fill in the
limitations of existing work, this study takes an overall view
of the entire crane value chain, and provides a description of
an intelligent autonomous crane system that is based on the
service-oriented concept, supported by Al-powered technology
and a more advanced management approach such as Smart-
PSS and value chain concept to strengthen the performance in
operation and maintenance.

Second, from the perspective of practical implications, the
study provides a technical structure to support implementation
of the proposed novel business model, which reflects in the
composition and functions of the intelligent SACS. The four
levels of technical structure with all elements are integrated to
enable autonomous service to the customer (connected local
crane). The structure serves as a basis for the crane industry
and even extends to other similar large construction machinery
in developing customized SACS, and also provides a basic
framework for further, deeper research.

Third, the best practice from the application case and ongoing
project shows the practical benefits of the novel business model,
which is able to offer possibilities of value-adding to service.
The results from the application show that the feasibility and
effectiveness of the smart e-solution from SACS have both
been verified in practice to an extent. The application case not
only verifies the novel model as introduced, but also provides
a valuable reference for large scale construction machinery in
improving service.
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B. Future Research

This section suggests directions for future study. From the
perspective of service, exploring the innovative service model
is still an important topic for existing and future study due
to the characteristics of the crane industry. It is necessary to
perform deep study on some innovative practices. One of the
widespread applications is SM based on the concept of the
sharing society, so it would be meaningful to further explore
the social services between CSs from the perspective of SM,
such as providing social service resources for customers/users.
In fact, there have been some attempts, one good practice being
a digital monitoring and management platform for an urban
construction (DMMPC) piece of crane equipment that has been
developed and organized by Ningbo housing and construction
bureau, China (NHCB) [53], [54]. More than 10567 items of
various construction crane equipment have been connected to
a digital platform, with 869 involved companies and 23 139
operators. There have been more than 3000 construction sites
connected to the digital platform up to 2022. The Housing
and Construction Bureau in Ningbo has adopted this digital
platform at the municipal level, to help the monitoring and
management of the industry-construction and lifting industry
which are customers/users of CBVC. Besides CSs as defined
in the previous section, a third party is involved as a service
agency, which means more capacity according to the new man-
ufacturing method—SM. DMMPC provides a useful attempt to
use the SM concept for service in the crane business. Therefore,
one direction for further research could be in the field of social
service for the crane industry. For instance, how the SMR and
socialized service resources (SSR) are shaped and optimized to
deal with required services on site in the crane value chain, and
how SMR service providers arrange the required capability to
meet the service performance in delivery, quality, and cost, in
accordance with Wang, Jiang, and Xiong et al. [6], [7], [8], [9],
[10], [55].

From the perspective of CBVC and different sectors of indus-
try in which cranes are working and cooperating, future research
could be focused on how integrated intelligence promotes the
overall service ability, and optimizes the total cost of service for
the sectors of specific industry and crane classification. For the
various sectors of industry that the crane serves, intelligent inte-
gration is primarily dependent on the cooperation and common
interests of relevant specific industry sector alliances. Mean-
while, the scope of related involved CSs of specific industries
should also be defined for implementation. For instance, the
case of DMMPC shows that DMMPC can lead the digital plat-
form project in enhancing intelligent service for specific users
in the regional construction industry. For more autonomous
crane systems, the ability of an integrated intelligence service
is primarily dependent on the requirements of various applied
scenarios in a specific industry. All these aspects need further
in-depth research.

From the perspective of product life cycle, the processes in
the upstream stage of CBVC are also important, such as R&D
or engineering. The upstream processes are very important in
terms of impacting the performance of crane operations, though
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the processes or stages are not focused on in this article. Further
research could extend intelligent ability into R&D or engi-
neering: for instance, the focused topics could be on how Al-
powered technology can enable efficient communication and
cooperation between the processes of R&D or engineering and
crane users, which is also a common issue in the early stages
of the product life cycle, or how the SM concept and Smart-
PSS can be used in the R&D or engineering process to more
effectively utilize various resources and develop e-solutions in
the product life cycle.

From the perspective of integrated operation, a one-stop op-
eration could be developed for some scenarios of SACS. Some
attempts to adopt SACS in real industry from the case study in
this research still need further research for specific application
scenarios. For instance, integrated intelligent and autonomous
functionality in operation for storage areas could be applied to
improve storage management, where the topic could focus on
a one-stop operating combination with autonomous recognition
and grasping, positioning, optimized path planning, scheduling
and storage area management, and antisway controlling for
connected crane assets. Other scenarios could be investigated,
for example at harbors, amongst others.

Finally, the research on autonomous crane systems could be
supplemented with a focus on the behavior of the CSs in the
crane value chain, since the chain governor has the biggest
impact on the behavior of the crane value chain: how the chain
leader affects the intelligent ability of service for crane cus-
tomers/users, and the service-oriented business model.

The above suggestions could serve as a road map for future
research on the topic of service-oriented intelligent autonomous
crane systems.
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