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ABSTRACT

Human-machine collaboration, a concept rooted in the extension of human capabilities by machines, has
evolved significantly with advancements in automation and artificial intelligence. This paper explores the
current state and future potential of human-machine collaboration in industrial settings. It examines the
benefits, challenges, and ethical considerations of integrating intelligent machines into production
processes. Through case studies and a review of technological advancements, the paper provides insights
into how industries can enhance productivity and innovation while addressing the complexities of human-
machine interaction. The discussion extends to future trends, emphasizing the need for a balanced
approach to leveraging machine intelligence and human creativity.
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INTRODUCTION
Human-machine collaboration dates back as far as the concept of instrumental automation, defined as the
'extension of humans by machines'. As machines become more automated and intrinsically more
intelligent, the role of humans in the operation and execution of tasks is questioned - how do humans
work alongside the intelligence and autonomy of the machines? The use of modern technology for
increasingly digitized serial production can create a productivity paradox, where the inputs provided do
not generate the outputs expected and the human-machine collaboration required is not possible [1, 27.
Identifying that humans work together with machines can bring significant benefits. Jackson and Coble
identified that by comparing 67 studies, they could conceptualize industrial robots that work alongside
humans in three areas. These were: robots as tools, robots as part of a cellular approach to work alongside
humans, and robots as units of flexible manufacturing systems. These next two thoughts resulted in
human resources development being made a priority in these firms [37]. The complexity of human-
machine collaboration continues to be a concern in production, both in its lack of practical application-
related contributions, as well as the impact of it on other areas of the business. The aim of this special
issue is to increase knowledge and stimulate discussion in the area of human-machine collaboration and
its relationship with operations, logistics, and supply chain management [47]. Advancements in
technology and automation have provided the manufacturing and production systems with new
capabilities, as well as new challenges and expectations. Using state-of-the-art technology in production
can improve flexibility, quality, and variety. It can enable more local and on-demand production from
anywhere to meet customers where they are. This, in turn, brings a range of opportunities and challenges
[6]. This Special Issue intends to create a cross-disciplinary discussion around human-machine
collaboration. The themes addressed in the technology section include technological advancements and
different types of systems and equipment that are being used for human-machine collaboration today. We
will also consider the barriers, solutions, and future opportunities based on the technological state of the
art. Finally, some sector and company perspectives will be provided as case studies related to
technological advances and collaboration opportunities [67].
DEFINITION AND IMPORTANCE

From a practical point of view, collaboration is a process where two or more agents interact (verbally or
non-verbally) to share information and divide and handle tasks and (re)distribute resources in order to
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achieve a specific individual or shared (large-scale) goal, target, or mission. This can manifest in different
manners depending on the interface, modalities, cultures, and understanding of the capabilities and
limitations of the agents. Taking into account this conceptualization of collaboration and collaboration
styles and manners of being is crucial to adopt and implement this technology. This will be discussed in
more depth in the "Challenges of Human-Machine Collaboration" subsection [7, 87. Technological
advancements in the fields of automation, artificial intelligence, and robotics are gradually enabling the
integration of human workers into fully automated industrial processes and transforming the landscape of
work in sectors across the board. Cooperation between human workers and systems is currently an
ongoing necessity in the labor market. According to the European Commission, it is unlikely that many of
the countries in Europe with high levels of industrial automation in the recent past will go the way of 'de-
industrialization', meaning that blue- and white-collar industrial jobs will continue to be highly
important. It is likely that roles involving collaboration with technology will generate more employment,
thus having a positive net impact on the overall workforce of the industrial sector. Understanding this
need and the innovation process implemented by human employees in the manufacturing and production
process in various industries, and their skills (for example, knowledge, comprehension, memory, problem-
solving, etc.) can be essential in understanding how human-technology collaboration is developing over
time. This subsection focuses on the applied impact of human-machine interaction on various industries
and job roles [97.

