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Preface

This book of proceedings contains papers that have been peer-reviewed and accepted for
the 27th ISTE International Conference on Transdisciplinary Engineering, organized by
Warsaw University of Technology, Poland, July 1 — 10, 2020. TE2020 has been the first
conference in the series that was organized in a virtual manner due to the COVID-19
world-wide crisis. The papers published in this book of proceedings, as well as video
presentations, were accessible during July 2020 in Webex Teams, while questions and
answers were being exchanged.

This is the eleventh issue of the series “Advances in Transdisciplinary Engineering”,
which publishes the proceedings of the TE (formerly: CE) conference series and accom-
panying events. The TE conference series is organized annually by the International So-
ciety of Transdisciplinary Engineering, in short ISTE (www.intsoctransde.org), formerly
called International Society of Productivity Enhancement (ISPE, Inc.) and constitutes an
important forum for international scientific exchange on transdisciplinary engineering.
These international conferences attract a significant number of researchers, industry ex-
perts and students, as well as government representatives, who are interested in recent
advances in transdisciplinary engineering research, advancements and applications.

The concept of Transdisciplinary Engineering includes Concurrent Engineering
(CE), but also transcends it. The concept of CE, developed in the 80’s, implies that dif-
ferent phases of a product life cycle are conducted concurrently and initiated as early as
possible within the Product Creation Process (PCP), including the implications of this
approach within the extended enterprise and networks. The main goal of CE is to increase
the efficiency and effectiveness of the PCP and to reduce errors in the later phases, as
well as to incorporate considerations for the full lifecycle, through-life operations, and
environmental issues. In the past decades, CE has become the substantive basic method-
ology in many industries (e.g., automotive, aerospace, machinery, shipbuilding, con-
sumer goods, process industry, environmental engineering) and is also adopted in the
development of new services and service support. Collaboration between different dis-
ciplines is key to successful CE.

While for several decades CE proved its value in many industries and still continues
to do so, many current engineering problems require a more encompassing approach.
Many engineering problems have a large impact on society. For example, the develop-
ment of self-driving cars requires taking into account changes in regulations for manag-
ing responsibilities, adaptation of road networks, political decisions, infrastructures for
energy supply, etc. The impacted society may also be the business environment of net-
works of companies and supply chains. For example, the adoption and implementation
of Industry 4.0 requires taking into account the changes to be expected in the business
environment, the people, their jobs, the knowledge needed, technology, organizational
rules and behaviours. These kind of engineering problems also require collaboration, but
not only between technical disciplines. Disciplines from other scientific fields need to be
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incorporated in the engineering process, like disciplines from social sciences (govern-
ance, psychology, etc.), law, medicine, or other fields, relevant for the problem at hand.

The concept of transdisciplinary engineering transcends inter- and multi-discipli-
nary ways of working, like in CE. In particular, transdisciplinary processes are aimed at
solving complex ill-defined problems or problems for which the solution is not obvious
from the beginning. While such problems, including their solutions, have a large impact
on society and the context in which the problems exist, it is important that people from
society and practice collaborate with people from different relevant scientific communi-
ties. Neither one discipline nor one person can bring sufficient knowledge for solving
such problems. Collaboration again is essential but has become even more demanding.
Disciplines should be open to other disciplines to be able to share and exchange the
knowledge necessary for solving the problem.

Any engineering problem can be put is a context in which the problem is to be solved
or in which the solution for the problem is expected to be used. For researchers and en-
gineers, it is important to take into account this context. This could be done, for example,
by collaborating with researchers who can study user acceptance of the envisioned solu-
tion or with researchers who can apply suitable methods to acquire user preferences in
the respective context and translate them into the necessary requirements for the solution
to be developed. Validation of a proposed engineering solution will benefit also by in-
corporating people from other scientific fields

The conference is entitled: “Transdisciplinary Engineering for Complex Socio-tech-
nical Systems in perspective of Real-life Application”. The TE2020 Organizing Com-
mittee has identified 36 thematic areas grouped into nine themes within TE and launched
a Call for Papers accordingly. More than 80 papers have been submitted from all conti-
nents of the world. The submissions as well as invited talks have been collated into nine
themes.

The Proceedings contains 71 peer-reviewed papers presented at the conference by
authors from 17 countries. These papers range from the theoretical, conceptual to
strongly pragmatic addressing industrial best practice. The involvement of industry in
many of the presented papers gives additional importance to this conference.

This book on “Transdisciplinary Engineering for Complex Socio-technical Systems
in perspective of Real-life Application” is directed at three constituencies: researchers,
design practitioners, and educators. Researchers will benefit from the latest research re-
sults and knowledge of product creation processes and related methodologies. Engineer-
ing professionals and practitioners will learn from the current state of the art in transdis-
ciplinary engineering practice, new approaches, methods, tools and their applications.
The educators in the TE community gather the latest advances and methodologies for
dissemination in engineering curricula, to prepare students for transdisciplinary collabo-
ration in complex engineering processes, while the community also encourages educa-
tors to bring new ideas into the field. With the annual contributions of many researchers
and practitioners the book series will contribute to the further development of the concept
of Transdisciplinary Engineering.

The proceedings are subdivided into several parts, reflecting the themes addressed
in the conference programme:
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Part 1 is entitled Transdisciplinary Engineering and contains seven papers that ad-
dress the concept of TE. Some papers contain research into understanding the concept of
TE, while others present work in which a transdisciplinary approach is or has been ap-
plied in developing a complex system.

Part 2 contains papers in the area of Transdisciplinary Engineering Education, an
important field in our conferences. Empowering students with the knowledge to collab-
orate in complex project like TE projects is very important. Four papers present different
ways in which students learn to deal with different types of knowledge

Part 3, Industry 4.0, Methods and Tools, contains seven papers with subjects like
bibliometric analysis for smart farming, information traceability to detect non-conform-
ities in production, design languages for automatic generation of digital twins of CBSs,
Enterprise Maturity Levels measurement, the use of IoT in industrial logistics, a design
support tool for the development of CPSs, and reference architectures for Industry 4.0.

Part 4 contains eight papers in the theme Human-Centred Design addressing e.g., a
transdisciplinary assessment matrix for human-machine interaction, innovative tools for
designing ergonomic control dashboards, ergonomics in a university hospital, informal
requirements analysis for a prosthetic device, radiographic bone age assessment, tech-
nology for the manufacturing of innovative orthopaedic corsets, evaluation of humanoid
robot design base on global eye-tracking metrics, and transdisciplinary design of an air
mobile stroke unit.

Part 5 is entitled Methods and Tools for Design and Production. It contains 14 papers
focusing on engineering and logistic subjects like Berth allocation and quay crane as-
signment, control and coordination, tools for sheet metal forming, mass customization
services through VR-enabled chatbot systems, green flatcar transportation scheduling in
shipbuilding, FMEA with a multi-criteria approach, MCDM application in early stages
of the PDP, context-sensitive evaluation of PSS solutions, change propagation in product
realization, impact assessment of food safety news, automated generation of a digital
twin of a manufacturing system, phenomena in safety systems made of hyper-elastic ma-
terials, verification of a method for building a very flexible wing generative model, and
a thermomechanical model of a crank mechanism.

Part 6 contains nine contributions on Product and Process Development with various
contributions like a design methodology for smart PSS development, digital collabora-
tion techniques for interdisciplinary collaboration, energetic autonomy of UAV, a re-
quirements management tool for specification and analysis of product lines, a multi-dis-
ciplinary optimisation framework for dual-mode launch vehicle concepts, factory plan-
ning by automated generation of a digital twin, design of injection moulding for LED
lamp power supply, morphic arrangement of high flexibility and aspect ratio wing, and
hierarchical models for vulnerability analysis of road networks.

Part 7 is entitled Knowledge and Data Modelling. It contains 13 papers with a focus
on modelling, like a synthetic dataset for deep learning noise filtering, BIM maturity
models, issues in semantic interoperability in integrated manufacturing, neural network
for forecasting intermittent demand, semantic ontology for identification of trademark
case precedents, integrated information for customized product development, reliability
prediction for aircraft component behaviour by using textual elements, parametric mod-
elling of steel connectors, knowledge-based assisting tools, agile engineering change
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management approach, cost modelling of recycling carbon fibre composites, modularity
and configuration for IoT, and robust CAD modelling for industrial application.

Part 8 deals with Business Process and Supply Chain Management. This part con-
tains seven contributions on identifying superfluous work in shop floor management dig-
italisation, conceptual model for process capability, practice-based learning for success-
ful application of supply chain 4.0 technology, foreign direct investment and enterprise
ownership, bibliometric analysis of production planning optimization, delivery demand
peak levelling based on capability assessment of customer’s acceptance, and an adaption
of the internal quality auditing process.

Part 9 contains contributions on Sustainability addressing global transport chal-
lenges in reducing emission, and a CAD material skeleton approach for sustainable de-
sign.

We acknowledge the high-quality contributions of all authors to this book and the
work of the members of the Scientific Committee who assisted with the blind peer-re-
view of the original papers submitted and presented at the conference. Readers are sin-
cerely invited to consider all of the contributions made by this year’s participants through
the presentation of TE2020 papers collated into this book of proceedings. We hope that
they will be further inspired in their work for disseminating their ideas on transdiscipli-
nary engineering within the ISTE community.

Jerzy Pokojski, Conference Chair
Warsaw University of Technology, Poland

Maciej Gil, Secretariat
Oracle, Poland

Linda Newnes, Program Chair
University of Bath, UK

Josip Stjepandié, Program Co-Chair
PROSTEP AG, Germany

Nel Wognum, Program Co-Chair
TU Delft, The Netherlands
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Abstract. Since the announcement of Industry 4.0 in 2012, multiple variants of
this industry paradigm have emerged and built on the common platform of Internet
of Things. Traditional engineering driven industries such as aerospace and
automotive are able to align with Industry 4.0 and operate on requirements of the
Internet of Things platform. Process driven industries such as water treatment and
food processing are more influenced by societal perspectives and evolve into
Water 4.0 or Dairy 4.0. In essence, the main outcomes of these X4.0 (where X can
be any one of Quality, Water or a combination of) paradigms are facilitating
communications between socio-technical systems and accumulating large amount
of data. As the X4.0 paradigms are researched, defined, developed and applied,
many real examples in industries have demonstrated the lack of system of systems
design consideration, e.g. the issue of training together with the use of digital twin
to simulate operation scenarios and faults in maintenance may lag behind events
triggered in the hostile real world environment. This paper examines, from a high
level system of systems perspective, how transdisciplinary engineering can
incorporate data quality on the often neglected system elements of people and
process while adapting applications to operate within the X4.0 paradigms.

Keywords. Industry 4.0; Water 4.0; Quality 4.0; System architecture; System of
systems; Socio-technical systems

Introduction

The Industry 4.0 initiative has received increasing attention in recent years. The
initiative defines future production environment specifications and allows customer and
individual expectations to influence all phases of the product development lifecycle,
such that last-minute changes are incorporated in the final product [1].

Advancement of the Internet, e-commerce, and social networks empowers
consumers with more product details, including new product launches and in-depth
product reviews. The global manufacturing supply chain is undergoing transformation
to produce highly customised products tailored to individual needs by digitising and
revolutionising daily business processes and administrative tasks with an associated
initiative put forwarded by Bienhaus & Haddud [2] as Procurement 4.0. Traditional
engineering driven industries such as aerospace and automotive have incorporated
Industry 4.0 with significant technological advancement and are heavily digitised to
suit the operating requirements of the Internet of Things (IoT). Nevertheless, Castelo-
Branco et al [3] concluded from their study that only 5 countries in EU were
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comprehensively prepared for Industry 4.0 due to the need for a well-developed digital
infrastructure coupled with strong big data analytical capabilities.

In this scenario, other industry sectors are forced to adopt similar approaches to
satisfy increasingly sophisticated consumers by developing individualised business
models. Beckett et al [4] explored emergent digital age quality management concepts
under the headings of “Quality 4.0” and “Water 4.0” as a drive to improve the dairy
industry. In this context, traditional engineering disciplines such as chemical and
process engineering are combined with computer science, information systems and
systems engineering disciplines, increased use of smart sensors in water and food
quality monitoring was the key to this implementation. From this observation, it is
convenient to note the phenomenon as “X4.0” where X can be any industry or process
that becomes a term related to a paradigm shift on the common platform of IoT.

As the X4.0 paradigms are researched, defined, developed and applied, many real
examples in industries have demonstrated the lack of system of systems design
consideration, especially due to the nature of socio-technical processes and human
participation. For example, process driven industries such as water treatment and food
processing are influenced more by societal perspectives. Although earmarked to
pursue Quality 4.0 and Water 4.0, training on IoT platform in water, food safety and
environments, particularly with the use of digital twin to simulate operation scenarios
and faults in maintenance still lags behind events triggered in the hostile real-world
environment [5]. In the oil and gas industry, Lu et al [6] analyzed typical application
scenarios upstream, midstream and downstream of the fuel supply chain. They
concluded that “Oil and Gas 4.0” would succeed if industry personnel were trained to
apply a highly digitised data-driven intelligence system to practical engineering.

This paper examines, from a high-level system of systems perspective, how
transdisciplinary engineering can incorporate data quality on the often neglected system
elements of people and process while adapting applications to operate within the X4.0
paradigms.

1. The Challenges of X4.0

With the advancement in [oT, global business networks rely more and more on the
information technology and communication infrastructure to do business. The change
in business processes triggers typical issues in X4.0 operations that include shorter
product life cycle, more supply variability, difficult collaboration, risk to
confidentiality, conflicts in intellectual property, opportunity loss, capacity constraints
and others [7]. Simply drawing upon the advantage of increased amount and speed of
data availability (or the big data) on the IoT platform is not enough to foster efficient
and effective decision-making in the system of systems. A strategic framework is
required to integrate the upstream and downstream managers that creates and adds
value to the products or services that ends up in the hands of the consumers [8]. X4.0
systems have inherent challenges as IoT technologies become the main platform to do
business. In this section, the issues of changing the business mode from traditional
means to an Internet based system of systems are explored.
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1.1. System complexity challenges

Unlike a normal enterprise, a X4.0 environment is formed from a number of
autonomous enterprises. According to O’Donovan et al [9], Industry 4.0 paradigm
combined many legacy systems through industrial cyber-physical connectivity.
However, incompatibility of technologies and architectures are still not fully resolved.
Complexity existed in the “fog and cloud” interfaces resulting in latency and reliability
issues, and the environment might not be optimised for ultimate performance.

Aziz et al [10] studied the implications of Industry 4.0 in New Zealand dairy
industry — the leading industry in the country. They found that apart from quality
control of dairy products, many other disciplines were inter-connected, including
livestock management (number and health), transport, land use. Data transparency in
terms of data flow and contextual integrity among operating units was important to
ensure that corresponding business processes among trading partners could be
developed and synchronised at a high level of visibility.

The global environment is dynamic and often affected by customer preferences
such as seasonal requirements. Many customers expect a build-to-order strategy to be
adopted among the participating enterprises. As cloud based system becomes the basis
of communication among manufacturing enterprises, their interoperability will play a
role of vital importance [11]. Risk-influencing determinants such as forecast
uncertainty, demand variability, contribution margin, and time of delivery contributed
to the responsiveness of the X4.0 system. Hence, modelling as a means of controlling
the system’s performance by design would be an important measure to manage the
inherent complexity of the system of systems in X4.0 environment.

1.2. Societal challenges

Company operations in a X4.0 environment are effectively a system that consists of
numerous organisations with different business perspectives (such as suppliers,
manufacturers, distributors and customers). Although the usage of IoT is a common
issue, social pressure emerged within and among organisations when the companies
involved migrate to X4.0 paradigm. Turban et al [12] proposed a framework using
Collaboration 2.0, which is a kind of social software. They investigated how it could
improve with group decision making process. A “fit-viability” model was developed to
assess the environment in which the social software tools could be useful.

Managers in the global business network should understand the institutional
pressure applied and recognise they are all embedded in a broader ecosystem, when
interacting with their X4.0 counterparts. For example, the United Nations [13] has
declared the 2030 sustainability development requirements. Water accessibility and
quality is one of the 17 goals that involve almost all disciplines and governments.
Different types of institutional isomorphism, namely coercion, mimesis, and norms,
could drive different levels of inhibition on the X4.0 system performance such as
losing business opportunities. Likewise, Annosi et al [14] were interested in the
attitude of owners and managers in Agriculture 4.0. The agricultural sector is primarily
small and medium enterprises and the adoption of IoT is still limited. Perception of the
utility of 4.0 technologies directly affected investment decisions.

For each business process there would be a number of headline systems that are
relied upon. These interrelationships should be mapped out in a process known as
situational awareness. By accurately mapping business processes to information
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systems, system operational risk could be identified leading to real business risk and
subsequently vulnerability could be determined from the wuse of graphical
representation of the tools [15].

Therefore, a crucial task in building a X4.0 system is to clearly define the social
context with which the X4.0 style business is going to operate. In this circumstance, a
transdisciplinary system design would be able to determine the physical and structural
properties of collaboration, the culture, business practices, security processes and
governance issues [16].

1.3. Technological challenges

An JoT-enabled global business network requires product information to be
transferable in electronic format. A crucial condition to enable this capability is the
compatibility of product lifecycle information models for decision making based on
data gathered through different parts of the product development, manufacturing, sales
and services processes [17]. Fundamental research is required into information systems
models, smart embedded systems, short and long distance wireless communication
technologies, data management and modelling, design for X, adaptive production,
statistical predictive maintenance and management of product end of life [18].

To complement the need for prototyping and physical testing, a virtual copy of the
system (sometimes described as “digital twin”), that can interact with the physical
counterparts in a bi-directional way, seems to be a promising enabler to replicate some
X4.0 functions in real time for analysis and decision-making [19]. However, the
control of the physical system by the “digital twin” has not been fully established.

Pacchini et al [20] attempted to develop an assessment model that could determine
the readiness of a company in the implementation of Industry 4.0. Eight technology
enablers were selected by reference to existing literatures. Similarly, Miranda et al [21]
applied the 3S concept, i.e. sensing, smart and sustainable, to Agri-Food 4.0. They
were concerned about lack of design roadmaps that could enable development of 3S-
based products for applications in agri-food production. The quality of data returned
from these products has serious risks of affecting decisions in the business.

Inter-mixing of different legacy systems and continuous adoption of new
technologies and techniques seem to be the norm for X4.0 systems. An open, agile
system architecture for developing the operation platform is required.

2. Requirements for a X4.0 System

The need for a X4.0 system to overcome complexity, societal and technological
challenges calls for a new system architecture that can be more broadly encompassing
and versatile. Past system architectural constructs have proved to be too rigid for
modern business practices [22]. Even back in 1989, the US Department of Defence
[23] queried the need to send human pilots going into mission environment if a
remotely piloted machine could be designed.

2.1. Knowledge sharing and decision making in X4.0 Systems

From system’s perspective, an X4.0 system demands involvement of multiple systems
with a variety of disciplines including engineering, computer science, information
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system and specialist user disciplines. Through IoT connection, people with different
background knowledge and potentially different cultural norms, together with other
stakeholders such as financial institutions, governments and certification authorities,
will have strong influence on the development.

The dispersed environment nature of X4.0 essentially evolves into different types
of business environments. In a known, ordered environment, repeatability allows for
predictive models to be established and best practice identified. This is seen as the
domain of process re-engineering pursuing efficiency, where the appropriate actions
are categorize and respond. An example is the normal clinical treatment in medical
system. In an unknown, ordered environment where cause and effect are not
immediately evident (or may be known by only a few people), appropriate actions are
analyse and respond. This is seen as the domain of systems thinking of the learning
organization and the adaptive enterprise, where experimentation, expert opinion, fact-
finding, and scenario planning are combined. An example is the emergency hospital
episodes [24].

In an unordered environment where complex relationships and interactions cause
unexpected outcomes, appropriate actions are detect, categorise and respond. In this
environment there may be a string of cause and effect relationships between the agents.
Both the number of agents and the number of relationships make categorization or
analysis difficult. Emergent patterns may be perceived but not predicted. An example
is the joint military-civilian emergency response exercise where many issues had to be
tracked in parallel [25].

In an unordered environment that seems chaotic, an appropriate response is to act,
detect and respond. An example is an earthquake accident scenario where the
immediate response is to act to minimise casualties and prevent further damages. In
this situation, multiple decision-makers observe the same phenomenon from different
points of view. Those most comfortable with stable order will try to create or enforce
rules. Experts seek to conduct research and accumulate data. Politicians seek to
increase the number and range of their contacts. Interestingly, dictators are eager to
take advantage of this chaotic situation and seek absolute control. Collaborating to
reach consensus on a series of small actions can change this situation [26].

Hence, a X4.0 paradigm is centred around the decision system at the core, and
supported by a knowledge network with collaborating knowledge agents. The
knowledge network supports the performance of tasks. It supports and is supported by
the collection and distribution of information, and is populated by collaborating
knowledge agents who may be individuals, teams or organizational groups.

2.2. Modelling a X4.0 System

Beckett and Daberkow [27] found that in the evolution of Industry 4.0 environment,
some people might be displaced from their traditional occupations by intelligent agents
and smart machines. At the same time there might be a shortage of people skilled in
the development of these technologies. Hence, societal changes could see more people
undertaking a succession of short-term project assignments. They represented Industry
4.0 and the related Work 4.0 paradigms in an integrated system as shown in Figure 1.

It is apparent from Figure 2 that X4.0 depends on data. The quality of data
becomes an important consideration to prevent “garbage-in-garbage-out” problem.
Managing data integrity is a system by its own right. This observation reflects close
interactions between cyber-physical system and data analytic through numerous
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sensors and interfaces of analyses. Subsystem evolution is informed by ongoing
technology and business research.

Technology Industry 4.0 Business

————— May be refemed to as the Internat of Things (loT).

Research or in @ manufacturing context, Factory of the Research
Future. and reflacts a highly connectad world

Automation and T T Diata-driven
artificial : decizsion-making
intelligence Smart transactions Project
& system integrity bassd
maintenance management
Sensor
Cyber-Physical data
anaperan Data Analytics
it [ A —| eigDataand 'r!::chine
. Smnart machines and ST o |agm'nl
|ntefcl::n'_|n_ac‘tad._55[\snrs. suppart ng
‘digital twins systems

Human - pata 1

computer screening

interfacs .| and secure

storage
Embedded data Decision support
managamsant toals & competency
systems mapping
Data Integrity Work 4.0
Establishing secure links, | — | Oirganisational agilty and ||
maintaining data quality and new competency
systemn security reguirements

Personal privacy & intellectual property protection
Figure 1. A system view of Industry 4.0 (source: [27]).

According to Figure 1, realisation of X4.0 requires the integration of four
subsystems: cyber-physical systems, work 4.0, data analytics and data integrity. Hence,
cyber-physical systems can be mapped to product product element and the work 4.0
system can be mapped to people element. Mapping of data analytic, data integrity and
all interconnections may be viewed as a process element supporting the 3P interactions.
This structure can form an initial conceptual X4.0 implementation among the
companies involved in the X paradigm. Adopting an interacting network-centric
system of systems view brings focus on decision-making either in responding to an
emergency or in organizing alternative ways to meet customer requirements.

3. System of Systems View of X4.0 in Transdisciplinary System

From this view of Industry 4.0, it can be conceptualised that X4.0 is an elaboration of
generically similar systems — a paradigm that exhibits a focus on cyber-physical, big
data and engineering data analytics which will share similar characteristics with other
businesses with the same focus.
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3.1. System of Systems View

A generic system could be represented as the coalition of three elements: people,
process and product, in an operating environment. The 3PE model has been used in a
quantitative sense focusing on assessing risks in engineering projects [28]. The product
element in the 3PE model is the tangible hardware / software element that can give the
“touch-and-feel”. The people element includes all human participants to enable
successful operation of the system. To use the product properly, a set of procedures,
i.e. process, should be defined and followed. Needless to say, these elements are
interacting among themselves. Without interactions, the product is not used by people,
the people do not follow the process, the reaction of the product is unpredictable
without a defined process. The 3PE model represents a standalone system in its
system’s environment.

Expanding from the single 3PE model as the fundamental system unit, Cook and
Mo [29] represented the alliance, a consortium of companies engaged in a large
defence project, as a system of systems as shown in Figure 2. It is necessary to note
that only two organisations are drawn as illustration only.

K Alliance Environment \

Com/pany 1
En¥ironment
/

<——> In-company interactions <——> Inter-company interactions
Figure 2. Alliance map with two partner organisations.

With X4.0 superimposed on top of the system of systems model, network-centric
operations are about making connections and sharing information, i.e. interactions.
Whilst frequent and recurring events may be described in terms of structured flows, it
is the actors (people) who are driving the system’s performance. For example, property
management firms have operated tenant transaction systems for decades on web
browser, e.g. collection of rents, distribution of payments to vendors, management of
leases. The system of systems in this case should include network monitoring and
control system for novice users who are unable to respond to disruption.

3.2. Characteristics of a Transdisciplinary System

The concept of transdisciplinary system has been explored as an extension of
successful concurrent engineering practice that promotes innovative thinking and
process. Sobolewski [30] presented a model of amorphous transdisciplinary compound
service system that comprised micro-services and macro-services from multiple service
providers. The transdisciplinary operating system provided amorphous front-end
macro-services with corresponding collaborations of back-end service providers. The
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transdisciplinary process has been developed to solve ill-defined and socially relevant
problems. In particular, implications for engineering research, practice and education
have been investigated under transdisciplinary engineering banner [31].

In general, a transdisciplinary system is a complex system and can be conceptual
modelled as a number of linked processes. It exhibits system characteristics in
organisational, societal, cultural, and the usual engineering system structures that
requires governance arrangements spanning multiple boundaries and comprises
hierarchy between people, processes and products in a collaborative way [32].

With the X4.0 in place, the two evolutionary systems within the transdisciplinary
system, viz, transdisciplinary development system and product service system are
inevitably migrating onto IoT platforms. It would then be logical to think of
incorporating a X4.0 system into each of the evolutionary systems as shown in Figure 3.
The two evolutionary systems are not in conflict to each other. They exist at different
times of the evolution lifecycle.

Environment
New
[ Problem J Stakeholders

Transdisciplinary system
Knowledge Governance Technology

Transdisciplinary/development system

Business

I
Technology Research

Research

Cyber-Physical Systems .

sl -
e 1
Knowledge Technology
Product service system
Customer/ 4 Product
Cliemt wishes ’ PSS 4.0 Service
» Technology Business —>
w Research Research
L S
Existing 7 ~— iermediate

Final

Intermediate

Figure 3. Adapted transdisciplinary engineering system model with X4.0.

The core activities of transdisciplinary development targets system that consists of
multiple subsystems. The development subsystems form a coalition of different
disciplines, social as well as technical, that are needed to solve the problem. The
outcome is a product service system (PSS) that satisfies customer requirements.
Within these evolutionary processes, the use of X4.0 related practices and facilities
would greatly enhance communication and effectiveness of the transdisciplinary teams.

X4.0 paradigms are still evolving, and so are transdisciplinary systems. The forms
and procedures differ significantly among different industries. It is still early to cite
real examples of such systems. However, a close enough example has been reported
two years ago [33]. A new internet based company Blamey Saunders Hears has gone
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through transdisciplinary development in a technology cluster precinct in collaboration
with a similar company via internet. The outcome is a PSS of hearing aid products and
services via IoT connection with experts. The authors also concluded that adopting a
standard system design structure helped to define protocols in the system and
streamline operations of the system significantly.

4. Conclusion

This paper reviews the fundamental requirements of X4.0 implementation within any
industry paradigm X, where the instantiation of X is expanding in different industry
sectors around the world. By examining the characteristics of currently known fourth
generation (i.e. 4.0) paradigms such as Quality 4.0, Water 4.0, Procurement 4.0, Oil
and Gas 4.0, etc. it is realised that the use of [oT is immersive among the participants.
The powerful communication platform facilitates socio-technical interactions and
accumulates large amount of data in its operation.

The X4.0 system of systems structure is proposed with functional blocks cyber-
physical system, data analytic, data integrity and work 4.0, and within each block we
consider associated product, process and people roles in delivering requisite
functionality. Based on this building block, it is conceptualised in this research that a
X4.0 system can be the key platform of an evolutionary process of a transdisciplinary
system in which the transdisciplinary development can be facilitated efficiently on IoT.
As the transdisciplinary development progresses, the development outcome in the form
of PSS can easily move to the operational stage to achieve the goal of customer
satisfaction.
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Abstract. Presented in this paper are the results of a systematic literature review to
identify the competencies required by design engineers to work in increasingly
complex societal projects. These competencies are then mapped against the four
levels of a hierarchical system defined by Jantsch to ascertain the disciplinarity of
these competencies. The results from this mapping form the first phase in the
creation of a Designer Readiness Level for transdisciplinary engineering. To date
current research has identified that to meet these future needs, defined as Grand
Challenges for Engineering by the National Academy of Engineering, it will be
necessary to adopt transdisciplinary methods of working. However, there is little in
the literature that identifies how to assess the transdisciplinarity of people, tools or
project teams. Although literature and learned societies do highlight that engineers
are crucial to meet these societal needs, how do we determine whether an engineer
is able to work in a transdisciplinary manner? A total of 2398 papers were included
in the review and twenty-nine papers selected for full-text review. A final seven
focussing on practicing design engineers were used to create a current list of
competencies. The paper continues by describing the analysis method and results of
mapping the competencies identified against Jantsch’s four levels. The paper
concludes with a summary of the next stage required to create a Designer Readiness
Level for transdisciplinary engineering.

Keywords. Transdisciplinarity, Transdisciplinary Research, Transdisciplinary
Engineering Research, Design Engineer, Competencies

Introduction

As the global population grows, concerns about environmental issues and the
unsustainable use of the world’s resources are increasing [1, 2]. The National Academy
of Engineering (NAE) committee in 2012 identified 14 Grand Challenges for
Engineering which are critical to sustaining continuous advancement of humanity e.g.
make solar energy economical, engineer better medicines, provide energy from fusion.
With engineers being integral to creating innovative products that improve quality of life
[3] and advance society in a sustainable way [1]. These grand challenges can be defined
as complex problems that require involvement of a wide range of stakeholders [3].

A transdisciplinary (TD) approach is hypothesised to offer a higher level of analysis
compared to other disciplinarities [4] and hence may well be the right approach to tackle
complex engineering challenges. TD has already been used in context of “wicked” -
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large, complex and ill-defined problems that require involvement from a range of
disciplines working towards a common goal [5]. In order to achieve societally focused
or transdisciplinary engineering (TE), design engineers will require the dynamic
acquisition of specific competencies.

The competencies design engineers may require for TE is the focus of this paper.
The aim of the review and secondary analysis is to compile and map competencies to
identify if any are more required for TE. To do this we answer, three research questions:

RQI. What evidence is in the literature regarding competencies related to design
engineers?

RQ2. Can these identified competencies be classified into disciplinary competencies?

RQ3. Do any of the identified competencies have TD attributes?

The paper is structured as follows: section 1 provides a motivation for selecting
competencies related to design engineers. In section 2, Jantsch’s TD hierarchical system
providing the framework for this study is described. A methodology follows in section
3; with the results being presented in section 4. A competence classification model is
then proposed in section 5; this is followed by a discussion in section 6. Finally, the
implications of the results and future research are discussed in the conclusion.

1. Design Engineers and Competencies

Blessing, Pahl and Wallace [6] use the terms designer, design and development engineer
interchangeably to describe engineers involved in the creative aspects of a product life
cycle, in the context of this study we use term design engineer. Much of engineering
design research has sought to understand how engineers spend their time, with traditional
thought being that engineers are purely technical with 100% of their time allocated within
steps of the design process. Whereas later research found that technical work only takes
up 47% of a typical designer’s time [7], and that while technical competencies are
important, they are inseparable from social competencies linked to effective
collaboration [8].

Since designers are increasingly more often collaborating in design activities using
complex working environments involving a variety of different actors and cultures [9]
they are hence relying on a range of non-technical skills in particular, communication
[8]. Other collaboration skills such as team-working skills, intercultural communication
and knowledge management are becoming indispensable.

The definition of the term competency used in this paper refers to a capacity to
effectively perform both task and role and is linked to the individual’s skills, knowledge,
motives, values and personal traits [7, 10].

While a large body of research focuses on competency requirements of engineers
[7, 8], there is a lack of studies specifically focusing on design engineers [7], even though
it is estimated that over 70% of the product development life-cycle cost is embedded in
the design conception phase [11]. It is also notable that a large part of engineering
competence literature focuses upon engineering education, specifically to close gaps
between skills acquired in higher education and skills required by industry [8, 12].
However, to make an effective TD design engineer it will require competencies beyond
those acquired in higher education, and will require a life-long professional development
in order to deal with evolving challenges linked to TD projects [5].
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Predicting the competencies required by future design engineers to be able to work
in a TE manner provides a significant design engineering research opportunity and is the
purpose of the author’s PhD. To enable this, we require a structured approach to classify
the disciplinarity of engineering competencies.

2. Jantsch’s TD System

The TD term was first proposed by Jantsch at a conference in 1970, as a hierarchical
multi-level, multi-goal education and innovation framework, for an education system
[13]. This was chosen to map a designer’s competencies because the framework is the
original TD model [14] and can be operationalised [15]. The framework (Figure 1)
consists of four levels: empirical, pragmatic, normative and purposive. The base of the
pyramid is the empirical level, composed of individual scientific disciplines i.e. physics.
The pragmatic level contains applied sciences, where theories from the empirical level
are applied in individual disciplines i.e. engineering. Above this is the normative level
which represents social systems constructs such as norms, laws and regulations. At the
top of the pyramid, sits the purposive level with societal values and meanings.
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Figure 1. Multi-level, multi-goal, hierarchical system adapted from [13].

Different types of co-ordination and co-operation take place across the levels,
involving the interaction of different actors. Jantsch defines five disciplinary ways of co-
operation and co-ordination:  multidisciplinarity = (MD), pluridisciplinarity,
crossdisciplinarity, interdisciplinarity (ID) and transdisciplinarity (TD). He further
divides ID into teleological ID, normative ID and purposive ID, to describe the levels
amongst which they interact (shown in Figure 1).

Table 1 defines and illustrates the interactions in disciplinarities, where TD is
deemed the highest level of disciplinarity. In TD all levels of the system interact together,
with all disciplines and interdisciplines, being co-ordinated in a top-down manner from
the purposive level to pursue a common system goal [13]. Each disciplinarity shown
refers to a distinct disciplinary organisation and way of working. We argue that by asking
questions based on the definition of each level, it is possible to identify and link specific
competencies to each level.
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Table 1. Jantsch’s definitions of disciplinarity.

Disciplinarity Definition System configuration
Multi, pluri and One level, variety of disciplines, no co-operation 1 [
crossdisciplinarity
(MD)*
Interdisciplinarity A common axiomatics for a group of related
disciplinas is defined at the next higher hierarchical a7 Va
level or sub-level, thereby introducing a sense of [ el ]
purpose
Transdisciplinarity The co-ordination of all disciplines and interdisciplines '|:|
in the education/innovation system on the basis of a ‘g
generalized axiomatics (introduced from the purposive d: :* B -‘[_—_l
level) and an emerging epistemological pattern Ea I;I._‘ oV

Y LY
Cdeol ool feol Joof ]
(*) Within this paper MD for the purpose of mapping encompasses pluri, cross and multidisciplinarity
Section 3 provides the methodology for identifying the relevant literature to find
evidence regarding competencies relevant to design engineers.

3. Methodology

The aim of this research was to identify and characterise, in disciplinary terms, the design
engineers’ competencies within published literature. The review strategy follows the
steps of a systematic literature review (SLR) process outlined by Tranfield [16]. As a
part of this process the authors formed a review panel to recommend relevant literature,
formulate research questions and make literature inclusion/exclusion decisions [16].

An initial exploratory investigation of research related to engineer’s competencies
elicited the terms “engineer”, “competence” and “skill”, being expanded to the following
keyword selection for searching literature: competence, ability, skill, capability,

behaviour, knowledge and attitude in title, abstract and keywords (Table 2).
Table 2. Search strategy.

“Design engineer
AND
competenc® OR ghilit* OR skill OF. gcapgsilit™ OF. behaviowr OFR. knowledge OR aftitude

There are limitations to using specific keywords or single literature databases. Using
the term “design engineer” may miss some literature not explicitly using this term,
however, it is necessary due to the large volume of results to adopt a pragmatic approach
to the inclusion of appropriate search term and literature resources. The electronic
database SCOPUS was selected as it provides a characteristic sample of broad trends in
research and covers a wider range of publications compared to the Web of Science [17].
The search resulted in a total of 2398 documents encompassing a broad range of literature
from sciences, energy, social sciences to business, management and accounting due to
the current ID nature of engineering research [6, 8]. As per Tranfield [16], the different
phases of the SLR are summarised in the process flow diagram in Table 3.

Table 3. Literature search process.

Scopus keyword literature search results
n=2398
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Research in English, published in journals, J -
conference proceedings and books up to end of 2019 7| Excluded 192
n=2398-192=2220
.Tltle”/ abstract review for term “design J Excluded 2003
engineer” and one people competence key word
n=2220-2003=217
Full abstract review terms related to people competence .| Excluded 188
n=217-188=29 »
Studies reviewed by full text 4—‘ .| Excluded 22
n=29-22=7 >
v v
Current/future competencies Competencies for Integrated design
n=4 n=3

Seven papers addressing specific competence or skill profiles related to design
engineers were relevant to our analysis. Based on their research focus they were
classified into two categories (Table 3), four studies S1, S2, S6 and S7 focus on current
or future competencies and studies S3, S4 and S5 focus on integrated design
competencies in relation to the European certification scheme (Table 4).

Table 4. Literature Focus.

Study Focus Reference

S1 Future competency profile Robinson et al.,2005[7]

S2 Current competencies - Knowledge classification =~ Ahmed, 2007[10]

S3 Integrated design competencies Riel et al., 2009[18]

S4 Integrated design competencies Riel et al., 2010 [19]

S5 Integrated design competencies Riel etal., 2012 [11]

S6 Current competency profile Abbas et al., 2013 [12]

S7 Current competencies - Innovation competencies  Birdi, Leach and Magadley, 2016 [20]

To provide a systematic approach to analysing qualitative data, the thematic analysis
method allowed for integration of competency data from the seven papers for further
analysis [21]. Based on the way the data was provided the data extraction methods vary
[21]. Data in papers S1, S5, S6 were extracted using a semantic approach directly from
listed competency profiles. Data were extracted using a latent approach from text only
in S3, S4 and S7. While, in S2 data was identified using a mix of both approaches.

4. Results

Paper S1 used a three-phase methodology to compile a list of 42 future competencies
divided into six groups. S2 is an empirical study classifying types of knowledge and the
time it takes to become an expert in a competence. The paper focuses on procedural
knowledge and does not list all identified types of knowledge, with only twelve explicitly
listed. In addition, eight personal attributes were identified, and another 18 skills were
extracted from the text. S3, S4 and S5 are a series of studies concerned with life-long
learning, they examine integrated design competencies in order to create industry driven
training for European Certificates and the Qualification Association. S6 identifies 75
competencies required by design engineers in Pakistan and describes a competency
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development and enhancement model. S7 is a qualitative study of 169 design engineers
examining the relationship of individual competencies and innovative behaviour.

The papers were published between 2005 and 2016, which may not relate closely to
important current competencies as even the most recent is 4 years old. The S1 study from
2005 provides future competency profiles looking ten years into the future placing it into
2015. Compared to S6’s 2013 competency profile which identifies more competencies,
both produce very similar competencies, meaning that S1’s futuristic view could be
deemed a good representation.

Interestingly IT skills are only discussed in the oldest study S1 and this is only
generically. It is notable as literature identifies a growing need for competencies related
to digital technologies that will allow engineers to work with networked manufacturing
technologies in automated environments; as well as analyse and understand large
volumes of complex data produced by these automated environments [5, 22].

Each study provides a different depth of detail when describing competencies from
very generic in S1 to a more detailed contextual description in S5. According to Ahmed
[10] competencies must have a context thus those competencies with more detail provide
richer data for the next stage of analysis. The competencies from seven papers were
compiled to a profile containing 117 competencies divided into several groups such as
personal attributes, cognitive strategies, technical skills, communication and
collaboration competencies. To answer RQ2 and RQ3 these 117 competencies were
individually mapped against the TD framework.

5. Mapping competencies against the Jantsch’s hierarchical system

In order to map designer competencies according to different types of co-ordination as
illustrated in Figure 1, we describe what working at each level would look like for design
engineers based on Jantsch’s definitions. A model for classifying disciplinary
competencies is proposed in Table 5, by formulating two questions for each level of
working to describe the nature of interactions.

Engineering design as an applied science sits within the pragmatic level and interacts
with sciences at the empirical level (Jantsch defines as teleological ID). Competencies
related to Jantsch’s definition of teleological ID are linked to the capitalisation of
scientific knowledge from an empirical level and applying this to engineering tasks.
Thus, by asking two question related to teleological ID as presented in Table 5 these
types of competences can be identified.

Table 5. Competence classification method.

Multidisciplinarity Teleological Normative Transdisciplinarity General
Interdisciplinarity Interdisciplinarity competencies
Is the competence Does the Does the Does the Is the
necessary for competence enable  competence competence competence
working in capitalization of demonstrate demonstrate necessary for
disciplinary scientific knowledge of rule  purpose working in
isolation? knowledge from and norms? consideration? any job?
empirical level?
Does the Is the competence Does the Does the Would the
competence enable necessary for competence enable  competence competence
awareness or working in working with demonstrate value  be in a job
experience of other engineering experts from other  recognitions? description for
disciplines without disciplines/ most jobs?
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integration of
knowledge?

stakeholders from
outside science?

discipline on
engineering task?

MD relates to a design engineer working within the engineering discipline, in
isolation from other applied disciplines. They may have experience or awareness of other
departments or disciplines, but that knowledge does not translate to their work. In
practice it requires mostly the same competencies as teleological ID.

Normative ID refers to engineering interacting with other applied sciences on the
pragmatic level while adhering to norms, rules and policies set at the higher - normative
level. It includes design engineers whose role is the development of technological
alternatives e.g. innovative technology. Competencies relevant to this level of working
cross the normative level boundary and allow design engineers to co-operate with a wide
range of stakeholders and recognise different points of view and requirements.

Purposive ID only crosses normative and purposive levels without integrating
scientific disciplines, thus is not applicable to engineering. The TD level can be achieved
by integrating all other levels: it is about the interactions up and down and across all
levels of the pyramid; between disciplines, across project boundaries, between academia
and industry while the purpose is incorporated across all levels of the pyramid.
Competencies relevant to TD will enable the integration of requirements and values of

different stakeholders by recognising the purpose.

Table 6: Disciplinary competencies.

Teleological Interdisciplinary
competence (33)

Normative Interdisciplinary
competence (26)

Transdisciplinary
competence (5)

The ability to interact successfully in
distributed teams
Dealing with paradox
Critical thinking
Abstract thinking
Analytical abilities to evaluate worth
of an idea
Ability to generate multiple
alternative solutions
Uses latest engineering processes,
methods and tools
Applies engineering knowledge
Technically versatile
Knowledge of product lifecycle
Ability to contribute to design of
major projects
Manufacturing process knowledge
Process moderation
Value improvement
Requirements and resources
management
Intrinsic motivation to innovate
Tendency to work alone
Focus creativity purely on technical
aspects
Ability to close/complete a
project/process, ability to share ideas,
data, knowledge in order to be able to
make design decision collectively
Expertise
Capitalization of knowledge (effective
retrieval)

The ability to acquire information
from stakeholders from different
cultures
Cope with complexity
Concern for community
Ability to understand domain experts
Ability to translate domain experts’
requirement into their design task
Negotiation skills—to persuade others
of idea worthiness
Higher degree of business
understanding
Understanding economical aspects of
product’s total life
Marketing aspects
Understand competition
General knowledge of ethics, politics,
mission
Relevant environmental requirements
Ability to communicate with non-
engineers
Customer focus
Effective communication at all levels
Representation of the design solutions
for different actors’ views
Knowledge and compliance with
codes and standards
Ability to communicate with
specialists from different fields of
sciences (find the common language
for better understanding one another)
Ability to communicate with
specialists from different cultures

The ability to collect
and implement
requirements of all
stakeholders into the
product
Thinking from
product-use point not
solutions
Design for service
Managing multiple
multi-disciplinary
projects
Design of major
complex facilities
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Ability to lead in an engineering (avoid misunderstanding,
discipline miscommunication)
Formalization of knowledge-using Awareness that integrated
right methods to capture knowledge stakeholders have different
Professional ethics expectation, preferences and
Ability to interact successfully in constraints
distributed teams Intercultural skills required for
Memories of previous projects essential entities to be integrated into
Ability to use tools for collaborative the holistic design process as a
design prerequisite to understand different
Coordination among groups and approaches
teams

This model assisted with finding disciplinary competencies (Table 6) to answer
RQ3, by answering yes or no to one or both questions. In summary we found three MD
competencies, 33 Teleological ID competencies, 26 Normative ID competencies and five
TD competencies. The remaining 50 competencies have no disciplinarity or lack context
and hence were unable to be clearly classified based on disciplines.

6. Discussion

We answered RQ2 and identified competencies based on disciplinarity. Mapping
identified three MD competencies: manage multi-disciplinary teams; understanding
organisational dynamics and central/head office experience. They relate to awareness or
experience of other departments within their own organisation, but without co-operation
or integration of the knowledge.

The largest group is Teleological ID competencies. This is not surprising as this
group represents competencies related to technical aspects of the design engineer’s role.
By asking “Is competence necessary for working in the engineering discipline on
engineering tasks?” we were able to map all technical and design process skills to this
level. Other competencies related to design task include cognitive abilities such as
critical thinking, abstract thinking, and analytical abilities to evaluate an idea.

The second largest group are Normative ID competencies. Included competencies
focus on awareness of different stakeholders, knowledge of the wider business
environment and knowledge and compliance with codes and standards. One competence
describes a tendency to work alone, focusing creativity purely on technical aspects, such
preference can be a good indication if the person is suitable to work in TD manner.

Asking “Is purpose / value considered?”’; “Does competence demonstrate purpose /
value recognition?” helped to answer RQ3 and identify five TD competencies shown in
Table 6. The first two competencies relate to an engineer’s ability to think from a
stakeholder perspective, how and for what purpose they use a product/service, and what
value are they getting from its use. The third competence implies awareness of other
stakeholders’ requirements, but only by implementing these requirements the purpose is
recognised. Competencies four and five imply understanding of complexity, purpose and
value of the project.