TECHNOLOGICAL ADVANCEMENTS IN INDUSTRY
Technological advancements have grown at an incredibly rapid rate as of late, with numerous societies
observing disruptions on large scales in the post-COVID world. This is especially relevant in the era of
Industry 4.0, where up-to-the-minute ICT and other technologies are playing a crucial role in the urban
landscape. Furthermore, many appliances typically belonging inside factories and other limited-access
areas are newly portable and accessible from anywhere, with the capacities of communication devices and
ICT tools broadening at a monumental scale [107]. Beginning with the advent of sophisticated machines,
expert studies in the space have gained pace, owing to the rapid technological advancements fueled by
specialized design and servo motors. Specialized innovation has seen considerable growth relating to
fields connected to the inclusion of industrial robots and their specialized applications. Fields of interest
pertain to both collaborative and immersive robotics, henceforth designed to prioritize human
communications. Collaborative robotics focuses on the formation of units that can work adjacent to
humans, while discussions about immersive and teleoperated robots deal with functioning in areas that
are dangerous or inaccessible to humans. The rate at which technical innovation is occurring is something
worth noting. What used to fall under the realm of fiction - robots, automatons, etc. - is now close to
being work-ready technology. This assists both industries as well as social processes [117].

AUTOMATION AND ROBOTICS

Automation has a twofold origin. On the one hand, it is driven by the mechanization of certain activities.
Mechanization can be defined as the process through which human physical and cognitive functions are
performed by machines. Machines can handle physical loads generated by external or internal forces,
which has the immediate consequence of extending and augmenting human physical capabilities.
Mechanization was a result of the combination of mechanisms driven by energy sources, together with
the mastery of specific energy sources, which were spread for different purposes: water (hydraulic
mechanisms), air (pneumatic mechanisms), animal traction, and fossil fuels (later on, internal combustion
engines and electric power) [127]. On the other hand, automation (which represents achieving a higher
level of technology) is also driven by work simplification and standardization processes, which aim to
make human work disappear. This ambition is clearly shown in cybernetic systems since the term
"automata" is actually etymologically derived from the Greek for "acting alone". Cybernetically, automate
means "to develop a self-regulating mechanism capable of working without direct human intervention".
By means of changing the management paradigm, automation is based on the following principle:
"automate the mind and the mind extends itself into the hand". By bridging the physical-cognitive
separation, cybernetics and systems theory can drastically alter the approaches to automation and
automatization. Cybernetics and system theory provide a production system covering physical, biological,
social and management control. In the next paragraphs, we will discuss the changes brought by
overriding automation, ie., by management of systems controlling material transformations and of
information systems planning, programming, scheduling and control [13, 147.
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CHALLENGES AND OPPORTUNITIES IN IMPLEMENTING HUMAN-MACHINE
COLLABORATION
The previous section presented the role of both people and machines in an industrial setting from a high-
level perspective. It is clear that human cognition and human intelligence are the result of a very complex
adaptation process. It is very challenging to simulate all aspects of the human mind and in many
situations it might be even more appropriate to leverage some of the core capabilities of machines when
designing systems. Nevertheless, integrating human intelligence and machine capabilities promises to
create system properties that represent real progress beyond today's systems used in manufacturing and
other industries [157.
ETHICAL CONSIDERATIONS

Ethical considerations are key when starting to introduce HMC into the industry. There is a broad range
of societal impacts of the workers' daily operations, from personal moral questions to complex inter-
societal challenges. The collaboration between human and machine raises a number of moral dilemmas,
such as the acceptance of technological unemployment, human responsibility for machine errors, and the
issue of profiling humans by algorithms and artificial intelligence. Common themes that run through
sociological and anthropological theories of industry and society are the societal impact and ethical
responsibilities placed upon the researchers and the technologies they produce or endorse. Recent
commentators reflect upon the shift from technologies of industry which afford increased health and
wealth, along with increased risk and complexity within society, to that of technologies which are
informed by and embedded within socio-technical systems and have outcomes and risks which are not
known until they emerge in action. Ethical discussions in relation to sociotechnical approaches to
industry are essential for the development of responsible and sustainable HMC [17, 187. Our interest in
ethical issues is therefore in the impact of industry on society, which includes the ethical considerations of
the societal consequences of transitioning to increased HMC. While technology can be neutral, intentions
behind its development and deployment can have morally good or bad consequences, and the technical
attributes of any technology can make it generally acceptable or unacceptable, insofar as they influence its
use, and in some cases maintenance, within the industry. Within the area of industrial automation, ethical
discussions have primarily taken place regarding the safety of the developed technologies, compliance
with regulations, and software development. Recently, the rather separate topics of Al and machine
learning have become the focus of ethical and policy debates; however, both of these discussions at best
underplay the human experience of those impacted by the technologies [197.