The group of generic competencies include mainly personal attributes, cognitive
strategies and abilities, but also basic communication competencies. Although, they are
important to design engineering, they relate to basic skills relevant to any job.
Competencies include self-motivation, personal honesty, career ambition and ability to
adapt to change.
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Although mapping decisions mentioned above are subjective and interpretations of
competencies may vary, what is clear from this analysis is that the context is important
for disciplinary classification. For instance, general competence inter-cultural
communication, with context translates to disciplinary competence at all levels (first
entry in Table 6).

The TE working relates to collaboration of a range of stakeholders on a complex
problem that cannot be solved by a single discipline, with purpose considered across all
levels. This indicates that in order for engineers to work in this way normative ID
competencies are important such as, the ability to communicate and co-operate with a
range of stakeholders from outside sciences and across different cultures, understanding
self and the wider societal environments, and understanding different points of view. But
what takes competencies to the TD level is the ability to consider the range of values and
integrate these into the solution. This may require the change of thinking in order to
incorporate purpose and value into design engineer’s work.

7. Conclusion

This paper presents the results of an SLR to identify competencies required by design
engineers. The review demonstrates that although the role of design engineers is crucial
to the product development process and to meet future societal needs, there is a gap in
current designer competency profiles. The first phase in the creation of a Designer
Readiness Level for transdisciplinary working was to map the identified competencies
against the levels of the Jantsch’s hierarchical framework. The results from this mapping
show that while many competencies lack context making it difficult to classify, five
competencies were found showing TD attributes and 26 competencies showing
normative ID attributes. This is important when thinking of competency requirements
for future TE projects. Education and training for design engineers will need to reflect
this necessity to acquire not only TD competencies but also competencies related to the
collaboration with a range of stakeholders from outside sciences and across different
cultures as well as understanding the self and the wider societal environments. The focus
of future research and the next step in the creation of a Designer Readiness Level will be
to determine the way to measure current competency levels against TE competency
requirements for TE projects in order to identify gaps in training and curricula
requirements.
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Abstract. Based on the appearance of the term within the academic literature, it
would appear that transdisciplinarity (TD) approaches are receiving increased
research attention. However, the literature suggests a lack of consensus over how
TD is defined and classified. This could give rise to inconsistency and papers that
claim to be TD which are not, and alternatively papers that fail to mention TD but
which might be classified as such. This is significant and creates a challenge in
identifying the true level of TD research. This work contributes towards
understanding the state of TD within engineering. Explicitly, we address the
research question: Is the engineering academic literature claiming to be TD, actually
TD? Within this study we operationalise the work of Jantsch and use this as a means
to classify the disciplinarity of 177 engineering journal papers which reference TD
within their abstract. The results show only 24% to be TD. The majority (64%) are
classified as interdisciplinary. Conclusions find that to improve consistency, a clear
definition and rules for differentiation between TD and ID research are required.
Future work calls for: (1) comparative studies which apply different methods for
assessing disciplinarity across the dataset used within this study and which use the
method employed within this study across different fields. (2) Research to analyse
whether TD working is being undertaken in engineering without it being referenced
within the paper.

Keywords. Transdisciplinary, Trans-disciplinarity, Disciplinarity,
Transdisciplinary Engineering, Content Analysis.

Introduction

Contemporary engineering products and systems are getting evermore interconnected
with multiple disciplines and stakeholders involved in all aspects of the lifecycle [1, 2].
This complexity necessitates a need to move away from a traditional reductionist
discipline-based approach, to go above and beyond the disciplinary boundaries. That is,
there is a need for transdisciplinary engineering (TE) approaches. However, despite
engineering being a designated field for transdisciplinarity (TD) a recent study suggests
that compared to interdisciplinary (ID) and multidisciplinary (MD) approaches, the
penetration of TD is low [3].

Although providing a view of the use of TD within engineering, the work of
Lattanzio, Carey [3] presents a certain perspective. That is, the analysis uses the
appearance of the terms MD, ID, TD within the engineering papers. It does not look to
further examine whether the papers conform to any particular definition of these terms.

! Corresponding Author, Mail: S.Lattanzio@bath.ac.uk
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One of challenges with understanding the use of TD within engineering is the loose
way the term is used. Broadly, TD has been defined as ‘a research approach that includes
multiple scientific disciplines (interdisciplinarity) focusing on shared problems and the
active input of practitioners from outside academia’ [4]. However, both across and
within the different academic fields a plurality of definitions of TD persist [5]. This has
resulted in a situation whereby what one author considers TD might be considered a
different level of disciplinary by another [5]. Adding to this challenge is that funders are
starting to call for research to be using a TD approach [6]. Potentially, this inconsistency
in definition, coupled with the evolving “fashion” for TD work, could result in a situation
whereby research claiming to be TD does not meet all, or indeed, any of the existing
definitions of the term.

This study aims to contribute towards understanding the state of TD within
engineering academic research by answering the research question: Is the engineering
academic literature claiming to be TD, actually TD?

The paper is structured as follows: First, the background literature. Within this
section the seminal work of Jantsch [7] which provides the underpinning theoretical
framework for this study is introduced (Section 1). Following, the research approach is
described in detail (Section 2). The approach involves the creation of a coding agenda
which can be used to classify research disciplinarity. This coding agenda is applied to
the academic engineering literature which references TD within the abstract. The results
are presented (Section 3), and discussed (Section 4). Finally, conclusions are formulated
(Section 5), limitations identified (Section 6) and future research work recommended
(Section 7).

1. Background

It is generally accepted that the origins of TD date back to the 1970s and the original
work of Jantsch [7]. Within this work Jantsch asserts that for education and innovation
to be of value to society it needs to cut across the social, economic, political,
technological, psychological, anthropological and other dimensions. Using a holistic
approach, Jantsch defines a hierarchical framework that identifies key levels for
consideration within a multi-level, multi-goal education and innovation system (Figure

).

Purposive
(Meaning & Value)

Normative

(Social Systems Design)

Pragmatic

(Physical Technology, Natural & Social Ecology)

Empirical
(Physical Inanimate World, (Human) Physical World)

Figure 1. Adapted version of Jantsch’s education/innovation system [7].
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Building on this framework, Jantsch defined six disciplinarity levels:
monodisciplinarity, — multidisciplinarity,  pluridisciplinarity,  crossdisciplinarity,
interdisciplinarity, and transdisciplinarity. These definitions are constructed based on
differences in cooperation and coordination within and across the purposive, normative,
pragmatic and empirical levels.

Although the creator of the original framework, Jantsch’s conceptualisation has not
been universally accepted. To-date, there are a pluality of approaches proposed to
differentiate between disciplinary levels [8-12]. The inconsistency is compounded by
the evolution from simple, abstract categorisations, to typologies which acknowledge the
nuances and complexity within each of the disciplinary states [13]. As an example,
Bruun, Hukkinen [14] subdivide multi- and interdisciplinarity into encyclopedic MD,
contextualizing MD, composite MD, empirical ID, methodological ID, theoretical ID.
The lack of consensus would suggest that although papers may claim to be TD, their
classification is dependent upon the definition applied.

Whilst a number of conceptual approaches for assessing disciplinarity exist there
have been few attempts to apply these to characterise the disciplinarity of research efforts,
and thus there is no universally accepted approach to classifying the disciplinarity of
academic engineering literature [13].  Within this work we address this gap by
operationalising the work of Jantsch, creating a coding agenda and applying it to
academic engineering literature.

2. Research approach

The aim of this study was to contribute to understanding how TD approaches are being
used within engineering academic research. This research assesses the disciplinary level
of engineering academic literature which appears to be TD, to see if it meets the
definition of TD as proposed by Jantsch. The approach used within this research is
illustrated by Figure 2.

Scopus Search Query:
(ABS (transdisciplin*)) AND DOCTYP (ar) AND SUBJAREA (engi)
AND (LIMIT-TO (SRCTYPE, “j”)) AND (LIMIT-TO (LANGUAGE,
“English”))

Dataset:
Engineering papers referring to TD within their abstract
(177 papers)

l

‘ Analysis: Application of Coding Agenda (x4) |

i

‘ Results: Disciplinarity level of papers ‘

!

Discussion: Is the engineering academic literature claiming to
be TD, actually TD?

l

Conclusions and Future Work

Figure 2. Research approach.
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The dataset used within this study was extracted from Scopus. Scopus was
considered preferential to Web of Science as it provided 20% more coverage and
incorporated a wider range of journals [15]. The dataset was limited to papers which
Scopus identified as falling with the engineering subject area, with the term
“transdiscipl*” within the abstract. This is used as a proxy for work claiming to be TD.
The search uses the wildcard “*” to capture any possible ending of this term e.g.
transdiscipline, transdisciplinary, transdisciplinarity. To ensure a level of quality the
search was constrained to peer-reviewed journal articles, and for accessibility those
written in English. Applying this search 177 papers were returned.

A coding agenda (described in Section 2.1), was used to analyse the abstracts and assess
their level of disciplinarity.

2.1. Coding Agenda

Key to understand the extent that TD approaches are being used within engineering
academic research is having a consistent way to classify disciplinarity. To achieve this
a coding agenda was created which operationalised the work of Jantsch [7, 16]. The
rationale for using Jantsch is that to date there is no consensus on how to classify
disciplinarity. An originator of the field, the work of Jantsch provides a framework
which can be operationalised into an approach which is both complete and practical.

A coding agenda contains the rules which are used to apply a classification. To
create a coding agenda, artefacts (i.e. documents, audio recordings, video) are anlaysed.
A wide range of theoretical frameworks and techniques have been proposed to undertake
content analysis [17-20]. Within this work we follow the steps defined by Mayring [19].
The rationale for this choice is that the steps offer a structured and repeatable process
(Figure 3).

Research question, Object

1 !

Theoretical based definition of the aspects
of analysis, main categories, sub categories

L !

Theoretical based formulation of
definitions, examples and coding rules for the
categories Collecting them in a coding agenda

L 8

Revision of categories and coding agenda Hl Formative check of reliability

L &

Final work through the texts H Summative check of reliability

L 1

Interpretation of the results, ev. Quantitative
steps of the analysis (e.g. frequencies)

Figure 3. Step model of deductive category application. Adapted from Mayring [19].
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The outputs of the content analysis informed the creation of the disciplinary coding
agenda presented in Table 1.

Table 1. Disciplinary coding agenda.

Category

Definition of Jantsch

Coding rules

Monodisciplinary
™M)

Multi, Pluri,
Crossdisciplinary
(MD*)

Interdisciplinary
(ID)

Transdisciplinary
(TD)

Specialisation in isolation.

One-level, single-goal; no co-
operation.

No cooperation; cooperation
without coordination; rigid
polarisation towards specific
mondisciplinary concept.

One-level, multi-goal,
cooperation (but no
coordination)

Coordination by higher level
concept.

Two-level, multi-goal;
coordination from a higher
level.

Multilevel coordination of
entire education/innovation
system.

Research related to one level of Jantsch’s
framework — one discipline. No involvement of
practical engineers. No reference to a broader
research application scope and relation to other
disciplines. No reference to stakeholders at the
normative level.

Combines approaches from different
disciplines, but no specific indication of a
coordination by a higher-level concept.

At least two levels of Jantsch’s framework are
involved. Methods and approaches of at least
two disciplines are mentioned in the abstract
and the disciplines’ approaches are coordinated
by higher-level research or innovation concept.

All four levels of Jantsch’s research and
innovation system should be present: Explict
consideration of societal meaning and value.

Collaboration with stakeholders at the
normative level. Involvement of more than one
discipline at the pragmatic/empirical levels.

Multi-level multi-goal;
coordination toward a common
system purpose.

(*) Within this paper we use Multi* to denote that for our coding Multi* encompasses Pluri-, Cross- and
multidisciplinarity.

The coding agenda contains three columns: Category, Definition of Jantsch, Coding
rules. The Category is the classification which is applied within the analysis. It should
be noted that within this paper we have used the term Multi* (MD*) to encompass pluri-,
cross- and multidisciplinary papers. This approach was used because the nuances that
separate the three terms would be difficult to identify from an abstract, and provide a
level of detail which is not required to address the research question. The second column
provides the definitions of Jantsch taken from the original works [7, 16]. Finally, the
third column details the coding rules against which classifications are made.

When conducting the analysis the coding agenda was applied to each abstract within
the dataset. Within the literature a number of ways have been suggested to improve the
reliability of coding. These include increasing the numbers of individuals coding the
data, choosing coders familiar with the constructs to be identified, and training coders in
systematic practice sessions [13, 21]. Within this work two strategies were adopted: 1.
Coding was undertaken by four Research Associates with previous exposure to the work
of Jantsch. The eventual classification made was the mode of the four responses. If no
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mode arose from the coded abstracts the coders were given the opportunity to first
discuss, and where they considered appropriate, adjust their individual response.
Through this means consensus was achieved. 2. Prior to commencing coding a training
set of 50 papers was used as a means through which to improve coder calibaration.

3. Results?

Though no time period was set, analysis of the 177 papers within the dataset showed
them to have been produced over the period 1980 — 2018, with accelerated growth seen
from 2000 onwards (Figure 4). This supports that over recent years a greater number of
engineering journal papers are using the term TD.
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Figure 4. Engineering papers with “Transdisciplin®” with their abstract, extracted from Scopus 25/3/2019.

Of'the 177, three papers were excluded because they were not research contributions,
but rather informal essays or publication volume descriptions. The coding agenda was
applied to the remaining 174 abstracts in order to analyse their level of disciplinarity.

The results of the analysis are presented in Figure 5. This shows that of the 174
papers less than a quarter (24%) meet the definition of TD. A total of 111 of the abstracts
are classified as ID (64%), with 11% classified as MD*. No papers were categorised as
monodisciplinary (M).

80 64%
-
S 60
O]
@340 24%
c £ 5o 11%
S & N —
5 0
e ™ ID MD* Single (M)

Disciplinarity

Figure 5. Classification of engineering academic literature by disciplinarity.

The complete results dataset can be accessed at https://researchportal.bath.ac.uk/.
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4. Discussion & Conclusions

Since the year 2000 a greater number of engineering journal papers have referenced TD
(Figure 4). Although showing an increase in numbers, this does not necessarily mean
there has been an increase in the overall percentage of TD papers relative to total
publications. To test this, further analysis to normalise the data against the increase in
engineering papers overall, is required.

The results of the classification (Figure 5) show that although papers might claim to
be TD, when applying the coding agenda based on the work of Jantsch, only 24% met
the definition. The majority (64%) would be more accurately defined as ID. Less papers
(11%) were classified as multi*- and none as mono. This would suggest that a greater
challenge lies in differentiating TD from ID, rather than from MD* or M.

The reasons behind the TD / ID coding differences are not known, but could be both
unintentional or intentional. Unintentional rationales might look towards the plurality of
disciplinary frameworks. In this regard, the authors may not have conducted research
which is TD according to Jantsch, but which might meet alternative definitions.
Intentional rationales might look towards the current trend towards TD which may
encourage research to be framed as TD in order to meet funder requirements or to appear
novel.

When attempting to understand a problem such as this it is useful to be able to
triangulate findings against other studies. Comparison of these results to other studies is
challenging. First, there have been very few serious attempts to categorise the
disciplinary state of research [13] and as far as we are aware, none which have looked to
assess whether work claiming to be TD meets that definition. Second, the plurality of
definitions means that for the studies which do exist, different approaches may have been
used. For example, based on the literature and their own experiences during the empirical
analysis, Huutoniemi, Klein [13] create a new disciplinary typology. This is used to
assess 266 research project proposals funded by the Academy of Finland. They find
~40% (106 projects) to be ID, which is less than our finding of 64% ID. However, cross-
comparison of the two results is challenging as not only do the authors use a different
approach for classifying disciplinarity, they use different sampling criteria looking at any
research proposals from 1997 and 2000. This is in contrast to our dataset which looked
at any 7D papers and returned papers from 1980-2018. That is, our dataset contained
papers produced nearly two decades later.

Similarly, recent analysis by Van Noorden [22] finds ~35% of Natural Sciences and
Engineering and ~50% of Social Sciences publications to be ID. Again, this employs a
different method of analysis in which 35 million papers from the Web of Science are
automatically classified.

5. Conclusions

Within this study we seek to understand whether engineering papers claiming to be TD,
are actually TD. Our results showed that only around a quarter (~24%) of papers
referencing TD within their abstract, meet the definition of TD found in the original
classification work of Jantsch. The majority (64%) were classified as ID. These findings
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highlight that within the academic engineering literature there is still much inconsistency
in what might be reported as TD and points to the importance of establishing clearer
disciplinary definitions and established rules which differentiate TD from ID.

6. Limitations

Currently, it is not a requirement for the author to state the level of disciplinarity of their
work. Within this work we use the appearance of the term within the abstract as a proxy
for work claiming to be TD. It is recognised that some papers may not be making this
claim. Furthermore, within this study classification of disciplinarity is based on analysis
of the abstract. Although it is expected that within an academic paper the abstract would
represent fully the research undertaken, this is not always the case. Constraining the
sample to journal papers appearing on Scopus (and therefore respected sources),
mitigates this risk.

7. Future work

The research within this paper seeks to address whether engineering papers which claim
to be TD, are indeed TD. During this work we operationalise the work of Jantsch and
use this to create a means to classify disciplinarity. Although adding to the understanding,
for a more complete picture future research is required:

1. Investigations of possible overlaps between the TD, ID, and MD literature.
Research in this area has commenced. A study conducted within the TREND
group has analysed N-grams and Bi-grams taken from the abstracts of 8834
papers to ascertain commonalities or differences between disciplinarities. The
results of this study are presented as separate paper [23].

2. Undertake research which allows the results of this work to be triangulated. In
this regards, studies should look to apply alternative disciplinarity typologies to
the same dataset used within this work, or apply the method used within this
study to different academic fields.

3. This work looks to identify whether engineering academic literature claiming
to be TD is TD. The alternative question is whether there is work which is not
identified as TD, but which meets the definition.
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Text Analysis of Disciplinary Research
Papers
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Abstract. Research literature terminology illustrates that publications claim to
pertain to “disciplinary” approaches and researcher’s align themselves to specific,
multi-, inter- or trans-disciplinarities. Ambiguity exists in definition and application
of disciplinarity, hence there is need to establish a coherent application of
disciplinarity. We present results of content analysis of research literature claiming
to be inter-, multi-, or transdisciplinary to assist in ascertaining commonalities or
differences for those disciplinarities. We analyse the abstracts and keywords of
8834 papers, using n-grams and bi-grams, dating from 1970 until 2018, extracting
a list of 76,552 terms for comparison. The top 15 most frequent terms characterise
each disciplinarity and Venn diagrams of the top 15 features illustrate differences
and overlap. A total of six terms appear common to all approaches in the abstracts,
with four shared by multi- and inter-, two between inter- and trans-, and none
common to multi- and trans-. The term “social science(s)” appears to be a unique
feature in the trans- abstracts and our findings identify common text terms such as
the “research” feature, common to all disciplinarities. This supports characterising
the nature of transdisciplinarity and its unique differences from other approaches
such as inclusion of social science(s).

Keywords. Transdisciplinary, Disciplinarity, Engineering Research, Content
Analysis

Introduction

The term “discipline” is defined in most dictionaries as “a branch of knowledge, typically
one studied in higher education” [1]; the purpose of science is to advance knowledge
within disciplines. Traditionally, a set of core disciplines exists, such as maths, physical
sciences or humanities, however many newer disciplines, each with their own bodies of
research literature, have emerged since the 1970’s. As these disciplines have advanced,
new merged disciplines such as systems engineering and education studies [1] have
emerged and literature relating to types of “disciplinarities”, has grown. These
“disciplinarities” are differentiated from single disciplinary work by the use of prefixes
such as multi- (MD), inter- (ID) or transdisciplinary (TD) [2] defining the governing
principles for how disciplinary knowledge is used within and across disciplines. Hence
a “disciplinarity” describes the disciplinary process or system within which academic
knowledge overlaps and interacts, relating those specific rules for combining expertise
or working amongst established core disciplines to create new knowledge.

As research problems and disciplines increase in complexity and branch into other
fields, the projects and teams investigating them are forced to become multifaceted (or

! Corresponding Author, Mail: e.m.c.carey@bath.ac.uk.
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multidimensional) in terms of their knowledge, skills and experience [3]. Global grand
challenges and real-world projects typically involve increasing numbers of core
academic disciplines and the focus is on the approaches taken to involve or incorporate
disciplines and knowledge, hence the disciplinarity. This is especially true for complex
societal projects that involve researchers, industry and society, and are typical in
engineering [4], making disciplinarity an important issue in engineering. This is
evidenced in reviews of scientific literature where, MD, ID and TD approaches have
been populous [5,6] but the interchangeable use of the terms [7] mean their differences
remain unclear.

The purpose of this paper is to describe the most frequent text terms used in literature
to represent different disciplinarities and to empirically establish the differences and
overlaps in terminology that exist. This characterisation and semantic clarity are needed
to guide researchers to understand what these approaches, such as TD, should feature to
solve societal problems [6,8]. To ascertain whether the research approach requires a
specific disciplinarity such as MD, ID or TD, a means to understand their core features
is much needed. The use of text analysis is one approach to determine what features are
common or unique to a type of disciplinarity. Within this paper we describe the
computational linguistics approach we have adopted for analysing the literature claiming
to be MD, ID and TD. From this analysis we extract and rank the most frequent text
concepts associated with each disciplinary category, identifying the terms unique or
common. The results are presented in ranked tables and Venn diagrams, highlighting the
unique features of MD, ID and TD approaches in literature.

1. Content Analysis Approach

The approach taken in this paper is to create representative lists of most frequent text
terms for each disciplinarity by analysing text contents of academic literature pertaining
to specific disciplinarities (MD, ID and TD). Samples of literature have been created
using the Scopus database as it is a broad discipline database that is an “Index to journals
and conference papers across all subject areas.” [9], and hence gathers text from many
different disciplinary approaches. Scopus is a comprehensive, general academic
publication database and is considered preferential to Web of Science (the two most
extensive academic databases) as it provides 20% more coverage and incorporates a
wider range of journals [9]. There are many terms used to describe disciplinary
approaches but for simplicity and to minimise cross definitions in our analysis, only the
core disciplinary definitions MD, ID and TD have been selected for this analysis. It is
noted that multiple definitions of disciplinarity can exist within a single text and hence
it was necessary to ensure that each sample of literature created for the sampling
pertained only to one disciplinary approach. To ensure the samples were accurately
labelled as per the authors own classification of their disciplinarity for MD, ID or TD it
was necessary to create a search strategy that labelled literature pertaining to only one
approach. This was created by including only literature that labelled its disciplinarity in
the abstract, keywords and title. The search criteria text is illustrated below in Figure 1.

Each search was created and literature samples selected as per Figure 1. The abstract
text, keywords and title were downloaded as comma-separated value (.csv) files. The
underlying assumption is that the abstract, keywords and title would succinctly
summarise the content of each paper [10] and hence provide enough differentiating text
terms to substantiate the approach [11]. The content was further processed using
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established Natural Language Processing Techniques. First, the words were all made
lowercase and “stopwords”™ removed. Second, stemming was applied to remove
variants in syntax, such as “disciplinary” and “disciplinarity”.

Scopus
Sampling Plan B A
1
1 1 1
. s e TITLE (multidisci TITLE (interdisci TITLE (transdisci
Disciplinary Sample s I =
Search Criteria AND KEY (multi AND KEY (interd AAND KEY (trans
disciplin®) isciplin* ) disciplin®)
Frequent MD Frequent ID Fi ent TD —
Contrast and Compare —— g e e
e [ —
R Distinct &
DISCIplInanI Concept Overlapping
Summary D:::T;?

Figure 1. Literature sampling and research approach.

2. Text and Concept Analysis Results

The sampling results of the searches described in Figure 1 are shown in Table 1. If we
compare the size of the Scopus literature samples obtained, encouragingly they are
proportionally similar to amounts of disciplinary literature found in the work by Bruun
[5], where they find that “actively” being TD forms 6% of their funding proposal sample.
Their ID research formed 38-46%, however their analysis did not include any growth for
the period from 2005 to 2018 and may explain this difference. Their examination of MD
was not differentiated from disciplinary and therefore not possible to directly compare.

Table 1. Comparison of sample sizes.

Search String & Prefix Transdisciplin* Interdisciplin* Multidisciplin*
Literature Sample Size 612 4422 3800
Percentage of Sample 6.92% 50.06% 43.02%
Total Keywords 3193 18129 13935
Unique Keyword Tokens 2109 10706 8089
Total Abstract Bi-grams 7238 52519 50702
Unique Abstract Bi-grams 6018 37063 33471

**The Python stop-words library was used (https://pypi.org/project/stop-words/) to remove 127 commonly used
words in the English language.

The analysis of keywords and abstracts followed the “bag of words” model.
Keywords were split based on the Scopus keyword delimiter “;” and combined to form
a list of keywords for each of the three datasets. These were subsequently reduced based
on the re-occurrence of terms producing a word occurrence vector for each. Abstracts
were split using a regular expression to identify bi-grams and allowing for overlaps. This
formed the list of words that were reduced based on the re-occurrence of terms producing
a word occurrence vector. An example of such a bi-gram result would be “sustainability
science” rather than “science” (n-grams), which alone could be misinterpreted without



E. Carey et al. / Text Analysis of Disciplinary Research Papers 35

the context of “sustainability”. The resulting frequency ratios for text terms are
normalised by literature publication to represent accurately the relevance of each term
proportionally over the entire sample.

The distributions in Figure 2 show the keyword and abstract bi-gram occurrence in
MD, ID and TD approaches, similar to the “power law” expression of terms used the
work by Liu [11]. This simply illustrates that the majority of text concepts in the resulting
tables lie within the first 10% of the samples (shown to the left of the dividing line) and
hence there are few very significant concepts in the literature. The relevance weighting
or proportion of terms occurring to the right of this line means these terms may be of
little significance to describe the samples and are unlikely to be represented in our
frequent text terms.

Keywords Abstracts
[ 0
= mu’g — Multi = e —— Multi
E { = |nter é —— Inter
>107Y — Trans ~ 1071 — Trans
g ! g
] 1 @
21072 71072
2 | £
w | w
g, . \ L 5
21073 21072
0.0 0.2 0.4 06 08 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Keywords [Ordered] Abstract Bi-Grams [Ordered]

Figure 2. Distribution of text occurrences in MD, ID and TD samples.

The temporal distribution of the sample of literature, shown in Figure 3 below,
ranges from 1970 through to 2018 and illustrates that there has been much growth in the
utilisation of disciplinary references in the academic literature. Whilst references were
first made in the 1970’s the growth in MD and ID literature since approximately 1992
far exceeds that of the TD literature.

Publication Distribution by Discipline Term
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Figure 3. Temporal distribution of literature samples.
2.1 Keywords and Abstracts

The top 10 sample results of the Keyword and Abstracts processing are shown in Table
2 and 3 respectively, with the most frequently occurring terms being listed first. The
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number of unique tokens processed for the Keywords and Abstracts are listed in Table
1. The representative frequencies are shown in ratio values of the overall samples to
enable direct comparison. From these tables it is evident in the TD sample, that there is
cross reference to other disciplinarities (use of ID) in the text terms used, substantiating
the interchangeable use of terms issue. Due to the extensive size of complete samples,
full results are available upon request.

Table 2. Keywords: Top 10 occuring text concepts.

MD Ratio ID Ratio TD Ratio
multidisciplinary 0.131 interdisciplinary 0.161 transdisciplinarity 0.388
multidisciplinary design ~ 0.074  interdisciplinarity 0.147  transdisciplinary 0.212
optimization
multidisciplinary team 0.059 interdisciplinary 0.052  transdisciplinary 0.120

research research
multidisciplinary 0.039  collaboration 0.027  interdisciplinarity 0.078
approach
multidisciplinary care 0.032  education 0.025  sustainability 0.055
multidisciplinary 0.032  interdisciplinary 0.022 interdisciplinary 0.047
treatment collaboration
multidisciplinary teams ~ 0.023  interdisciplinary 0.020  complexity 0.039
education
multidisciplinary design ~ 0.017  interdisciplinary 0.016  collaboration 0.039
optimization (mdo) approach
multidisciplinarity 0.016 interdisciplinary team 0.015  sustainable 0.026
development
multidisciplinary 0.015  communication 0.012  education 0.022
optimization

Table 3. Abstract: Top 10 occuring text concepts.

MD Ratio ID Ratio TD Ratio

multidisciplinary design ~ 0.083 interdisciplinary 0.054 transdisciplinary 0.099
research research

design optimization 0.057 interdisciplinary 0.035 transdisciplinary 0.050
approach approach

multidisciplinary team  0.055 paper describes 0.029 paper presents 0.039

multidisciplinary 0.043 paper presents 0.028 case study 0.035

approach
paper presents 0.040 interdisciplinary team  0.028 paper describes 0.021
paper describes 0.029 health care 0.023 transdisciplinary 0.021
approaches
results show 0.022 interdisciplinary 0.020 article describes 0.019
collaboration
multidisciplinary 0.021 case study 0.017 social sciences 0.016
optimization
health care 0.020 article describes 0.016 research project 0.016
multidisciplinary care 0.019 article presents 0.012 paper explores 0.016

2.2 Combined Disciplinary Text Terms

In Table 4 and 5 , we further process the results of our text frequency analysis to reduce
the terms to those most representative of MD, ID and TD. These have been calculated
using the ratios shown in Tables 2 and 3, with some manual post processing of the
samples. The final text frequency lists are the result of manual processing of Tables 2
and 3 results to standardise singular and plural forms, merge synonyms, nouns, gerunds,
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abbreviations and acronyms [11]. Additional “stopwords” and misleading terms such as

“multidisciplinary” or alternative references to the sample designation have also
manually been removed from the results to reduce to those concepts most relevant.

Table 4. Most frequent keyword concepts.

MD %age ID %age D %age
design optimisation 9.1 research 6.0 research 23.00
team/teams 82 collaboration 49 sustainability/sustainable 9.7
development/sustainability
science
approach 39 education 4.5 complexity 39
care 32 team/teams 2.7 collaboration 2.6
treatment 32 communication 24 education 22
optimisation 2.5 approach 1.6 knowledge integration 2.1
rehabilitation 2.5 higher education 1.0 evaluation 2.1
breast cancer/cancer 23 treatment 1.0 approach 19
design 1.5 rehabilitation 1.0 participation 1.8
collaborative 14 team work 0.9 climate change 1.8
optimisation
chronic pain 14 curriculum 0.9 methodology 1.6
quality of life 1.0 chronic pain 0.9 epistemology 14
education 1.0 care 0.9 health 14
clinic 0.9 sustainability 09 integration 13
communication 0.6 learning 0.8 creativity 13
Table 5. Most frequent abstract concepts.
MD %age ID %age D %age
design 83 research 54 research/research 11.5
project
team/teams 7.1 team/teams 4 approach/approaches 7.1
design optimisation 5.7 approach 3.6 case study/ies 4.7
approach 44 case study/ies 2.5 social science/s 2.6
optimisation 2.1 health care 24 research process 1.5
health care 2.0 collaboration 2 climate change 1.5
care 19 work 1 knowledge 1.3
treatment 1.7 mental health 0.9 health care 1.3
design variables 14 different disciplines 09 action research 1.3
optimisation problem 13 team members 0.8 process 1.1
design process 1.3 treatment 0.8 knowledge integration 1.1
case study 1.2 design 0.8 model 1.1
collaborative 1.2 course 0.8 conceptual framework 1.0
optimisation
confidence interval 12 higher education 0.8 across disciplines 1.0
proposed method 12 learning 0.7 different disciplines 1.0
nature 0.7 sustainable 1.0
development

The number of terms that have been merged and removed in the manual post
processing mean few concepts remained to describe each sample adequately. Hence a
practical approach was taken to include the resulting top most frequent 15 text concepts
for each of the disciplinarities for equal comparison. Where there are more terms
included in the list, this is as a result of an equal ratio weighting in the 15" term, and all
equally frequent concepts are included for completeness. A final list of text terms to
describe each of the three disciplinarities is shown in Tables 4 and 5.
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There are independent text terms emerging for each of the disciplinarities, however,
there is considerable overlap with terms appearing in multiple lists. This is evident in
Figures 4, 5, in the Venn diagrams illustrating both independent and overlapping terms.
The frequency of terms in Tables 4 and 5 indicates those terms most significant across
and within the samples as they are normalized by the number of papers in each sample.

Discipline
Keywords

Design Optimisation/Design
Breast Cancer/Cancer
Design

Quality of Life

Clinic
Surgery
Management

MD

Team/Teams
*  Care
Treatment
Rehabilitation
Chronic Pain
Communication

Approach

* Collaborative
Optimisation/Collaboration
Education *  Complexity
*  Knowledge Integration
*  Evaluation
L) +  Participation
Higher Education +  Climate Change
Team Work +  Epistemology
Curriculum Research * Health
Learning *  Sustainability/Sustainable *  Integration
Palliative Care Development *  Creativity
*  Methodology

Figure 4. Keywords Overlap.

Discipline
Abstracts

Design Optimisation
*  Optimisation
+ Care
Design Variables
Optimisation Problem
*  Design Process
+  Confidence Interval
Proposed Method

MD

Design

*  Team/Teams
. Treatment
+  Collaborative e
Optimisation e
Collaborative
Optimisation
Work Collaboration *+  SocialScience/s
*  Mental Health (Among) *  Research Process
Team Members Health Care (Care) *  Climate Change
+ Course D TD |* tnowledge
*  Higher Education *+  Action Research
+  Leaming +  Process
*  Nature *  Knowledge Integration
+  Co-Operation *  Research/Research + Model
+  Education Project +  Conceptual Framework
Undergraduate Students Different Disciplines +  Across Disciplines
*  Sustainable Development

Figure 5. Abstracts overlap.
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In Tables 4 and 5 the rate of occurrence of some terms in the “TD” category appear
higher than the rate of the same term in the other two categories for example “research”
and as the results have been normalized this could indicate significant category features.
However, this correlation is observed for academic literature samples and is arguably
expected. The authors suggest that this is a limit of the data sample and that further
sampling of wider disciplinary text is needed to investigate any hypothesized
relationships. Similarly, results suggest the most frequent terms are statistically
significant features in respective samples and further work should measure relative
significance by comparing frequency distance measures across more or less frequent text
terms and disciplinary samples. For example, the relative high frequency of “climate
change” in the TD sample, could be compared to its frequency in the ID sample and to
other text terms and the natural next stage of this research is to investigate features that
appear strongly correlated to samples. Whilst beyond the extent of this work, they could
indicate important features and is briefly discussed with a highlight of interesting terms
that have potential to form descriptive features for each disciplinarity.

3. Discussion

The growth in the TD literature is minor and Bruun [5] find similarly that only 6% is
actively TD. ID in our sample is lower than Bruun [5], which could demonstrate a move
towards TD research [6,8]. Alternatively, it could show a pragmatic move by researchers
to focus on methods called for by funders in the Grand challenges [4]. It is also possible
that the definitions of TD in literature are tightening up and becoming more specific.
This variation in definition could skew the temporal distributions of labels that are
assigned by researchers and publishers over logitudinal periods of time and hence make
interpretation difficult.

It is notable that many of the samples contained multiple references to alternative
disciplinarities, such as references in the ID sample to TD or MD. This is demonstrated
in Tables 2 and 3, where TD texts make reference to ID. Although not shown in the
reduced results, this is also evident in the ID sample, where it also references MD and
TD. This evidences the cross over in the use of terms and the potential confusion for
researchers about the type of work they may be conducting [7]. It does, however, mean
that clarity in definition to use such approaches are much needed for scientists and
publishers. The absence of overlap between MD and TD exists in both Figure 4 and 5.
This suggests the boundary between them is distinct and hence very well defined in
literature. The same absence of overlap in keywords indicates that researchers are clear
in their own minds of the difference in these approaches as they are self-selected fields.
Hence research should focus upon the definitions of ID and TD approaches where the
overlap is prevalent.

The prevalence of ‘feam/teams’ in MD and ID in Tables 4 and 5, could represent an
insular project with rigid bounds focussing on only clearly defined teams. The absence
of the term in TD text could characterise the nature of the teams and boundaries being
far less distinct and adding to complexity. This in practice may make TD research much
less objective and the expected outcomes hard to define.

The prevalence of the term “research”, whilst perhaps expected in research literature
resources, demonstrates a need for higher levels of disciplinarity such as TD, especially
in the case of the Grand challenges and societal problems [4]. There is a need to widen
the research scope to study those industries, customers and societies that are involved in
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projects, and in the same way better the research into the role of wider partners and
consumers potentially contributing to better outcomes across the entire design and
manufacturing chain.

The term “social science/s” appears as fourth most important and the term “climate
change” as the sixth most frequent in the abstracts of TD literature suggestive of
significance and does not appear in the frequent text for ID and MD. If the Venn
illustrations were redrawn using the top 40+ and 30+ most frequent terms (respectively)
the illustration would still represent these findings. This indicates a high measure of
frequency distance referred to in the results, indicating these are necessary features of
TD classifications. This fits with descriptions from the OECD [2] of a TD system and is
certainly a statistically significant finding for the literature samples we have chosen.
These frequency distance measures could be different for alternative samples for
example industrial literature and should be further explored.

Additional characteristic text terms appear in the tables for each of the disciplinary
categories and appear intrinsic to each. These could represent groups of features that can
be used to distinguish between approaches identifying shared attributes. Awareness of
context dependent terms such as “health” that are also prevalent may then direct the
approach suitable for certain types of project.

4. Conclusions

Difficulties in using the correct terminology to describe research approaches is a problem
not yet solved. This paper has sought to establish experimentally the text terminology
used to describe differing disciplinarities. The disciplinarities analysed included MD, ID
and TD, using literature samples from the Scopus database and using an automatic text
content and frequency analysis approach. The combined automatic and manual text
frequency analysis created lists of text concepts to describe each sample (see Figure 4
and 5). Using this approach, it has been possible to identify sets of text terms that
characterise the core features for each of the disciplinarities.

Findings also showed that there are terms used commonly across the disciplinarities,
such as “research” and context dependent terms such as “health”. These terms may be
expected in academic literature such as “research” or “health” and do indicate the focus
or context for the projects described in the literature. However, it does indicate that for
wider reaching disciplinarities such as TD, we need to explore text from industry or
society to fully represent the extent of these approaches.

The features we have identified through our analysis can be utilised by researchers
to categorise more accurately their own disciplinary approaches or to identify the most
suitable disciplinary approach needed for their research projects. Our findings provide
an empirical evidence-based approach to characterising disciplinarities and with further
analysis we expect these features to emerge more robustly. This includes extension of
the work to create lists of statistically correlated sets of core features and to find text
samples that can be analysed to represent the wider communities and their participation
in disciplinary approaches. For example, the current push within engineering research
for TD approaches is to solve complex problems, using the results from our text
frequency analysis it is possible to suggest that to apply a TD approach it would be
necessary to involve the social sciences.

The findings presented within this paper present the exploratory results from
analysing the academic research literature and the natural progression would to be to
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increase the literature sampling in a longitudinal study. Hence, in the absence of long
study periods, the next practical steps in the process is to extend analysis to full text
analysis or to widen the sampling beyond academic literature to industry literature. Over
the next 18 months we will be applying a clustering method to identify and define themes
within the text concepts and create associations to other literature related to
disciplinarity. Through this evolving analysis, the communities understanding and
definitions for each type of disciplinarity will be enhanced with the aim of enabling a
scientific consensus to be formed on where to apply MD, ID or TD approaches to solve
engineering design problems. Once these clear definitions exist we can move on to be
able to create appropriate assessments and methods for measuring the benefits of such
disciplinary approaches.
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Abstract. Manufacturing is undergoing rapid change. Whether through the creation
of smart materials and products, or utilising data, information and knowledge, the
requirement for different ways of working is increasing. To meet future
manufacturing needs, design and manufacturing skills and tools must transcend
disciplines and industrial sectors. Transdisciplinary Engineering Design (TREND)
aims to enable the rapid uptake of emerging technologies across manufacturing
sectors and the constitute disciplines. Within this paper, we provide an overview of
the TREND research group and their preliminary research towards a
Transdisciplinary Engineering Index.

Keywords. Transdisciplinary, Trans-disciplinary, Transdisciplinary Engineering,
Transdisciplinary Engineering Research

Introduction

The UK enjoys world leadership in established manufacturing industries such as
aerospace, pharmaceuticals, electronic design and photonic technologies. To support
continued sustainable growth, UK manufacturing requires cutting-edge research and the
development of highly-skilled people [1, 2].

TREND aims to fundamentally change how 21st century products are designed,
providing design engineers with a toolkit (models and processes) to support rapid uptake
of emerging technologies and enhancement of current technologies across the
manufacturing sectors and their constituent disciplines, e.g. Design For Manufacture and
Assembly (DFMA) and additive manufacturing in construction. The toolkits will
encompass elements such as tools, technologies, processes, and will be data driven and
continually evolving.

Such a holistic and evolving approach is necessary to provide the means to rapidly
understand and integrate new manufacturing processes, design methods (DfX) and
engineering systems and through life support tools into multi-disciplinary engineering
teams, in such a way as to transcend disciplines i.e. to be transdisciplinary.
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The ultimate ambition of the TREND team is to design and validate a
Transdisciplinary Engineering (TE) Index. The index will provide a practical means
through which industry can assess their current TE state, the level of disciplinarity that
is required, and then through the toolkit determine the focus of their move towards
transdisciplinary engineering.

Within this paper we provide an overview of the TREND research group. First,
Section | provides an introduction to TREND; their aims and objectives, and theoretical
stance with regards to TE. Section 2 details the current research streams within TREND
and then describes the progress made towards the creation of a TE Index. Finally,
Section 3 outlines the next steps.

1. TREND (TRansdisciplinary ENgineering Design) Research Group

Why focus on Transdisciplinary Engineering? Advances in new technologies such as
additive manufacturing (AM), smart materials and digitalisation will result in highly
complex systems. Although within the engineering discipline, other approaches have
been proposed to deal with complexity (e.g Concurrent Engineering, Collaborative
Design Innovation, Design for Sustainability), individually they fail to consider the full
range factors which may impact the success of a project. Our hypothesis is that going
above and beyond the engineering discipline, TE is best able to overcome this challenge.
To this end TREND will create a TE Index and use this to enable TE within industry.
Case studies with our industry partners and beyond will be undertaken as a means to test
the hypothesis and validate the index.

Fundamental for TREND in its travel towards a TE Index is that the group have a
shared mental model for TE. The theoretical stance taken with regard to TE is now
presented.

1.1. Transdisciplinary Engineering (TE) - Theoretical Stance

The literature shows there to be a plurality of definitions for transdisciplinarity (TD).
TREND adopts the foundational work of Jantsch [3] to inform its theoretical stance for
TE. This is due to the fact that Jantsch provides a structure/framework which can be
used to assist in the analysis required to apply TE.

Jantsch held that when conducting work in a social context, you need to engage not
only the scientific disciplines, but also other dimensions — for example, the social,
economic, and political. Using a systems approach, he defined the levels that should be
engaged when working towards an objective (Figure 1).

Jantsch’s system is coordinated from the top down purposive level, and requires
engagement at the empirical, pragmatic and normative levels. The purposive level
defines the societal meaning and value which will be delivered by creating a solution to
a challenge. The normative level places the challenge in context by considering the social
systems e.g. laws, standards and culture. At the bottom of the hierarchy are the empirical
and pragmatic levels. The empirical level encapsulates the natural sciences e.g. maths,
physics, and psychology. Above this, within the pragmatic level the theories from the
natural sciences are merged and trimmed to create the applied disciplines such as
engineering.
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Purposive

(Meaning and Value)

Normative

(Social Systems Design)

Pragmatic
(Physical Technology, Natural & Social Ecology)
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(Physical Inanimate World, (Human) Physical World)

Figure 1. The education/innovation system, viewed as a multi-level multi-goal, hierarchical system. Adapted
from Jantsch [3].

Jantsch’s works provide TREND with a framework. However, in operationalising
the framework, a number of questions arise. One of the key considerations is: at what
level should meaning and value be considered? Since its origins in the 1990s TD
research has been intrinsically linked to environmental challenges. Within this realm
meaning and value is often considered from the perspective of “common good”. That is,
it is to the public good and of advantage to everyone. However, papers presented within
the International Society of Transdisciplinary Engineering Conference have focussed on
operational as well as “grand challenge” problems [4] . In this regard the outcomes may
not benefit all individuals, but rather a group or subset of society.

When discussing meaning and value within his papers, Jantsch is ambiguous. For
example, at one point Jantsch states that the purposive level (the level at which meaning
and value is defined), could have a goal of “progress”, and then references “progress”
from a Christian thought viewpoint which from a western perspective could be economic
and technological dynamism. However, elsewhere he describes meaning and value
being about a policy for mankind — which suggests a grander ambition. The position of
TREND is that our research will be independent of specific values. That is, meaning and
value will be defined by the context we are working within.

2. TREND Streams

TREND has four work streams, which are coordinated towards creating and evaluating
the TE Index (Figure 2).
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Figure 2. TREND Work Streams
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2.1. Stream 1: Characterising TD Research within Engineering

Although there has been an increased discourse around TD research, the assertion was
that it had received less attention within engineering [5, 6]. To understand the current
state, TREND conducted a study which compared the chronology, comparison of
journals, and comparison of text of papers which reference TD within their abstract, to
papers which reference TD and fall within the engineering subject area [4].

The research concluded that the referencing of TD within papers is limited both
generally, and within engineering specifically. In addition, it identifies that although TD
research has historically been biased towards sustainability challenges, within
engineering the focus is wider with an increased application towards operational
problems e.g. managing the performance of decision support tools within infrastructure
organisations [7], the automatic generation of digital twins based on scanning and object
recognition [8], a mobile stroke unit for rural Australia [9], efficient design and
production of houses [10] and industrial systems modelling [11].
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2.2. Stream 2: Understanding Industry Context

The work conducted within Stream 1 provided an understanding of the state of TD
within academic engineering literature. It did not provide insights into the awareness,
application and use of TD within industry. To address this gap TREND has engaged and
is continuing to work with industry through formal research (detailed below) and
informal discussions.

Work on a formal research study with the practitioner community is ongoing. This
study is being conducted in two stages: Stage 1: semi-structured interviews. Stage 2:
questionnaire. Stage 1 is complete. The results of these interviews will be used in
conjunction with our findings from the literature review (Stream 1) to inform the design
of a questionnaire (Stage 2). The questionnaire enables a greater breadth of industry
input facilitating both increased data and international participation.