CASE STUDIES OF SUCCESSFUL HUMAN-MACHINE COLLABORATION IN INDUSTRY
This section presents some examples of industries already actively deploying HMI systems. Despite the
fact that they do not specifically present the use of RL, they are valuable for at least two reasons. First,
they provide actual examples of HMI that inspired some of the challenges we investigate in this paper,
such as the Aug. Mentale project or mixed-initiative planning systems for spacecraft. Additionally, the
evaluation metrics presented in these studies guide our focus on the effects of HMI in industrial tasks.
Second, they provide practitioners' point of view on the risks and rewards of employing human-machine
shared control, as well as the ethical considerations and organizational barriers that might emerge in such
endeavors [207]. The Client Management is not the only Swisstrain system that is taskable and
controllable. In a commercial project, a digital twin of the SwissTrains infrastructure environment was
implemented, in which the human controllers control a network of four instances of the SwissTrains
Planner. The operators can enter the dispatch mode of each of the instances and clear blocks. This is
specifically aimed at trainees, to have a simulator where they can experience the potential impacts of their
actions beyond their borders (e.g., our experience shows trainees block the Swiss border, imitating the
actions of a peer in the neighboring country). The Digital workplace for engineers resembles most closely
the vision for human-in-the-loop planning in the space domain. A human operator in the DIAMONDS
system creates a plan, and the Al generates a set of countermeasures for each step in the plan. The Al
does not only generate possibilities to undo the operator's action, but also generates options for warning
signs and follow-up monitoring actions in case the operator's plan is suboptimal.

FUTURE TRENDS AND INNOVATIONS IN HUMAN-MACHINE COLLABORATION
Looking into the future of human-machine collaboration, diagrams in 10 years or 30 years present
potential future trends and innovations in human-machine collaboration, which will likely shape the
processes of human-machine interaction in industry. Here, it is expected that industry is transformed into
Al-driven properties, products, and processes. A range of research investigates the evolving field of Al
technology into Industry 5.0. Understanding future trends is of great interest for defining appropriate use
cases and integrating implications of different aspects, such as societal, technological, and human
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dimensions, into innovation strategies [217]. According to some industry professionals, company leaders
need to develop a persuasive innovation case using a convincing narrative composed from the synthesis of
relevant, different types of information to resonate with stakeholders, including the narrative persuading
"the top," stating five core components that should be included in such a narrative. Notably, future use
cases for human-machine collaboration in industry may also consider the cost and benefits of potential
problems encountered with foolproof AI. Moreover, costs and benefits should also consider the ethical
dimension of sharing information with cyber actors and the implications of access to data being the new
form of warfare. Overall, investigating future trends may also consider possibilities of understanding and
navigating the possible future socioeconomic aspects of applying human-machine collaboration in
corporate and rural business, as outlined in The Australian National Outlook report 2019, "Leadership
towards 2060" [22, 237.

CONCLUSION
The integration of human and machine collaboration in industry represents a transformative shift
towards enhanced productivity, flexibility, and innovation. As machines become more intelligent and
capable, their role in production processes expands, necessitating a reevaluation of human involvement.
This collaboration can lead to significant benefits, such as increased efficiency and the ability to meet
diverse consumer demands. However, it also poses challenges, particularly in terms of ethical
considerations and the need for human workers to adapt to new roles. Future trends indicate a continued
evolution towards Industry 5.0, where human-centric approaches will be crucial. To fully realize the
potential of human-machine collaboration, industries must address these challenges through thoughtful
implementation and ongoing dialogue about the ethical and social implications.
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