During Stage 1, the researchers conducted in-depth semi-structured interviews with
employees from thirteen engineering businesses. These organisations represented a
breadth of sectors and size of organisation. Within the semi-structured interviews five
research questions were explored:

Ql. Whether they had heard of the term transdisciplinarity? If so, what did they
understand it to mean?

Q2. What levels of disciplinarity they use within their organisations?
Q3. What were the challenges to TD working?

Q4. What were the enablers to TD working?

Q5. What were the inhibitors to TD working?

The research questions were informed by the academic literature and Jantsch’s
framework. QI sought to ascertain whether the term TD was used within industry. Q2,
was to determine whether they are working in a TD manner or the level of disciplinarity
they are currently working at. This was important as some companies may be working
in a TD manner but not referring to it as such. Q3-5 were to determine if working in a
TD manner what the challenges were and if not working in a TD manner what the
perceived challenges may be.

Early results show that the term TD is not widely used within industry, however
evidence of TE approaches are present. Where they are using the term it is often being
more narrowly utilised: more akin to inter- than transdisciplinary working. TD working
was aspirational for a number of the organisations with a key enabler of TD considered
to be effective communication.

2.3 Stream 3: TE Education Approach

To facilitate TD, the emerging literature has called for the expansion of TD education [3,
12-16]. Within Stream 3 TREND looks to create a practical approach for TE education,
which can be incorporated into exisiting engineering course designs. The overall aim
being to facilitate wider dissemination and engage students from the outset to think wider
than a single discipline. The details of the first stage of this research, a pilot with students
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from the University of Bath’s Advanced Automotive Propulsion Systems Centre for
Doctoral Training, are presented as a separate paper within this conference [17]. The
results, evaluated by way of student feedback, show broad satisfaction with the session.
Six of the eight indicated that they were satisfied with the quality of the session (two
students were neutral). All students considered that the course material was presented in
a clear and understandable way. All students considered that the course was accessible
to their level of understanding. Further work to assess the TE education benefits are
ongoing.

2.4. Stream 4: ldentifying Skills Requirements

Identifying skills requirements to enable TE working and how they may influence the
TE Index requires several intermediate considerations. First, how are skills defined?
This is a difficult question to answer as skills are often subjectively defined. For instance,
LinkedIn allows members to have up to 50 skills, which can either be selected from a
database or be entirely user-defined. As researchers we are thus faced with the choice of
either defining a set of skills which we will use in the research, or to develop methods to
extract skills from data relevant to the system of interest. This research takes the latter
approach, where we are developing high-fidelity skills extraction methods. This method
includes e.g. creating algorithms to extract and classify concepts from text and then
identify which concepts likely belong to a skill, competence, or knowledge class.

This is being done in parallel to understanding the collaboration patterns occurring
within and between different organisations. This allows us to analyse the collaborative
structures that are driving the work at an organisation, and consequently allows us to
understand the communities that are forming, the bottlenecks that may be occurring, and
the collaborators most central to the organisation and its various communities.

Applying the skills extraction method to appropriate datasets within our systems of
interest allows us to not only consider the organisational affiliation, but also the skills
structure within an organisation. Using growth models allows us to extend this to what
skills will be more in demand in the future as well as identifying what are the
underpinning skills required for working in a TE manner. Finally, as all skills are
associated with people, we are able to make evidence-based decisions for the skills
requirements for individuals.

3. TREND - Current Findings and Future Steps

The changing landscape of manufacturing make it a designated field for TD. The
proposed TE Index will provide industry with a practical approach through which to
assess their current level and state of disciplinary working. Then, where desirable, the
toolkit will enable their movement towards more effective Transdisciplinary
Engineering.

Although, significant steps have been taken towards the TE Index, more research
effort is required before the final design of the index can be proposed. A cornerstone of
the TE research approach is that it is top-down, with the design of the “solution”
informed by the context [7]. Only once the full picture is known can efforts turn to how
academic and non-academic insights might be brought together to create an approach
which is both rigorous and practical in an industry setting.
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To this end, over the coming months we will synthesise findings from the research
streams and work with our industry partners and beyond as a way to inform the initial
TE Index design. This index will be presented at TE2021 in Bath. The current findings
from these streams and future research steps are summarised below:

Although receiving increased academic attention TD remains an emerging,
immature field within engineering. The purpose of characterising the literature (Stream
1) was to provide a benchmark of the state of TD within engineering compared to the
wider landscape. The study provides insights and highlights that both within engineering
and the literature more generally, TD penetration is low. Furthermore, although
generally TD has focussed on “grand challenges”, within engineering TD has been
applied to a broader scope of problems. Although providing some understanding it is
recognised that the study presents only one perspective, showing how the term TD is
being used within the engineering academic literature. Our future work will explore
other perspectives and in doing so add to the richness of the picture. For example, to
what extent the academic engineering literature claiming to be TD satisfies the various
definitions of TD and whether there is engineering literature which is not identifying
itself as TD, but which can be considered to meet the criteria.

The TE Index is intended to be a practitioner-based approach. Key to its uptake
within industry is having awareness of the context in which it will operate and
incorporating this understanding within the design. From Stream 1 we know that within
the academic literature TD is applied across a wide range of challenges. Within Stream
2 interviews we explore where practitioners feel TD might be useful and what are they
consider to be the enablers and inhibitors to TD working. Preliminary analysis suggests
that although TD working is aspirational with some evidence that indicates it may be
being used, TD is not a well recognised term. Although of interest, these findings have
limitations as interviews have only been conducted on a small scale. Over the next
months we will complete thematic analysis of the interviews and bring this together with
insights gained through the other research streams in order to create the industry
questionnaire (Stage 2). This questionnaire will enable a wider reach both in terms of
sample size and geography.

Recognising that TD is not a well recognised term within industry, research efforts
have focussed on creating a practical approach for incorporating TE within higher
education engineering courses (Stream 3). A TE session has been conducted and
successfully piloted at the University of Bath. Over the next twelve months this session
will be delivered to engineering Masters students at the University and later, to PhD
candidates within the faculty of engineering at Universidad de los Andes, Colombia.
From this activity not only is TE disemminated, it provides scope for additional data
gathering. For example, as part of the group discussion element the students are asked
to identify enablers and inhibitors for TE. These insights will provide additional data to
supplement the questionnaire conducted within Stream 2.

Underpinning the creation of TE education session (Stream 4) is an understanding
of the skills which enable TE working. Research to extract the skills sets of engineers is
being undertaken. Over the coming months this fundamental work will be built upon in
order to define the skills for TE working. This understanding will inform both the TE
Index and also to inform a TE Designer Readiness Level, which is the subject of a
separate PhD research project.
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Abstract. Transdisciplinary (TD) working offers the potential to bring together
potentially disparate elements of engineering projects permitting them to
concomitantly be addressed on empirical, pragmatic, normative and purposive
levels. Whilst the importance and potential benefits of working in this manner are
widely accepted, a key inhibitor to the adoption and embedding of TD working in
practice is the variety and diversity of design tools employed and their relative levels
of ability to support TD working. To explore what can be thought of as the enabling
or inhibiting roles of design tools, this paper appraises common design tools and
classifies them according to the level of transdisciplinary working that they permit.
This is achieved by considering the capturable level of design rationale for each
design tool as per Jantsch and contextualising each within the design process. The
discussion considers how these findings are reflected in practice and how chains of
particular tools could be employed to support TD working across the different
phases of the design process. In total 41 tools are appraised with 6 acting as enablers
of interdisciplinary working but none identified as truly TD. Most notably, a much
greater proportion of TD enabling design tools are available to support the early
phases of design. Further work might consider how education can be used to ensure
effective use of current design tools and how knowledge transfer can and should be,
applied to enable use of TD tool chains in industry.

Keywords. Transdisciplinary Engineering, Design Tools, Design Methods

Introduction

Over the last two decades academic research into Transdisciplinarity (TD) has increased
tenfold [1], arguably to realise its potential in increasing the societal value of research
[2]. This is achieved by ensuring that the research outcomes generated are in accord with
the needs of society [3].

Despite this crucial benefit, TD working faces a number of inherent obstacles
related to traditional team structuring and working. These include overcoming
professional cultures [4] and cognitive cultural differences [5] that exist within
disciplines and challenging cross-discipline collaboration [6].

In the context of engineering, it is considered that TD has received less attention
than in other fields including social sciences and medicine [7]. As such implementation
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of Transdisciplinary Engineering (TE) faces an additional obstacle in that TD approaches
are not typically considered within engineering projects.

In addressing these obstacles, a key challenge for TD research is identified. It
is found that there is a need to train for both collaboration and knowledge sharing with
other disciplines whilst also emphasising shared processes and methodologies for
generating solutions [8]. In engineering, in both academia and industry, these elements
can be partly facilitated by the design tools and methods that are used. Depending on
the affordances of these design tools, TD working could thus be enabled or inhibited.

Correspondingly, to identify the extent to which this might be the case, the
research presented in this paper seeks to assess the level of disciplinary working afforded
by a wide variety of design tools and contextualises them with respect to where they are
used in the design process. In doing this, it enables the elucidation of which tools enable
or inhibit TD working and subsequent considerations for the implications that these have
on TD practice and education.

The paper’s contributions are three-fold. First, the paper presents a method of
assessing the TD of existing design tools. Second, it provides an appraisal of a wide
range of existing design tools and approaches with respect to their ability to enable TD
working. Third, building upon this analysis, the paper presents the concept of TD tool
chains. In providing these contributions, the paper enables a move towards the explicit
incorporation of TD practices in engineering projects where they are, at present, rarely
considered.

The remainder of the paper is structured as follows. First, to contextualise the
work, an overview of transdisciplinarity, state of the art in TD working, design tools and
methods are given. Following this, a method of appraising the level of TD of a design
tool is presented. This is then applied to a range of common design tools used in
engineering practice. Based upon these results, the discussion considers whether: any of
the tools analysed can be considered to be facilitators of transdisciplinary working; the
availability of the tools across the design process; whether toolchains can be configured
to enable TD working; and, finally the implications of the research findings upon TD
education and practice.

1. Background

This background section will explore three key areas in order to situate the remainder of
the paper. These are Jantsch’s levels of Transdisciplinarity, state of the art in TD working
for engineering projects and design tools and methods.

It is beyond the scope of this paper to give an exhaustive definition of TD as a
plurality exist (for a more complete exploration please see [9]). What is common within
these different definitions is that there is a need to go above and beyond the scientific
disciplines to interact or incorporate non-scientific expertise [10]. Of these various TD
definitions, Jantsch’s work is considered to be foundational where it is defined as
permitting a project to work simultaneously on purposive, normative, pragmatic and
empirical levels [11]. Figure 1 demonstrates these four levels with their associated
categories of discipline. Within these levels a number of types of disciplinarity exist,
ranging from mono- to trans-. These are also defined in Figure 1. These definitions of
types of disciplinary working as-per Jantsch will be used to classify the various design
tools and as such, form the definitions of TD that will be referred to in this paper.
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The state of the art for TD working in engineering projects considers a number
ofrelevant areas. These include the development of new TD platforms, measuring levels
of TD and identifying where TD concepts are used in projects. Platforms such as
GOUVERNe TIDDD have been developed that are considered to be TD, achieving this
through the provision of ‘interfaces of mediation between policy spheres and sectors of
society’ [12]. Whilst the development of new platforms is useful, what is more pressing
is the assessment of existing tools in order to gain an understanding of the extent to which
readily available tools and techniques can enable TE and which of these can be used or
connected together to enable TD working.

Disciplinarity:
specialisation in isolation
Multi-disciplinarity:
no-cooperation
i Meaning Pluri-disciplinarity:
Eg\l;';?swe Values I:I_l:|_l:| Cooperation without coordination

— Cross-disciplinarity:
Rigid polarisation toward specific
Normative Social systems design monodisciplinary concept

Level
B ‘ Inter-disciplinarity:
Coordination by higher level
Natural Ecology Social concept

Pragmatic Physical
9 Technology Ecology

Level

Physical
Animate
Empirical Physical World (Human) . o
Level Inanimate Physical Trans-disciplinarity:
World World Multi-level coordination of
entire system

L H H H ]

Figure 1. (Left) Jantsch's Transdisciplinarity, (Right) disciplinarity levels (both from [11] and re-illustrated)

Work has looked at developing metrics for assessing levels of TD in projects.
These include the development of a quantitative metric to assess the impact of a TE
project [13] and a conceptual framework for evaluating TD science [14]. Both of these
have looked at project outputs on the whole, rather than enabling tools and methods.

Other work has looked at where transdisciplinary engineering is applied in
projects, revealing that TE is used principally at the strategic level and also that effective
TE relies upon the relationship between specialisation and generalisation [15]. This
again, did not address the affordances of tools within these projects.

This section defines design tools and methods and presents the ways in which
they will be contextualised within the design process.

Design tools and methods can be thought of as those that contribute to design
thinking and/or the engineering design process. As such, the design process will be
considered from these two perspectives. The former to categorise design activities, and
the latter to chronologically order phases of design.

The foundations of design thinking (shown in ) originate from Herbert Simon’s
Sciences of the artificial [16]. They comprise of the activities of empathise, define, ideate,
prototype and test. They can be considered crucial in the successful execution of TE
projects as they enable knowledge transfer between phases and domains of projects. This
is highlighted as a recurrent issue in TD literature in the form of knowledge
representation and communication, due to the need to communicate complex and
dynamic insights that need to be articulated in decision spaces [12].
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Pahl and Beitz’s prescriptive design process considers the design process in four
main stages; clarification of task, conceptual design, embodiment design and detail
design [17]. Rather than concerning design activities, they represent phases of design.

The stages of design thinking can be thought to correlate more closely with the
first two stages of Pahl & Beitz. In this way we can see a distinction between design and
engineering design in that a large part of activities are focussed on the realisation and
implementation a solution as opposed to the generation of an acceptable and feasible
design.

With respect to the design tools to be appraised, Cambridge University’s
Institute for Manufacturing’s list of Design Management tools and techniques [18] were
selected. It was found to be the most exhaustive list of design tools and methods
available spanning all stages of design thinking and phases of the engineering design
process.

2. Appraisal of support for Transdisciplinarity

Having defined the design tools to appraise, and the design frameworks in which they
will be contextualised, this section presents the means by which level of transdisciplinary
support enabled by design tools and methods can be appraised.

A qualitative assessment will be made as to which of Jantsch’s levels of
disciplinarity (as defined in Section 0) a given design tool can contribute towards. This
will consider first whether a design method influences (able to change) and/or conveys
(passes on) design rationale a given level of disciplinarity. Second, it considers whether
this is forced by the method itself or through the choice of the user. The last two factors
consider whether we are accounting for TD tools or TD users. A breakdown of the
questions asked for each design tool are as follows:

e For each level of Jantsch: (i) is design rationale at this level influenced (i) by this
tool? (ii) is design rationale at this level conveyed (C) by this tool? (iii) is working
at this level forced by the tool (T) itself or by the capabilities of the user (U)? (iv)
Does this design tool force links to be made between the levels defined by Jantsch?

e For each stage of design thinking: Does the use of this tool correspond to this stage
of design thinking?

e For each stage of Pahl and Beitz’s prescriptive design process: Can this tool be used
at this phase of the engineering design process?

In doing this, four elements will be elicited for each design tool:

1. The levels of Jantsch’s hierarchy of disciplinarity for which they can they can
convey design rationale.

2. Whether explicit links are made between these levels.

Is the above centred around the user’s capability or is it forced by the tool itself.

4. What elements of the design thinking and the Pahl and Beitz design process
respectively can they be used for.

w

3. Appraising common design tools

The assessment of the various tools is time bound according to the level of familiarity
the author has with each. These will be grouped according to three categories: (i) Very



54 M. Goudswaard et al. / An Appraisal and Classification of the TD of Existing Design Tools

Table 1. Results from analysis of common design tools and methods. Acronyms are defined in Section 3.

Jantsch'’s levels of Disciplinarity

Stages of Design

Pahl and Beitz

Thinking
Purp Norm. Prag. Emp. Link? E D | P T| C|E| D
Market Understanding
Market segmentation [19] Icy Icu v - - Y| Y - - vyl -1 -1 -
Purchasing Motivation Matrix Icu Icu v - - Y - - - vl -\ -1 -
Market Structure Illustration - cu - - - Y - - - ylvyl-| -
Market size and share estimation - v v - - vyl -|-|- vl -1-1-
Competitive analysis [20] v v - - - vyl -|-|- vl -|-1]-
User understanding and
involvement
User/customer groups v [ v Y - v|-1|-]- vlvl -1 -
Focus Groups [21] Icu Icu Icu Icu - vlivl]-|- vlvl -] -
Lead user analysis I v Iy Icu - vl-|-1- vl - -1 -
Stakeholder selection - v Iy - - vyl -1-]- vl -|-1-
User profiling — personas [22] Icu Icu Icu - - Y - - - Ylvyl|-| -
Direct observation - v Iy - - vyl -|-]- vl -|-1-
Delphi Technique I Y Y - - vyl -|-]- vl -1-1 -
Contextual inquiry - 1y v - - v|-|-]- vl - -1 -
Product Definition
Conjoint analysis [23] - - Icu - - v|-|-1]vy Avlyl -
Kano Model [24] Icu Icu - - - vlivl]-|- vlvl - -
QFD [25] cT cT Icr icr Y N Y vl vl vl v
Image boards cu Icu Icu - - vl -1-1- vl -|-1-
Affinity diagrams cT Icu cu - Y y|-|-1- vl-1-1-
Product on a page - mission Icu cT v - Y - Y - - v|-|-| -
Product on a page - advert cu cu Icu - Y - Y - - 14 -l -
The "elevator speech” cu cu - - - vl -|- vlvl-1-
Concept Design and Prototyping
Controlled convergence cu cu cu cu - I I IRV vl - -
Morphological charts cu - IcT Y - I I VAN N Y2 I
Osborn's Checklist v - Icu uy - I I VN [ N 2 I
Weighting and rating cu cu cu cu - I I V2 vl -] -
Concept selection: Dot sticking - v v - - - - Y - Lyl - -
Four types of testing ICU 1CU ICU 1CU - Y|lY]Y]Y Yl Y] Y]Y
Design for production
Unit Cost analysis [26] - IT cT cT - -y |- vl vl -
Booth. & Dew. complexity factor - - IcT IcT - ] - - . vl -
Value engineering / value analysis cT cT cr - Y -] - - B vl -
Project Generation
Brainstorming [27] Icu Y Y v - vlivlvyl - vlvl - -
Brain writing / 6-3-5 method [28] ICU v Iy v - I I IRV N Y2 I
Process and project management
Process on a page cT cT cT - - Syl - - I I I
Project on a page - T - - - - - - - 202 R2R%
Process mapping (brown paper) - IcT - - - I I I N S I
Risk assessment - cT - - - I I R vlvlvly
FMEA [29] cu cu - cT Y B A -lvylvyly
Metrics - cu - - - - - - - N [ B
Organisation
Belbin's team roles cT rcr - - - - - - - N [ [
Who / When map - ICT - - - - _ _ _ I I I
Project Teams - ICT - - - - - - - N I I
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familiar — 15 minutes will be spent assessing the design tool; (ii) Familiar - 30 mins
will be spent assessing the design tool; (iii) Not familiar — 1 hour will be spent assessing
the design tool.

The assessment was carried out by the researcher (a post-doctroal research associate)
over a period of four weeks, with approximately 30 hours spent in total reviewing and
assessing the listed design tools. In total 41 tools were assessed according the
aforementioned criteria. The results of this are shown in Table 1. Within this table
columns 1-4 detail how the tools respond to Jantsch’s levels of transdisciplinarity and
whether they influence (I) and/or convey (C) meaning at this level and whether this is
facilitated by the user (U) or the tool (T). The link column refers to whether a design
tool forces links between Jantsch’s levels of disciplinarity. Stages of design thinking are
abbreviated as Empathise (E), Define (D), Ideate (I), Prototype (P) and Test (T). Phases
of Pahl and Beitz are abbreviated as Task clarification (T), Concept design (C),
Embodiment design (E) and Detail design (D). Tools marked in red and italics are used
in the toolchain proposed in the discussion section. Information regarding tools was
sourced from IFM [18] with additions from other references if referenced in Table 1.

Notable findings from design tool assessment are as that only 6 design tools make
explicit links between levels of Jantsch and that with respect to the levels of Jantsch that
a tool can influence or convey, 71 are user-dependent and 28 tool-dependent.

4. Discussion & Further Work

To explore the implications of these results, this discussion section considers the key
findings from the analysis carried out. A TE tool chain approach is proposed based on
the analysis. Finally recommendations for increasing and facilitating TD working in
education and in practice are given.

Two tools were found that are able to convey and influence design rationale at all
Jantsch’s levels of disciplinarity which are focus groups and four types of testing.
However, these are all entirely user dependent in the sense that whilst the tools are able
to consider all levels, it is only if the user is able to and chooses to use them in this
manner. Also neither of these tools makes explicit links between levels. This can be
accounted for by the lack of definition in how these should be carried out. These tools
therefore cannot be considered as transdisciplinary. By making explicit links between
disciplinary levels, the following tools can be considered enablers of TD working:

e  QFD - by linking requirements with technical characteristics.

e Affinity Diagrams -by forming and grouping requirements from technical
characteristics.

e Product on a page (mission and advert) — by bringing together the motivation for

a project, intended outcomes and product features that enable its realisation.

e Value engineering / Value analysis — links cost factors with elements of a design
that enable it to deliver its functionality.

e Failure Modes and Effects Analysis — links components and their potential
mechanisms of failure with the higher-level consequences of this.

Whilst they are unable to perform at all Jantsch’s levels of disciplinarity, by linking
different levels they can be considered interdisciplinary design tools. They are shown in
Table 2. It is important to note that whilst levels of disciplinarity could be linked
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through the use of other tools, in these cases it is user dependent rather than an explicit
part of the tool’s function. For this reason these other tools were not included here.

These tools can therefore be considered as relative enablers of TD working. These
can be seen to be more available in the earlier phases of the engineering design process
with 4/6 used in task clarification, 4/6 used in concept design, 3/6 in embodiment design
and 2/6 used in detail design. With respect to design thinking, of the tools 1/6, 3/6, 2/6,
2/6 and 2/6 correspond to the activities of empathise, define, ideate, prototype and test
respectively.

Table 2. Shortlist of TD enabling tools. Abbreviations are defined in Section 3

Jantsch’s levels of Disciplinarity Design thinking | Pahl & Beitz

Purp Norm Prag Emp Link E DI P T|T C E D

QFD cT cT IcT ICT Y - Y - Y Y [Y Y Y Y

Affinity diagrams CcT Icu cu - Y Y - Y -
Prod. on a page - mission | ICU ICcT (1] Y Y Y -
Prod. on a page - advert cu cu Icu Y Y Y v

Value engineering CcT cT IcT - Y - Y Y
FMEA cu cu - ICT Y Y v Y Y Y

Whilst no design tools were found to individually be TD, tool chains were identified
that could enable TE working. In order for a tool chain to be TE applicable, it must be
able to both convey and influence design rationale at every level of Jantsch, be motivated
by the tool itself, not the use and make explicit links between levels.

Whilst the tool chain must exhibit these characteristics, individual tools would not
necessarily have to. The practicalities of the presented tool chain are not considered as
this involves knowledge transfer considerations which are beyond the scope of this paper.
What the presented tool chain allows is a method of visualising whether TD is permitted
throughout the life of the design process. To be considered for the toolchain, tools had
to work across different levels and this working had to be enabled by the tool itself rather
than the expertise of the user. The tools included are shown in and are as follows:

1. Product on a page — to clarify the purpose of the product and how it will achieve
this.

2. Belbin’s team roles — to clarify who is the necessary in undertaking the project and

what their roles are.

Process on a page — to clarify the design process to be followed.

QFD - to link requirements to technical characteristics.

5. Value engineering — compare costs of different manners of delivering elements of
a product’s function.
FMEA - Identify potential problems in the product or design process to realise it,
covering issues associated with organisation, strategy, product design, production
processes and individual components.

>

Table 3. Shortlist of tools included in a TD tool chain. Abbreviations are defined in Section 3.

Jantsch’s levels of transdisciplinarity Design thinking Pahl & Beitz
Purp Norm Prag Emp Link [E D I P T [T C E D

QFD CT CT ICT ICT Y Y - Y Y Y Y Y Y
Product on a page cu cu ICU - Y Y - - - Y vy - -
Value engineering CT CT ICT - Y - Y - - Y Y -
FMEA cu cu - ICT Y - Y Y Y Y Y Y
Belbin's team roles CcT ICT - - - - - - - - - - -
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Figure 2. TD toolchain demonstrating how the tools are used with respect to Jantsch's levels and also the Pahl
and Beitz design approach

The use of these tools in this order can, in theory, enable connections between all
levels of Jantsch throughout the full Pahl and Beitz design process. The notable omission
from this is in the earliest phase of the design process with respect to stakeholder
engagement and capture of product or process requirements. In the analysis, no means
of capturing either of these was found that was enabled by the tool rather than the user.
As such none of the tools appraised can be considered to fulfil the empathise stage
associated with design thinking.

What is not considered however, is a way of knowing if the breadth of knowledge
(with respect to technical disciplines) is covered by these design methods. This comes
down to the variety of areas that are covered by TD research. The development of
medical implants and hydropower stations are both transdisciplinary, but these will
understandably have very different needs.

This variety in TD projects coupled with no clear method of capturing stakeholder
requirements creates a chicken and egg scenario. How do you know you are using a
correct set of tools for your project given robust capture of stakeholder requirements is
difficult? And how do you know you have adequately captured stakeholder requirements
if you do not know what you are developing and the process you will use to do it? To
address this, an iterative method is necessary to concomitantly generate both of these.

Tools are either found to be open to user interpretation and as such, their effective
and potentially TD use is entirely dependent upon the capabilities of the user. On the
other hand, some tools are found to be inter-disciplinary if operated in accordance with
their prescribed methods of use. This inevitably requires training to enable this.
Correspondingly, two key implications can be presented regarding education and
practice respectively.

First, in order to prepare students more generally for TE working, they need to be
taught a wide range of TE principles in order to apply these in design tasks. This could
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be done directly through lecturing as is generally done or through the implementation of
more practical TD design courses where students across faculties are brought together to
solve real problems (such as the course vacile creativo en San Basilio de Palenque run
in la Universidad Jorge Tadeo Lozano in Bogota [30]).

Second, in design practice, adequate training needs to be provided in order to ensure
design tools that could enable ID or TD working are used in this way. This could be
done through the use of existing training programs or through the use of external
facilitators who are well versed with using the tools.

Immediate further work centres on the development and delivery of workshops that
can be used to teach TD principles such that they can be directly applied to their research
projects. This is in response to the identified need to educate students to enable them to
effectively use a number of existing design tools in a TD manner.

A secondary stream of further work is to use the initial findings from the study and
apply them to industry. The aim of this is explore the way in which tools and tool chains
are used in industrial processes to identify whether these can be considered TD.

Third, exploration into knowledge transfer techniques in order to enable the transfer
of design rationale across design tools. The proposed TD tool chain assumes that this
can be carried out without loss of design rationale. Investigation needs to be carried out
to confirm that this is the case.

5. Conclusion

This paper appraises and classifies the level of transdisciplinary working enabled by a
range of existing design tools and methods. This is carried out in order to elucidate the
extent to which design tools can be key enablers of knowledge sharing and collaboration
across disciplines.

Of the design tools assessed it is found that none can enable TD working, but six
can enable interdisciplinary working. Given the lack of TD tools, the concept of TD
toolchains is presented as means of achieving TD capability throughout the design
process by combining existing tools. An example of such a tool chain was presented and
consisted of product on a page, Belbin’s team roles, process on a page, QFD, Value
engineering and FMEA.

The implications of these findings with respect to education and practice are that
working with tools in TD manners requires people who can think in TD ways. As such,
ensuring people are familiar with these concepts is essential in enabling effective
working. Further work looks at the implementation of workshops to introduce TD
concepts, and exploring techniques to ensure successful knowledge transfer across
design tools.
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Abstract. Over the last decade, transparency schemes have started to undergo a
radical transformation. This transformation is driven by advancements in cloud
computing, cryptography and automated measurement technology, which have
made it possible to develop shared information management systems (SIMS). These
SIMS form the backbone of the latest, state-of-the-art in the transparency space:
hyper-transparency schemes. These new transparency schemes and associated SIMS
offer companies, both small and large, the opportunity to redesign their supply
chains and to establish more direct relationships with their second- and third-tier
trading partners, as well as with the consumer. However, the companies also face
various challenges in implementing and operating such hyper-transparency schemes.
There are legitimate concerns about privacy, ownership and access to data and,
related to this, who controls the SIMS. The present paper discusses the ongoing
development of a SIMS. The objective of this SIMS is to: (1), help empower
smallholders in agri-food supply chains to establish more direct connections with
the consumer; and (2), help empower consumers to get more direct insight into the
manner in which their food stuff is being produced. The paper presents the design
of the SIMS and discusses its transdisciplinary development processes.

Keywords. Transdisciplinary, transparency, hyper-transparency, shared
information management systems, supply chain redesign

Introduction

Over the last decade, transparency schemes have started to undergo a radical
transformation. This transformation is driven by advancements in digital technologies,
which have made it possible to develop shared information management systems (SIMS).
The development of a SIMS is a challenging task. As with all new technology it is
important not only to develop a robust system that is useful and usable, but also a system
for which the impact on the user community and the society are well anticipated. In the
literature, examples can be found of systems which had a large (often unanticipated or
unexpected) impact on the procedures and working culture of a company or supply chain,
(see e.g., [1]). Always, an information system alters the way people work, while,
conversely, people also alter the way in which the system was supposed to be used.

The development of a SIMS requires collaboration between several different
disciplines, preferably both from technical and social-science disciplines and from both
practice and academia. Engineers alone are not sufficient. People with knowledge of the
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context in which the system needs to function, in this case supply chains with improved
transparency and hyper-transparency (see section 1), as well as people from the social
sciences who can apply methods to identify user interface needs. The development of
such a system, therefore, requires a transdisciplinary approach (see e.g., [2, 3]). With
such an approach the context of the system under development as well as of the business,
in this case the supply chain, is well taken into account. The context can be wide, not
only including the use context, but also the political, financial, cultural, etc., context.

In this paper an example of the development of a SIMS is presented. This SIMS is
targeted at New Zealand agri-food supply chains and is intended to help companies create
hyper-transparency schemes. Such schemes enable companies to give the consumers, as
well as their supply chain partners, direct and real-time insight into the origin and
production circumstances of the inputs or end-product that they are buying.

The goal of the system is twofold. Firstly, to help New Zealand companies restore
consumer confidence at home, where farmers and food companies are under threat to
lose their social license to produce because of environmental and animal welfare
concerns. Giving consumers direct insight into the farm their products come from, and
especially into the efforts the farmers undertake to take care of their animals and to limit
environmental waste, could bring consumers and farmers closer together. Second, the
objective is to help ensure the continued confidence of overseas consumers in the safety
of New Zealand food products. Especially in a post-COVID-19 world, companies and
supply chains that can demonstrate in real-time that they are going the “extra-mile” to
ensure food safety, are likely to gain a significant premium.

The outline of the paper is as follows. In Section 1 we contrast traditional
transparency schemes with hyper-transparency schemes. In Section 2 we describe how
the SIMS functions. In section 3 we describe its development process. Section 4
concludes the paper.

1. From transparency to hyper-transparency

Up until the late 2000s, transparency schemes encouraged the consumer to rely on the
monitoring activities of retailers and certifying institutions to guarantee a product’s
origin and quality (e.g., [4, 5]). This required little involvement of the consumer, but also
meant little real transparency: the consumer was asked to “trust” a label, stamped onto
the product (see [6]). However, over the last couple of years, new transparency schemes
have emerged to facilitate and encourage consumers to become more directly “involved”
in the food production process. This has enabled consumers to actively monitor product
attributes or production process characteristics by themselves.

Transparency schemes in the 2000s can best be characterized as link-to-link
information systems, with an uni-directional focus, that were grounded in fragmented IT
architectures (see Figure 1). Link-to-link in this context means that information almost
exclusively flowed from one stage in the supply chain to the next, and rarely skipped a
stage in the process (e. g., one-step forward or backward; see [7, 8]). Uni-directional
means that the efforts at transparency were mainly oriented towards providing more
information to downstream agents about the activities of the upstream agents, rather than
also providing the upstream agents with information about downstream activities (see
[9]). The IT architectures supporting the transparency schemes were fragmented, because
most agents stored information in their own private databases (e.g., about production
processes activities, product attributes, measurement results) that had limited or no direct
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connectivity to the databases used by agents elsewhere in the supply chain (an issue not
just limited to the agri-food sector; see [10]). Combined with the link-to-link nature of
the information flows, this meant that the information that was generated upstream in the
supply chain was relatively slow to reach the downstream agents and not always reliable.
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Figure 1. Typical transparency scheme (2000s).

Uninterrupted black lines: flow of products; interrupted black lines: flow of standards; uninterrupted red lines:
monitoring activity; interrupted green lines: quality signalling; CI: certifying institution; different color-coded
cylinders represent proprietary databases.

Advances in digital technologies over the last decade, especially in the area of cloud
computing and cryptography, have started to transform the nature of transparency
schemes. These advancements have made it possible to develop shared information
management systems (SIMS), which form the backbone of these new transparency
schemes (e.g., see [11]). We refer to these new types of transparency schemes here as
“hyper-transparent”, to clearly differentiate them from older schemes (see Table 1).

These SIMSs function by ensuring that: (1), the individual databases of the parties
participating in the transparency scheme run on the same IT architecture; (2), these
databases are connected; (3), changes cannot be made to individual database as long as
these changes are not approved by (some of) the other agents; (4), once changes are
approved, they appear in other databases as well (e.g., [12, 13]). De facto, this means that
each agent holds a copy of the same database, and therefore has — potentially at least —
access to the same data. This makes almost real-time flows of validated data possible;
data that can be bi-directional in nature and link-to-system rather than link-to-link.

Farmer »  Processor " Retailer »  Consumer

& - L 8

Figure 2. Example of hyper transparency scheme.

Uninterrupted black lines: product flows; uninterrupted red lines: monitoring activity; interrupted blue lines:
information flows; the blue cylinders represent copies of the same, shared database; Auto Met.: Automated
metering.
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Arguably the most revolutionary aspect of these SIMSs is that they, together with
improvements in measurement technology, can help to transform some credence
attributes of food products into search attributes. Consumers could get, at least as long
as the (major) parties participating in the transparency scheme agree to this, direct access
and data points about what is happening at the processing or farm level. They would no
longer be forced to delegate monitoring duties to other agents, but could, if they wish so,
also do it themselves. Thus, for example, a consumer could potentially get direct insight
into how animals are treated in different processing plants, when he/she is comparing
meat products in the supermarket (e.g., via a live camera feed, accessed via an QR-code
on the food packages). Animal welfare, in this scenario, would no longer be a credence
attribute, but would become a search attribute (at least to a certain degree).

Furthermore, bidirectional flows of information, where the upstream agents get more
insight into what happens downstream in the supply chain, could also change the way in
which the companies in the supply chain deal with each other. Amongst others, they
could help to reduce and mitigate some disputes in the supply chain. For example, if an
upstream agent can track in real-time how long it takes for its outputs to move through
the supply chain and see for itself immediately when there is a delay somewhere, it could
make it more receptive to a delay in payment. Additionally, these bidirectional flows of
information can also strongly enhance the ability of upstream agents to get direct and
unmediated insight into consumer interests and behaviour. To return to the example
given above, a processing plant could get insight into the frequency by which consumers
scan the QR-code on the food packaging, etc.

Of course, hyper-transparency schemes have potential drawbacks as well. There are
legitimate concerns about privacy, ownership and access to data and, related to this, who
controls the SIMS. In many cases, the implementation of SIMSs is driven by the larger
companies in the supply chain, such as retailers (e.g., [14, 15, 16]). These large
companies de facto control who gains access to what part of the database. Therefore,
while the other agents in the supply chain could easily have access to the same data as
the retailer, usually they have access to only part of the database. In such cases, the
potential of SIMSs for supporting bidirectional and “stage-skipping” information flows
remain largely unfulfilled. Furthermore, the suppliers of SIMSs, who usually are large
IT firms (see [17]), may become key “middlemen” in the agri-food industry [18]. These
firms may make it difficult for the users of a SIMS to switch to another SIMS, thereby
locking them into a relationship they cannot easily get out of.

Table 1. A comparison between transparency and hyper transparency schemes.

Traditional
Transparency Scheme

Hyper-Transparency Scheme
(ideal type)

Focus of
transparency

efforts

Mainly uni-directional; providing
downstream  agents  (e.g., retailers,
consumers) more insight into the operations
of upstream agents (e.g., farmers).

Bi-directional: providing
downstream agents (e.g., consumers)
with direct insight into the operations
of upstream agents (e.g., farmers), and
the latter also with direct insight into
the needs and behaviour of the former.

Information
flows

Mostly node-to-node; preceding,
accompanying or following the flow of
inputs/outputs throughout the supply chain.

Node-to-system: once a link in
the supply chain releases information,
it becomes available to all the other
links at the same time.

T
architecture

Fragmented architecture,
characterized by isolated silos of data.

Integrated architecture,
underpinned by a shared information
management system.
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Comparatively slow, error-prone Almost instantaneous exchange
Speed and information exchanges as a result of node-to- | of validated information, that is much
accuracy of node communication that is “supported” by | less error prone due to: an integrated
information a fragment IT architecture. IT architecture, multiple automated
exchanges measurement technologies to
triangulate the validity of
measurements, use of sophisticated
encryption technology.

Support of The scheme encourages and asks The scheme facilitates and
consumer consumers to rely on the monitoring | encourages active and direct
monitoring activities of third-parties (e.g., certifying | monitoring by consumers of product
efforts institutions, regulators) and food sellers. attributes and production process

characteristics.
The underlying information By facilitating direct monitoring
Impact on asymmetries are not addressed, but are | by the consumer, the scheme can
consumer — shifted to the ‘relationship’ between the | transform (some) credence
seller/producer consumer and monitoring agencies. | attributes (e.g., animal welfare) of
information | Consumers are asked to have confidence in | food products into search attributes
asymmetries the monitoring activities of these agencies. (e.g., by giving the consumers the
opportunity to verify animal welfare

by themselves).

2.  The Envisioned system

The SIMS that we are developing is being designed specifically for smallholder-led
supply chains. A SIMS can support smallholders by drastically lowering the time and
costs of keeping track of the origin of food products along the supply chain. This could
enable more smallholders to market their products as differentiated goods to consumers
and it could also enable consumers to link the products they are buying to a specific
farmer or farm-systems. With this in mind, the objective in designing the system was
twofold: (a), to help farmers in establishing more direct relationships with their
consumers; (b) to give consumers direct insight into how their food-products are made.

The system is made-up of five sub-components: (1), a farm- module; (2), a post-
farm gate module; (3), a consumer module; (4), a communication module; and (5), an
infrastructure module supporting the other four elements.

The farm-level module (see Figure 3) refers to the sub-system through which
data is collected at the farm. Mostly, this will be done via sensors and IoT enabled
devices, that automatically collect farm-level data (e.g., environmental data, data about
animal behaviour, etc.) and uploading it to the cloud. For example, we are planning to
use GNSS positioning sensors on cows, enabled with LoRA wireless technology, to track
and record the activities of the animals and benchmark this data against indicators of
animal health. We also intend to use WiFi-enabled cameras with motion detectors that
can track the animals around the farm to provide a visual indication of how the animals
are doing. Also, farmers will also be able to manually upload farm data to the cloud (e.g.,
information about their water usage).
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Figure 3. Overview of farm-level module.

In the post-farm gate module, we aim to deal with the problem of gathering and
integrating verifiable information into the SIMS about agricultural “inputs” or “products”
after they have left the farm gate. In many agri-food supply chains this can be challenging.
For example, it is often difficult to keep track of products at the processing stage of the
supply chain [19]. At this stage, “inputs” from different types of farm often get mixed
and it can be prohibitively costly for the processor to keep product flows from different
types of farm separated. Technological advances, however, give companies in the supply
chain a couple of options around this problem. Firstly, technologies are being developed
in some agricultural supply chains that allow farmers to undertake processing activities
by themselves (e.g., such as on-farm dairy processing). Subsequently, the farmer can sell
its products directly to the consumer. Secondly, novel measurement and sensor
technology have been developed that when linked to a SIMS, help to drastically reduce
the time and costs of: (a), keeping track of the origin of food products (e.g., DNA based-
tracing of premium meat products); or (b), providing verifiable information about
product attributes that can link measurements at the processing stage of the supply chain
back to the type of farming system under which the products have been produced. Box
1 gives an example of the latter. This is a methodology that AgResearch is developing
for the dairy industry, and our SIMS will be linked to it.

Milk composition and structure is significantly affected by the type of farming system under
which the milk is produced (e.g., type of feed), by cow breed and by seasonal factors.
AgResearch is investigating a cost-effective way to assess milk attributes based on these factors,
both at the farm and at the processor. The ability to collect information about milk attributes
throughout the supply chain will support a more transparent way to provide verifiable
information to the consumer. In the method under development at AgResearch, ‘molecular
signatures’ are traced that give an indication of the various earlier mentioned “value-added”
attributes of milk. This molecular signature can be evaluated at the farm gate and the factory
gate through the help of a special sensor. A mathematical model helps the company to relate the
measurements taken to the value-added attributes of the milk.

Box 1: Verifiable milk attributes

Through the consumer module, buyers of food products can get insight into how
their products are made. Here, the main concerns are: (1), how to make the process of
getting access as easy as possible for consumers; (2), how can we stimulate them to
actually engage with the platform. To deal with the first challenge, we will be using QR-
codes, whereby consumers scan a code on the packaging of the food product with their
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phone and then visit the farmer’s website (see Figure 4 for a prototype). To deal with the
second challenge, we have analysed existing websites in the food-transparency space and
are undertaking a consumer survey. Our preliminary analysis suggests that gains can be
made in the following areas vis-a-vis existing approaches: “personalizing” information
(e.g., by showing information about individual animals), using more audio-visual
information (e.g., through live video-feeds of the farm), by presenting such information
in an engaging fashion (e.g., we intend to track animals around the farm through cameras
with motion-detection sensors), and by presenting “numerical” data in a “visual” manner.

(Cregister ) [ signin ]
Live at the farm
Meet Berta What type of milk is
Aerww Berta producing?
Meet our stars 5]
r
A U =

Our envirnoment

s

Order our products

What is Berta

Yesterday's Meet Joe and Lisa What is Berta up to?
highlights

Connect with us q
s " ®
Share our story v

Figure 4. Overview of consumer module.
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As shown in Figure 5, the infrastructure module is a cloud-based online platform.
Data from the farms and other components of the supply chain are directly and
continuously collected via IoT devices and transferred to the data warehouse or data lake
managed in the shared system in the cloud. There are three components to this platform.
First, the data management system is designed using the schematic proposed in Figure 2.
Second, an automated data processing algorithm is implemented to check the quality of
data and convert data into desired formats. Data governance, security protocols and
proper access control for all actors in the supply chain are implemented here. Third, a
data visualization and reporting system is under development.

ﬁ Farmers
(‘ousmlm\‘ /
N 7
A
1.2<
Cloud based hyper-
o transparency platform

ﬁ Farm equipped with
IoTs

X

Investors

Figure 5. Infrastructure schematic and high-level software architecture.
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We envision a communication module where consumers can ask questions to the
farmers in real-time about the farm activities. This will allow both parties to not only
engage but to clarify potential miscommunications. Farmers are generally busy people
and it is hard for them to spare time to communicate with consumers. Realizing this, we
propose an Atrtificial intelligence-based (AI) control system as shown in Figure 6.

An Al control system is equipped with text-to-voice, voice-to-text and Natural
Language Processing technologies. Consumers can ask question in both voice and as
written text; this will be received by the Al control system. This system will process the
content in real-time to check for any abusive behaviour. Questions will be delivered to
the famers as voice, which they can listen to via a headset and can answer by voice or
text. Subsequently, the Al control system transfers the answer back to the consumer.
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Network of
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Figure 6. Overview of communication module.

3.  Transdisciplinary Development Process

The problem of designing a SIMS is a genuine transdisciplinary challenge, requiring
expertise in areas such as data science, robotics, supply chain management, engineering,
sensor technology, and economics. With that in mind, the team developing the SIMS was
selected based on both the depth and breadth of their knowledge. The core team consists
of three people, all of which have a T-shaped skills set, with depth in expertise in at least
one of the above-mentioned areas, together with a broad set of interests in other areas.
The SIMS-project forms part of a larger program, “NZBIDA”2, which is dedicated to
harnessing the power of digitalization to transform the New Zealand agri-food sector. In
the program, about 70 people from a wide range of disciplines participate. Expertise from
that pool of people is consulted by the core “SIMS-team” as when required.

2 New Zealand Bioeconomy in the Digital Age.
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The core team is directly responsible for development of four out of the five
modules of the SIMS. The exception is the “post-farm gate” module, where the methods
for gathering verifiable information about product attributes at the processor stage of the
supply chain are developed by another team within the NZBIDA program (the “food
authentication” team). One member of the food authentication team functions as a liaison
between the two teams and in this way helps to promote collaboration.

As in any transdisciplinary project, there have been challenges. Team-members have
had to educate themselves in certain areas and have had to “develop” common concepts
and language through which they could efficiently communicate with each other. Also,
while there was an abundance of specialized, talented people within the NZBIDA
program, comparatively fewer of them also had the T-shaped skills that make
transdisciplinary collaboration function more smoothly. This made communication
within the wider program sometimes challenging.

Transdisciplinary collaboration requires both the ability and willingness of people
to learn new skills and to broaden their horizon. This takes time and much commitment.
In that sense, transdisciplinary collaboration is less like some switch that can be turned
on and off (depending on the nature of the problem), but more like muscle that needs to
be developed through years of cultivation. The effort it takes to be able to contribute to
a transdisciplinary project cannot be taken for granted, or this leads to suboptimal results.

4. Discussion and further work

The use of traditional transparency schemes, with their reliance on indirect and uni-
directional information flows is unlikely to increase consumer trust in producers and food
sellers. Consumers mostly have a transactional relationship with producers and food
sellers that is unlikely to change in a meaningful way through the adoption of such
schemes. However, hyper-transparency schemes have the potential to change the nature
of that relationship to a degree, by facilitating more direct interaction between producers
and consumers. In this way, they could bring producers and consumers closer together.

In the present paper we have presented the design of a SIMS to support smallholders
in the agri-food sector to implement a hyper-transparency scheme and we have discussed
its transdisciplinary development process. Both the design and development process of
a SIMS need to factor in not only consumers potential disinterest in the possibilities
hyper-transparency schemes bring (by presenting information to the consumer in an
engaging fashion), but also how to deal with the potential unwillingness of the larger
players in the supply chain to support and participate in these schemes. Especially,
companies operating at the processing stage of supply chains traditionally have been
unwilling to incur additional costs in separating product flows and of sharing sensitive
information with their suppliers. A couple of methods were discussed that could help
smallholders to reduce or bypass this problem: (1), technologies that enable farmers to
undertake some processing activities already at the farm-level); and (2), the use of novel
sensor technology that is linked to the SIMS and that can help to dramatically reduce
the time and costs of keeping track of the origin of food products.

Hyper-transparency schemes and associated SIMS could become another tool for
lead-companies to use for the purpose of further exerting control over their supply chains.
However, they could also become a tool that empowers more smallholders to develop
and set-up their own supply chains, through which they can market their own, products.
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These two futures are not mutually exclusives. To help ensure that SIMS will serve both
types of purposes, we are developing the system described here.
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Abstract. Recent decades have seen increased interest in transdisciplinary (TD)
research. To deliver on the promise of TD working there has been a call for the
expansion of TD education in emerging literature. The challenge with proposed
approaches is that they are often difficult to implement requiring significantly
changed courses structures, and the coordination of teams of academic and industry
experts to deliver. This creates a barrier to the main-streaming of TD education. Our
research aims to create a practical approach for Transdisciplinary Engineering (TE)
education which can be easily incorporated within existing course designs and in
doing so facilitate wider disseminated. This paper presents the design and pilot of a
TE session with MRes students from the University of Bath’s, Centre of Doctoral
Training in Advanced Automotive Propulsion Systems. The session is evaluated by
way of student feedback. The results show broad satisfaction with the session. Six
of the eight indicated that they were satisfied with the quality of the session (two
students were neutral). All students considered that the course material was
presented in a clear and understandable way. All students considered that the course
was accessible to their level of understanding. Future work will see the session
delivered within additional engineering MSc courses at Bath and internationally
with informal agreements in place with Universities in Colombia, Korea and Poland.

Keywords. Transdisciplinary Education, Transdisciplinary Engineering Education,
Engineering Education, Transdisciplinary Research, Transdisciplinary Engineering
Research, Transdisciplinary Engineering, Transdisciplinary Engineering Design

Introduction

Smart factories and industry 4.0 result in complex systems where jobs tasks are
augmented by both humans and automation [1]. Transdisciplinary (TD) approaches
advocate purposive research which aims to address complex, real world challenges by
the collaboration and integration of knowledge which goes above and beyond the

academic disciplines [2-4]. As such, there is an expectation that engineering will be a

designated field for TD research.

To deliver TD, there has been a call for the expansion of TD education [2, 5-9], and
there is an emerging literature presenting potential approaches such as new TD courses
and project based learning (PBL) activities. The challenge with these approaches is that

Corresponding Author, Mail: S.Lattanzio@bath.ac.uk
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they are often difficult to implement, requiring considerable effort to plan and execute
[10-12]. This acts as a barrier to the main-streaming of TD education.

Within this paper a transdisciplinary engineering (TE) education session which can
be delivered by one member of the engineering faculty, within a two hour period is
described. The case study presents a pilot of the session with MRes students from the
University of Bath’s, Centre of Doctoral Training in Advanced Automotive Propulsion
Systems.

The paper is structured as follows: First, a brief background to TD and the TD
education literature (1). Following, the proposed TE session design is described (2). The
pilot study with the Advanced Automotive Propulsion Systems (AAPS), Centre for
Doctoral Training (CDT) is introduced (3) and student evaluation of the session
presented (4). Finally, conclusions are formulated (5) and future work identified (6).

1. Transdisciplinarity

The origins of TD can be traced back to an educational conference held in Paris in 1970s
[13]. Within this conference Jantsch presented a paper which described a hierarchical
education/innovation system [2]. This conceptualised TD as a purposive system aimed
at achieving societal meaning and value. In the conceptualisation the system is divided
into four levels. The highest level is the Purposive level: societal meaning and value.
Below this are the Normative (social-systems), Pragmatic (applied sciences), and
Empirical (natural sciences) levels. To achieve TD all four levels of the system must be
engaged, with coordination coming from the purposive level down.

Purposive

(Meaning and Value

Normative

(Social Systems Design)

Pragmatic

(Physical Technology, Natural & Social Ecology)

Empirical
(Physical Inanimate World, (Human) Physical World)

Figure 1. Adapted version of Jantsch’s education/innovation system, viewed as a multi-level multi-goal,
hierarchical system [14].
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Despite these early endeavours, TD remained practically uncited until the 1990s and
the rise in environmental awareness [13, 15]. In response to a requirement for new
systems of working to address this complex problem TD re-emerges, albeit using a
plurality of definitions, and papers referencing TD increase from seven in 1990 to in
excess of 500 by 2018.

Within this growing body of work there has been a call for TD education, both
generally and within engineering specifically [2, 5-9]. To deliver TD education the
original work of Jantsch [2] calls for the restructuring of universities. Aligning with the
hierarchical system presented in Figure 1, the institution would be reorganised into three
types of units: system design laboratories, function orientated departments, and
discipline orientated departments. These units create interdisciplinary coordination of
the purposive/normative, normative/pragmatic, and pragmatic/empirical levels of the
education/innovation system (Figure 2). As the students progress through their education
(i.e. undergraduate, Masters, PhD) they advance up through the units.

urposive

System design labs

7 e\

\ Function orientated departments

/ Pragmatic \
\ Discipline orientated department

/ Empirical \

Figure 2. Transdisciplinary university structure. Adapted from Jantsch [2].

\

N

The education system proposed by Jantsch requires a significant shift from the
traditional UK university set-up. Students would increasingly move towards self-
education causing the “university professor, characteristic of the university today, to
virtually disappear” [2]. To date, there is a lack of evidence to support that any
University has implemented this approach. Rather, the tendency has been less
revolutionary with TD education incorporated into existing university structures either
through new courses e.g. Ertas [10], the addition of new modules to existing course
content e.g. Kellam, Walther [11], or by stand-alone project based learning (PBL)
challenges [16].

For Universities, deciding on which strategy to take and then designing new TD
content is only one of the challenges faced. By its nature, the content of any TD
education programme will be broad. To deliver this content will necessitate the
engagement of staff from across multiple faculties and increased involvement from
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practitioners. This challenge is highlighted by Ertas [10] who called upon industry
experts and academics from universities around the world to deliver a TD Master’s
course offer by Texas Tech University. This calls for lecturers who are open and able to
work in a team comprising of academic, practitioner and client experts [17].

Our research aims to overcome these challenges by creating the structure for a
practical approach for Transdisciplinary Engineering (TE) education. Within this paper
we present a pilot of this session with MRes students from the University of Bath’s,
Centre of Doctoral Training in Advanced Automotive Propulsion Systems.

2. TE Session Design
A two hour session was constructed to be delivered in four sections (develop motivation;

remember/understand; apply; analyse/evaluate), by one member of the engineering
faculty (Figure 3).

o
1=}
o
=
o
- .
5 Section 1:
; L Establish the relevance for the individual
8 Develop Motivation
5 _ J J
o9
3 3 Core information:
@ s Section 2: Origins of TD
Remember / Understand Current state of TD within engineering
AN Structured approach for conducting TE research J
>
E .
g Section 3: Project based learning scenario
3 Apply
e RN /
3 N R
@ Section 4: . Discussi
Analyse / Evaluate roup Discussion

J

Figure 3. Transdisciplinary Engineering session structure.

The structure of the session was informed by two theories: The Elaboration
Likelihood Model [18, 19] and Blooms Taxonomy [20]. The Elaboration Likelihood
Model asserts that when a recipient is subjected to information which is intended to
persuade them, they will adopt one of two strategies either following a central, or
peripheral route. The central route is followed when the recipient engages and scrutinises
the information they are presented with. The decision they reach (either supporting or
opposing) is based on the strength of that information. However, if the recipient is
unmotivated, or cognitively unable to process the information, their decision making will
follow the peripheral route. In this case their decision will depend more on exterior cues
such as the credibility of the source of the message.

Linked to The Elaboration Likelihood Model Section I aims to “motivate” the
students to engage with the information by detailing how the session is relevant to them
i.e. how it links to course learning outcomes, or how the learning will be measured within
summative assessments.
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Bloom’s Taxonomy is commonly used as a means through which to provide a shared
language when designing educational courses [21, 22]. Aligning to Blooms Taxonomy,
Sections 2 — 4 progress the students through increasing higher levels of learning.

Section 2 is focused on remembering and understanding. Wognum et al. [23]
identify not all project based learning will result in an acceptable solution and there
should be an emphasis on the learning of shared processes and methodologies. Within
this section a presentation is given which provides the students with core information:
the origins of TD, the current state of TD within engineering [14], and a structured
approach for conducting TE research [24]. Providing a “core” of information reflects
the approach used by Ertas [10] in the design of his engineering Masters course.

Section 3 provides the students with the opportunity for application via Project
Based Learning (PBL), a commonly used approach when teaching TD [23]. Although
there are many advantages to this approach, in practice it is often challenging, taking
considerable effort to plan and implement [23]. Our research aimed to create a practical
approach for teaching TE. Therefore, the PBL approach was truncated with students
asked to design the approach to be used within a project, but not to conduct the project.

A key challenge is selecting an appropriate project [23]. The project chosen here
was based on a recent call by the UKRI Engineering and Physical Sciences Research
Council (EPSRC). The call had an overall goal of supporting manufacturing research
which contributes towards future growth in the UK economy. One of the three themes
for which projects could be submitted was Zero Loss Systems (ZLS). The call stated
that it was “supporting interdisciplinary research teams to push collaboration and fusion
of the research approaches towards a transdisciplinary approach” [25]. Therefore, it
provided a “real-world” scenario which had the potential to be addressed in a TE manner.

Although PBL initiatives are often undertaken in groups, we wished to remove the
possibility that an individual may dominate the group. To capture the detail of the project
a form was created. Based on the work of Jantsch [2] it aimed to elicit information which
could be used to classify the level of disciplinarity of the project design. The three
questions are:

1.  When researching ZLS, what is the overarching purpose of your research?

2. When researching ZLS, which disciplines would you include in your team?

3. Other than the disciplines you identify in question 2, would you look to

involve anyone else in the project? If so, who?

The students were then asked to classify the disciplinarity of their project using a
decision tree. This decision tree, operationalises the work of Jantsch [2], and provides a
simple yet robust method for identifying TD research.

Within Section 4, the students are guided through a group discussion in which they
are encouraged to analyse/evaluate TE. The specific areas they were asked to reflect on
are:

The level of disciplinarity of the research projects designed within Section 3.
The three questions from the project design form used within Section 3.
When a TE approach would be useful / not useful?

The enablers / barriers to TE?

el
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3. Pilot Study: The Advanced Automotive Propulsion Systems (AAPS) Centre for
Doctoral Training

Funded by the UK’S Engineering and Physical Sciences Research Council (EPSRC),
The Advanced Automotive Propulsion Systems (AAPS), Centre for Doctoral Training
[26] aims to educate the next generation of leaders in the automotive sector. Over the
five years from 2019 it will support 86 PhD research projects. These projects are TE in
nature; they will be conducted in collaboration with industry partners and look to address
the challenges of the automotive sector in its transition towards a more sustainable future.
The TE session was developed in response to a requirement of the Centre directors, and
was piloted with their student cohort in November 2019.

The AAPS cohort follow a 1 + 3 year course structure. During the first (MRes)
year students develop core personal, technical and research skills. The following three
years focus on progressing their PhD research projects. The TE session was delivered
as part of the MRes unit entitled “Propulsion System Evaluation”. This semester long
unit sees the students work in groups to firstly analyse the performance of a current
propulsion system, and then to identify opportunities for innovation. The defined aims
of the unit are:

1. Introduce students to a real automotive propulsion system through practical,

data driven analysis of its performance and context

2. Work in a transdisciplinary team to harness the skills and knowledge brought

by each individual.

3. Apply structured innovation processes to identify opportunities for future

propulsion systems.

Eight of the cohort of nine students took part in the session which lasted two hours.
Sections 1-3 were undertaken within the first hour, with the group discussion taking place
in the second. Section 4 presents the evaluation of the pilot study.

4. Evaluation — Student Feedback

Evaluation of the session was conducted by way of student feedback. It aimed to capture
the student satisfaction with the course rather than assess its performance against learning
objectives. The reason for using student feedback as the means of evaluation was two-
fold: 1. The University of Bath aspires to deliver excellent education. Within the UK,
student satisfaction is a key indicator for University rankings. 2. At the time of
conducting the pilot, the data through which to assess performance against learning
objectives were not available. Within this unit “Transdisciplinary considerations” are
one of a number of unit learning outcomes which are assessed through coursework (a
Technical Brief) which students submit later in the academic year.

4.1. Results

In obtaining feedback the students were invited to anonymously complete the standard
University of Bath feedback form. The form encompassed four areas: What they felt
about the session (Table 1); the session’s requirements for background understanding;
what worked well; what could be improved; and any additional comments.
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Table 1. Summary of TE session student feedback.

How do you feel about this statement? Strongly  Disagree  Neutral Agree Strongly
Disagree Agree

I can see how this session contributes to the - 1 2 4 1

overall programme of study

The learning outcomes for the session were - 2 2 2 2

clear throughout

The material in the course was presented in - - - 3 5

a clear and understandable way

The session was accessible for my level of - - - 1 7

understanding

Overall, I am satisfied with the quality of - - 2 4 2

the session.

The student feedback (Table 1) demonstrates a broad satisfaction with the session.
Six of the eight indicated that they were satisfied with the quality of the session (two
students were neutral). All students considered that the course material was presented in
a clear and understandable way. All students considered that the course was accessible
to their level of understanding. Receiving a less positive response was how the session
fitted within the overall programme and around the clarity of learning outcomes.

Although Section 1 (Develop Motivation), of the session aimed to inform the
students of how the TE session met the learning outcomes of the unit, they appear to
remain unclear on how the session fed into the overall programme with three of the eight
giving a negative or neutral response. This is perhaps a consequence of the session being
incorporated within a pre-existing course without the opportunity of amending the
description of the course programme. Similarly, learning outcomes were set at a unit
level prior to the decision to incorporate a TE session, as such they were high level and
not directly aligned to the session content.

When asked to comment of the background knowledge required for the session, six
of the eight considered it to be of the right level, whilst two considered it to be too little.
In designing the session a conscious decision had been made not to require or assume
any background knowledge of the subject. This decision was made for two main reasons:
1. The student’s had not been allocated any free study time for research into TE. 2. TE
is an emerging area and the seminal literature is yet to become apparent. This would
make it difficult for students to navigate independently.

When asked to consider what worked well, the students identified the topic as
“interesting” and helping towards “understanding and considering wider impacts on
problems”. The session was considered to have a “ good balance of presenting and
discussing”. The presentation was considered to provide a “nice overall context” being
of “a good length”, and enabling them to learn “a lot in a small period of time*.

Improvements include more time allocated to explaining the differences between the
various disciplinarily levels: “delve into the specifics of TD, MD, ID and varying levels
of this after the session”, and “provide more scope for deeper discussion”. The majority
of the feedback related to the resources used in Section 3. These resources, which are
based on the work of Jantsch, were considered by some to be confusing. Their comments
included “Make question 1 more specific, too many ways to respond” and “Clarity
between questions 2 & 3. Seems initially like the same question asked twice.”
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5. Conclusions

This research conducts a pilot study of a practical approach for TE education undertaken
with MRes students from the University of Bath’s, Centre of Doctoral Training in
Advanced Automotive Propulsion Systems. Evaluation, conducted by way of student
feedback, was broadly positive with all of the eight participants considering the course
material to be clear and accessible, and seven of the eight considering that it was effective
in helping them learn. Future iterations of the session will look to emphasise how the
TE fits in to the overall programme of study and expand the time allocated to explaining
the differences between disciplinarity levels.

6. Future Work

The development of the TE session, presented within this paper was the response to a
need expressed by educational leaders. In meeting this requirement theoretical
discussions around the benefits and drawbacks of a Transdisciplinary Engineering
education were not considered. Going forward and in testing the generalisability of the
approach questions of this nature must be addressed.

Plans have been made to deliver the session to ~80 University of Bath, Engineering
Business Management and Business Innovation students and informal agreements are in
place to run the session in Universities in Colombia, Korea and Poland. The scope of
these future studies will be extended to incorporate these wider research questions. The
results of the pilot and the subsequent studies will be synthesised and presented as a
journal paper.
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Abstract: Industry 4.0 is causing a lot of changes related to the way people work,
bringing a demand for a new worker profile, mainly for engineers, that need to have
not only technical skills but also methodological, social and personal skills. So, there
is a need to study and identify how the university prepares engineering students for
Industry 4.0 jobs. To achieve this objective a literature review was made, twenty-
nine skills of Industry 4.0 jobs were identified, and eight active learning
methodologies were selected like paths that universities can use to develop skills for
the Industry 4.0. To analyze how a university can use active learning methodologies
to develop Industry 4.0 skills in engineering students, a questionnaire was applied
in four engineering classes of the University of Brasilia, where the professors
answered about the active learning methodology used and what skills were
developed in the students, and the students answer the questionnaire with what skills
they developed. A correlation analysis was applied to detect the different points of
view between professors and students. Then, a decision tree was used to identify
what skills were most developed by the active learning methodology used by the
professor. The results show that are some divergences between the two points of
view, and the questionnaire needs to be adaptable to measure with more reliability
the skills that the professor wants to develop in each engineering class.

Keywords: transdisciplinary systems; engineering education; active learning;
Industry 4.0.

Introduction

Information security, internet of things, augmented reality, big data, autonomous robots,
simulations, additive manufacturing, 3D printing, integrated systems and cloud
computing, are examples of technologies that brings up a new industrial scenario and are
used in an integrated way to solve problems and generate flexibility so that companies
can meet customers' needs [1].

This scenario distinguishes the Fourth Industrial Revolution, represented by
Industry 4.0 and characterized by digitalization, high level of technological innovation,
real-time information, flexibility and connectivity which, like previous industrial
revolutions, has a transformative impact on society, reaching the economy, business
models and, consequently, the guidelines of the work environment and the professional
profile [2].

! Corresponding Author, E-mail: jessicamendes.jmj@gmail.com
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The implementation of the Industry 4.0 scenario is strongly related to collaboration
between people who are able to develop new knowledge, concepts, tools and techniques
shared by researches from different families of disciplines (social, science, natural
science, humanities and engineering), working in a collaborative process to generate
knowledge and implement solutions to unstructured problems [3].

This involvement of professionals from different disciplines, with different ways to
work and think about ill-defined and complex problems relevant to Society is
characterized by transdisciplinary systems, that combine both technical and social
disciplines to implemented new technologies, process, practices and knowledge [4].

In this scenario, engineering institutions are restructuring their curricula and
teaching models, moving from a purely technical scope to one that considers problem-
solving, projects, critical thinking development among other approaches that integrate
different forms of teaching and non-traditional engineering knowledge, such as business,
finance, management, politics, social studies, and others, in order to develop skills and
competencies that form professionals capable of acting in different situations and
contexts [5].

Transdisciplinary systems in engineering requires the involvement of people with
open mind to other disciplines [4]. Engineering education should incorporate courses
whose curriculum prepare students with the knowledge and skills needed to understand
and collaborate with people from other disciplines, in other words, the need of not only
hard skills but also soft skills [6].

Some courses have been designed to achieve this goal especially those that use
active learning methodologies like flipped classroom, problem-based learning (PBL),
cooperative learning, peer-led team learning (PLTL), collaborative learning, game-based
learning, inquiry-based learning, blended classroom. These are some examples of
methodologies founded in literature that aim to implement transdisciplinary in
engineering institutions.

Many challenges exist to implement a transdisciplinary approach in a training
process, manly in engineering courses. In the traditional curricula was rarely the
opportunity to leave the purely technical scope and have contact with real problems,
extracting its essence and applying the respective analyzes that lead to decision making
and generating solutions, engineering education should be more inclusive, also
addressing the development of social, personal and methodological skills [6].

One of these challenges found in literature are how to measure and verify that the
transdisciplinary approach implemented by active learning is preparing engineering
professionals with Industry 4.0 skills?

This article aims to analyze if the application of an active learning methodology is
efficient to collaborate with a transdisciplinary engineering approach to train
professionals for Industry 4.0. To achieve this goal first was researched about the set of
skills that needed to be developed in an industry 4.0 engineering professional. Secondly
a research about active leaning method was made and, based on literature, the skills
developed by each method was presented. Then a case study was developed in University
of Brasilia (UnB) to compare the information of literature review with a practical
situation, considering the point of view from the professor and undergraduates. The tools
used to analyze and compare the different viewpoints were correlation analysis and
decision tree.
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1. Industry 4.0 and the need of a new engineering profile

The Fourth Industrial Revolution brings many changes in the business, in the way people
think, the speed of changes and others facts that requires not only a different way to
manage a business but also impact in different activities and functions to perform the
work [7]. By this scenario is possible to notice that its need to develop new skills to
survive the new Industrial era, mainly for the engineers [1].

The engineer must be able to combine technical, social, methodologic, and personal
knowledge to work the Industry 4.0. Maffioli and Augusti [8] denote that only the
aggregation of pure science knowledge, that includes all knowledge assumed by
traditionally technical areas of engineering, like mechanical, mechatronics, robotics, and
others are no longer enough to for future professionals.

Lemaitre [9] denote that industries demand skills related to innovation capacity and
performance, that can vary from static to dynamic state. Companies that have a static
state are characterized by a low level of innovation and long-life circle products, for
example, tend to demand professionals with solid technical knowledge. On the other
hand, companies with a dynamic state are characterized by high levels of competition,
short life circle products and are constantly testing a new process, products, and clients.
In this case, the uncertainty is a strong factor in all process, so, the company needs
professionals who master technical knowledge and can combine this with different areas
to understand and create new solutions to solve ill-defined and socially relevant
problems.

Bughin, Manyika and Woetzel [10] declare that professionals will need to developed
skills related to sensorial perception, cognitive abilities, problem-solving, planning and
optimize activities. They also will need to be creative, own emotional intelligence and
know-how to articulate and coordinate teams from different knowledge areas.

To train an Industry 4.0 engineer is necessary to synchronize cognitive, technical,
methodological, and social skills development in the learning process. Such combination
can impact in the integration of several learning ways content from different knowledge
areas and help undergraduates to develop the ability to apply them in different situations
and contexts, as well as to continue learning [11].

For future professionals is necessary interpersonal skills development, the engineer
must be able to work in teams, consider different perspectives, understand and respect
different opinions, and to recognize the experience of professionals from different areas.
Consequently, it’s necessary to communicate and present new ideas and results,
understandable by professionals from other areas[10].

Hecklau et al. [12] introduce a set of future professional skills that were clustered
into four main categories: methodological, technical, social, and personal.
Methodological competencies are related to the knowledge of methods and tools to solve
problems, conflicts, make analysis, researches, and to be creative. Technical
competencies are related to technical knowledge and experience. Social competencies
are related to the ability of teamwork besides understanding and collaborate with
different knowledge and viewpoints. Personal competencies are related to the ability to
be flexible, tolerant and able to constantly learn. Each skill is presented on Table 1.

Industry 4.0 brings challenges to training new professionals and consequently, the
educational institutions and universities need to prepare professionals with the set of
skills and competencies of the future industry. The way universities are structuring
themselves to this scenario is covered in the next section.
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Table 1. Set of future professional skills as proposed by [12].

Methodological Technical Personal Social
Problem solving Media skills Flexibility Leadership skills
Entrepreneurial thinking State-of-the-art Motivation to learn Team work skills
knowledge
Creativity Technical abilities Complacency Intercultural skills
Analytical skills Understand new Sustainable mindset ~ Ability to commit and
processes cooperate
Research skills Programming skills Tolerance Communication skills
Efficiency in problem Understanding Ability to work Ability to transfer
solving information security under pressure knowledge
Decision-making State of the art Flexibility Master more than one
knowledge language

Networking skills

2. How universities are preparing themselves to provide professionals for Industry
4.0

In response to changes in the market as well as the way people think and demand
products and services, universities and institutions of education need to review the
training process for new professionals. They need to allow undergraduates to apply
knowledge to real, ill-defined and society-relevant problems, providing a
transdisciplinary approach that engages and enables students to develop the
technological knowledge, practical experiences, perspectives, and strategies drawn from
a diverse range areas [13].

The transdisciplinary education approach is a way to create opportunities in the
curriculum for undergraduates to experience and practice solutions to realistic problems,
not simply academic knowledge. This is a student-centered method that involves
dynamics classroom approaches with the objectives for students to achieve deeper
knowledge through active exploration of real-world challenge and problems[4].

The transdisciplinary approach has seven key features that can be connected to
engineering domain as follow [4]:

1. Problem oriented: ill-defined, society-relevant problems are dealt with in a
transdisciplinary approach.

2. Involvement from academia and practice: to solve ill-defined, society-relevant
complex problems both academic and non-academic stakeholders need to be
involved.

3. Both research and practice need to benefit from a transdisciplinary process.

4. Research goals need to be defined by technical (transdisciplinary or inter-
multidisciplinary) and social science goals (like business management, human
resources, or team composition and culture).

5. Practice goals need to be defined, by different functional goals, like technical,
as well as human resources and management goals.

6. Project goals need to be defined, which may shift in the course of the project,
because of the dynamic nature of project and unexpected situations that may
emerge.

7. Measures need to be defined for the various outcomes of the project.
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To implement transdisciplinary education, institutions and universities can use
active learning methodologies. Characterized by the student-centered approach, the
active learning aims to involve the student in a dynamic process of knowledge
construction based on theoretical and practical experiences of real-world situations [3].
Also consider situations to solve working problems with multidisciplinary teams, to
promote the collaboration between teams from different disciplines with different
viewpoints follow [4].

When the topic active methodologies is researched the main results appointed in the
literature are the following methods: Flipped Classroom, is about the dissemination of
content outside the classroom, in digital format [14][15][16]; Problem-based learning
(PBL), is the application of the content to solve a real problem [17][18][19][20];
Cooperative learning, is the application of strategies that promote cooperation between
students to solve a problem [19][18][21]; Peer-led team learning (PLTL), is about
solving problems collaboratively, with the help of peers/mentors [22][23]; Game-based
learning that brings a proposal of a scenario in which the application of games with
certain contents, environments and challenges for solving problems [24][11][25];
Inquiry-based learning, provides students with opportunities to improve their
understanding of content and practices covered during teaching [26][27]; Blended
classroom is learning within the classroom, complemented with activities and virtual
content, which can be accessed outside of class hours [28][29].

Each one is indicated in the literature to provide the learning process by experiences
and consequently, develop skills and competencies that probably cannot be achieved by
a non-centered-student method and compose the set of Industry 4.0 skills [30]. To
analyze those methods in practice and find out if the application of active methodology
results on the development of future skills, a case study was applied in some engineering
classes of the University of Brasilia (UnB). The applied methodology is presented below.

3. Methodology

The case was implemented by a survey forms, structured based on two main points of
the literature review: i) the set of twenty-seven skills introduced by Hecklau et al. [12];
ii) the inclusion of two more skills in this set, that were present in literature review that
compose the important skills to Industry 4.0: a) critical thinking, characterized by an
intentional judgment process that results in interpretation, analysis, evaluation and
inference [31]; b) creativity, which includes divergent thinking, generation of innovative
ideas, originality, inventiveness, ingenuity and the ability to see opportunities to solve
problems [25]. The final classification is presented below:

1. Methodological: M1) Problem solving; M2) Entrepreneurial thinking; M3)
Efficiency in problem solving; M4) Decision-making; M5) Creativity; M6) Analytical
skills; M7) Research skills; M8) Critical thinking; M9) Systemic thinking.

2. Technical: T10) State of the art knowledge; T11) Technical abilities; T12)
Understand new processes; T13) Media skills; T14) Programming skills; TI15)
Understanding information security.

3. Personal: P16) Flexibility; P17) Complacency; P18) Tolerance; P19)
Motivation to learn; P20) Sustainable mindset; P21) Ability to work under pressure.

4. Social: S22) Leadership skills; S23) Ability to commit and cooperate; S24)
Master more than one language; S25) Ability to work as a team; S26) Communication
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skills; S27) Networking skills; S28) Intercultural skills; S29) Ability to transfer
knowledge.

The classes from the engineering department that already used any active
methodology were chosen for this case study. To identify these classes was applied an
unstructured questionnaire was applied to interview professors and select those classes
which use active methodologies and had availability to participate in the research.
Having made this selection, the survey forms were applied.

First the forms where submitted to professors, to identify what was planned to
develop in students during the semester. Secondly, the same form was submitted to
undergraduates, to collect what skills do they identify that have been developed in the
course. For both, the development of twenty-nine skills was analyzed by five possible
answers: The skill was very well developed (note 5); The skill was partially developed
(note 4); I cannot identify whether this skill was developed (note 3); The skill was poorly
developed (note 2); The skill was not developed (note 1).

To analyze the answers, identify the development probabilities of each skills and
conclude what dimension were more “successfully developed”, a decision tree method
was used, and an overview was proposed to synthesize the answer. And to analyze the
correlation between professor and undergraduate viewpoints, the results were plotted by
dimensions in radar charts. The case study and the conclusion about what Industry 4.0
skills are developed by active methodologies, are presented in the next section.

4. A case study in the University of Brasilia

To identify what Industry 4.0 skills are developed in the undergraduates, four disciplines
from engineering degree was analyzed: Products Systems Projects 1 (PSP1), Products
Systems Projects 2 (PSP2), Products Systems Projects 6 (PSP6) and Special Product
Engineering Topics (SPET). Both disciplines use the PBL as the main methodology
during all semester.

The objective of these courses is to develop solutions to problems based on specific
disciplines that are related to each one. For example, in PSP1 students need to solve real
problems using statistic disciplines as the anchor approach; in PSP2 students need to
solve real problems using, as the anchor approach, informational systems; in PSP6
students need to prototype physical solutions to real problems based on product
development as it’s anchor discipline; in SPET, students also need to prototype solutions
based on product development, but with a low complexity level when compared to PSP6
(PSP 6 is more technical and focused in applying one specific methodology to solve a
problem and develop a product). It's important to mention that both courses (PSP6 and
SPET) prototype solutions to solve one problem introduced in the semester.

The first step was applying the questionnaires with the four professors, to understand
their main expectations related to what was planned for the discipline and what they
believe would be developed in undergraduates. About the undergraduates, a universe of
138 students participates in the research in the period of November 24 to December 13
of 2019. Figure 1 shows the results.

To PSP6 class, which had a total of 46 responses, students consider that in the
methodological dimension, all skills were very well developed, except creativity and
critical thinking (47%). In the technical dimension, students identified that the skills of
state-of-the-art knowledge, technical skills, and understanding of new processes were
very well developed, in contrast, media, programming, and understanding of information
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security skills were identified as undeveloped by 36%, 73% and 52% of students
respectively. Following the personal dimension, all skills were identified as very well
developed. In the social dimension, practically all skills students are well defined.

Overall Comparison Professor-
Student - PSP1

==t Professor === Student

Methodological
2

Social Technical

Personal

Overall Comparison Professor-
Student - SPET

e Professor  mmtbe Student

Methodological
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Social Technical
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Technical
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Figure 1. Overall comparison professor and student answers by discipline.

Analyzing the SPET class, in the methodological dimension, almost all skills are
very well developed, except for entrepreneurial thinking and research skills, which were
identified as partially developed by 67% and 47% of students respectively. In the
technical dimension, 47% of the students point out that the programming skill was not
developed, as well as the media skills and understanding of information security that did
not have their development identified by the students. In the personal dimension, all
skills were identified by 70% of the students as very well developed. This fact is repeated
in the social dimension, except for the ability to develop a domain over more than one
language.

The PSP1 has all methodological skills pointed out as partially developed (61%),
except the ability of systemic thinking, whose development was not identified by the
majority. In the technical dimension, state-of-the-art knowledge centers, understanding
of new processes and media skills were indicated as partially developed. Technical skill
was indicated as poorly developed. Programming and information security skills were
indicated as undeveloped (62% and 38% respectively). In the personal dimension, all
skills were identified as very well developed, except for flexibility, tolerance and
motivation in learning, identified as partially developed. In the social dimension, the
ability to develop a new language was identified as undeveloped, while for the skills for
networking, intercultural and knowledge transfer, they were identified as partially
developed and the rest were indicated as very well developed.
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PSP2 discipline has all methodological skills pointed out as partially developed,
except the ability to been creative. In the technical dimension, 37% of the students agree
that the state-of-the-art knowledge was well developed, and about understand new
processes and media skills, 40% agree that was partially developed. The majority pointed
out that programming skills and understanding information security weren’t developed.
In personal dimension the majority was identified like partially developed, the same
occurred for the social dimension, except for the ability to develop a domain over more
than one language.

Looking at these answers it’s possible to observe that exist some differences between
what the professor identifies like “developed” and what the students really identify like
“developed”. To analyses and compare the differences between the two viewpoints and
look at the relationship level of each ability answer, a correlation analysis was developed
and was implemented a decision tree to identify what was the probability of development
of each skill based on the answers. This analysis is presented in the next topic.

5. Comparing two viewpoints: professor and students

Having completed the analysis of the students and professors’ perspectives, the decision
tree method (Table 2) was used to classify the development probabilities of each skills,
which shows that the most developed dimension in the four courses analyzed was the
personal and social. The technical dimension was not much developed, except in PSP1.
The methodological is the dimension with the lower level of development. The course
with the biggest answer number was chosen to be detailed bellow (PSP6).

Table 2. Decision tree results: development probabilities of each dimension.

PSP6 PSP1 PSP2 SPET
Methodological 20,75% 23,37% 21,35% 21,76%
Technical 24,62% 26,99% 22,50% 22,94%
Personal 27,64% 25,00% 27,88% 28,43%
Social 27,17% 24,64% 27,31% 27,84%

The PSP6 decision three results show that the dimension with the biggest
development probability is the personal, with 28% of development chance of tolerance
skill. With 27% of development probability is the social dimension and the ability to
work as a team. With 25% is the technical dimension, with the probability of failure the
develop programming skills. The methodological dimension had 21% of chance to
develop the decision-making skills.

Analyzing the PSP6 discipline had the professors’ perspective surpassed by what
was actually developed by the students. In the methodological dimension, for example,
only the creativity skill had a different professors’ perception than the one expressed by
the student, where the professor identified the skill as very well developed and the
students pointed it as partially developed. In other dimensions the same fact occurs for
understand new processes, media skills, understanding information security, networking
skills and intercultural skills, and the greatest divergence occurred to media skills,
pointed out by the teacher as partially developed and by the students as undeveloped.
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6. Discussion and research agenda

In this paper the impact of Industry 4.0 in education and training of new professionals,
mainly engineers, was evidenced by the understanding of the new skills that compose
the ideal professional profile to future and the identification of how universities are
preparing themselves to provide the skills needed by them.

A case study was applied in the University of Brasilia (UnB), to analyses four
disciplines that use a transdisciplinary approach with the application of active learning
as a method to develop the Industry 4.0 skills. The tools used for the analysis were the
correlation level and decision tree.

Through these analyses and results of undergraduates answers, it’s possible to
conclude that even though the methods used to apply the transdisciplinary education in
engineering training to developed skills for Industry 4.0 aimed to contribute in all four
dimensions (methodological, technical, social and personal), some dimensions are more
developed than others. In general, the skills development must be balanced and probably,
if considering that during engineering graduation the disciplines, programs and courses
have different development skills objectives, there are chances of developing all related
Industry 4.0 skills, but this study does not allow to conclude this fact.

This last cited fact is not considering in the survey form used to analyze Industry 4.0
skills, they were generic, especially about the methodological and technical dimensions,
maybe this is the cause of the differences between professor and student viewpoints since
it could exist different interpretations about the meaning of each skill, once considered
that they were generic.

Future work could be developed to propose a methodological application and
analyses of Industry 4.0 skills in courses that use an active learning approach, considering
skills development during all graduation and application of indicators that can prove
undergraduates learning.
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Abstract. Commonly-known for their sophisticated and robust results, and some
lack of time-to-market orientation, the universities are reviewing their roles to be
more competitive in the innovation ecosystems. The actual context is large growing
of acceleration programs to promote Open Innovation in startups, as well as
traditional corporations, interested in the development of innovation across
organisational boundaries. Although recent studies emphasise that startups
developed or supported by universities have more expectations of success than non-
academic startups, the movement of acceleration programs with an emphasis on
open innovation is not always connected to universities and supported for research
and development. This fact indicates that there are opportunities to encourage the
work of universities with companies and other actors for the development of market-
oriented proposals and innovative solutions that cover different fields of knowledge
through transdisciplinary research. This study has as main objective to identify
practices and impacts of acceleration programs for open innovation and its
relationship with Research and Development in universities. This study is conducted
in two phases in order to analyse the impacts: the first is a systematic review of the
literature to identify state of the art of the studied themes in a combined manner. The
second phase of the article consists in study two application cases of acceleration
programs at the Pontifical Catholic University of Parana. The work aims to analyse
the impacts of the open innovation and acceleration programs found in the literature
and in the case study in order to identify opportunities for improvement for the
programs of acceleration of open innovation which universities propose or
participate. The expected result is to provide subsidies for universities to increase
their participation and contribution in programs, to accelerate innovation and open
innovation, supported by transdisciplinary and excellent research.

Keywords. Open innovation, research and development, university, accelerator
programs.

Introduction

Among other stakeholders, manufacturing industries of different types are interested in
sustainable innovation and depend on universities to satisfy the demand for qualified
labour [4]. In order to satisfy the expectations of industries and also of society in general,
universities are increasingly relying on transdisciplinary training and collaboration with
different actors, such as the industry itself and the government to deliver innovative
solutions [4] and [5].
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The arise of division in innovation labour which, universities specialise in research,
small start-ups convert promising recent findings into inventions; and more substantial
and more established firms specialise in product development and commercialisation [6].
Such fragmentation could lead to a player specialisation, therefore decreasing innovation
diversity, competition and the societal impact of Universities’ R&D [6]. However, this
scenario is uncertain as long as a shift in the role of universities from education providers
to scientific knowledge and technology producers in the current knowledge-driven
economy [7]. In this context, in which companies and universities are collaborating
through different types of work, new university roles are required [8]. The authors of the
present work started studying the role of the university [9], especially the contributions
of research, development and its impact on innovation.

In the relations between university-industry-government, there are some
possibilities of knowledge transfer to generate innovation, among these modalities, three
types of programs are studied in a combined way in this work: open innovation (OI) and
acceleration programs (AP) in research and development (R&D).

According to the literature review carried out below, recent research on the theme
development of ecosystems has increased. Many of these studies have been focused on
results, methodologies, financial or social aspects, among other theoretical and practical
aspects [10], [11] and [ 12]. However, it is understood that there is an opportunity to study
research and development and its relationship with open innovation initiatives and
acceleration programs. This study aims to identify the impact of acceleration programs
and open innovation programs and their respective contributions to Research and
Development at universities. To find the outcomes of acceleration and open innovation
programs and their impact on research and development carried out by universities, a
systematic literature review of the three topics of interest and analysis of two application
cases in Brazil are presented as follows.

1. Background

The rise of technologies, sustainability opportunities, cost reduction and user experience,
has produced a vast number of initiatives to offer incremental or disruptive innovations
in their primary alternative forms: process, products and services, business models [13].
To this purpose, innovation partnerships and the sharing-is-winning model emerge
intending to accelerate co-development of sustainable innovation, with the alignment of
the entire value chain with consumer-centred innovations as one of its main pillars [11].

Universities play essential and different roles in entrepreneurial ecosystems, can
play one of the actors in the innovation network, supporting research and development;
as a channel for recruiting entrepreneurs or; as co-working spaces [14] and even more.
In this way, the relationship between universities and industry is acquiring significant
importance, supported by the knowledge-based economy and obtaining sustainability
through knowledge transfer [15] and [16]. Moreover, when the topic specifically
mentions knowledge transfer and innovation, there are several adaptations between
industry and university for the closeness of work and the guarantee of better results for
innovation [11] and [4]. Recently, a new definition of innovation ecosystems was
proposed [17], compiling several previous concepts. According to the authors, an
innovation ecosystem is the evolving set of actors, ventures, artefacts, organisations and
relationships, including complementary services and substitute relationships, essential
for the innovative performance of an actor or a population of actors [17]. In addition to
the same concept, it can be said that business ecosystems can build a structural dynamic
among various partners in the system [18]. These partners are listed as, but not only,
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start-ups, venture capital funds, government agencies, research institutions, and others;
including the nature and dynamics of connections installed [18] and [20].

One way that innovation ecosystems work is through acceleration programs (AP),
which in essence are intensive and limited-time educational programs that, through
practical situations, develop teams composed of students, professionals, teachers and
researchers, to make them able to grow your ideas on the field. In these programs, start-
ups are selected according to predetermined criteria, and their founders receive support
and guidance. In this way, their teams/start-ups are able quickly to be exposed to different
types of mentors, such as entrepreneurs, angel investors, executives in order to attract
resource for their start-ups to reach new levels of business maturity. The programs have
a high point of presentation of start-ups to potential investors and other interested parts,
called a "demo-day" where each participating start-up defends its project, known as
"pitch" [19] and [20].

With the growth of business and university ecosystems, incubators and accelerators
have become an integral part of that ecosystem needed to support the growth of new
ventures [21]. An accelerator is a generic organisation that plays a crucial role in
encouraging entrepreneurship and validating their respective ecosystems of business
innovations. These initiatives guarantee a vital position in the development of
technological and socio-economic advancement. [20]

Additionally, to the changes that are occurring in the ecosystems, the open
innovation concepts are gaining space in the universities-industry relationship. The goal
of open innovation is to reorganise innovation processes, taking knowledge flows across
organisational boundaries [5], which means that more open sources of external
knowledge have been proven to facilitate better results for innovation [22]. It is based on
this concept, that every type of company works close to universities, government,
suppliers and customers to gather new and unexpected knowledge to develop more
innovative products, services and processes. In other words, Ol practices can be extended
to research and innovation management practice and its interactions with business
ecosystems [22] and [23]. The concept of OI, supported by the classic Triple Helix,
proposes interactions between university, industry and government as the pillar of
innovation. In the Triple Helix concept, universities play an essential role in OI's
contribution, as they are an essential supplier of knowledge in Research and
Development (R&D) [23]. The practices of Ol are now becoming more present in
innovation activities in the university, industry and government, which has been shaping
new approaches in the way as universities produce R&D, directly impacting the results
of the innovation.

In this context, the present work aims to compare qualified literature and practical
efforts to produce better results for the entrepreneurial ecosystem. While the university
is considered as the main actor, the present work verified the adherence between
theoretical studies and research practices, open innovation in an acceleration and
development program in the entrepreneurial ecosystem.

2. Method

2.1. Systematic Literature Review

Based on the research methodology previously developed by [25], [26] and [27], a
systematic literature review (SLR) was conducted in the present study in order to identify
state of the art. A SLR is 'a systematic, explicit and reproducible method for identifying,
evaluating and synthesizing the existing body of completed and published work
produced by researchers, academics and professionals' [28]. With the analysis of the



M.M. de Oliveira et al. / Evaluation of the Impact of Open Innovation and Acceleration Programs 95

research problem, the authors selected three themes which better represented the
research: Acceleration Programs (PA), Open Innovation (OI), Research and
Development (R&D). Two stages, combining R&D with PA, and R&D with OI and its
respective synonyms, were searched, keeping the focus in R&D as a central theme, with
the inclusion of keyword University (UNI). These different combinations of keywords
and synonyms were consulted in the Scopus and Web of Science (WoS) databases from
2009 - 2019.

The first search using the keywords, their combinations and synonyms found 204
articles, and after the exclusion of duplicates, the result was 161 articles. In the next step,
all the articles that satisfied the following criteria were selected: articles in English, from
journals with Q1 classification (according to Scimago Journal Rankings), resulting in 90
articles. The last step consisted of reading the title, summary and keywords in order to
find only articles precisely related to the research topic, resulting in 16 articles selected
for further study.

This section details all the content analysis of the 16 most relevant articles found in
the literature. The content analysis was concentrated in reading the articles deeply to
form the knowledge of the themes of acceleration programs, open innovation and
research and development in the area, as described in details in Table 1. The table
summarises the contribution of the 16 articles of the study showing the diversity of
initiatives, interactions, models of work and outcomes from universities which search for
R&D interactions with their partners regarding for Open Innovation and Acceleration
Programs applied in two undergraduate programs at Pontifical Catholic University of
Parana (PUCPR) located in the south of Brazil.

Table 1. SLR content analysis.

Authons . N G
Contributions Limitations Applications AP (o)1 R&D
and year
Industrial ~ participation in  Application in some
Perkmann & largescale scientific ~ fields of science Blueprint possibilities for public-
Shildt collaborations  can  guide  Pharmaceutical private research partnerships. R V R
(2015) [29] scientific enquiry towards  industry.
greater societal relevance.
Application of Open Science  Open science In51ghts. for more collaborat}on
Smart et al. B . . . and polices between university-
as a pilar to Open Innovation  implementation . N V
(2019) [30] L industry-government to foster
and social improvement. challenges. N
science.
Effects. of the ]'{'ks between Mexico context Discussion about the
Guerrero & enterprises with other . . L
L . Innovation entrepreneurial university
Urbano organisations, or  with . N N v
A performance of Triple ~ model
(2017) [31] universities and government Helix
for innovation performance. i
Arora et al Discussion about universities’
(2019 [6] . Division of innovation labour. United States context.  activities in the innovation \/
ecosystems.
. Th.e s},“.ft in the rolle of Discussion about the future of
Dezi et al. universities from education to Ttaly context university role as a knowledge N
(2018) [7] scientific ~ knowledge and Y . ersity &
. provider.
technology provider
Van Belkum i ) Diagnostic P0551b1[1ty of replication of the
Differences between academic . . comparison  between  other
etal. (2019) . . microbiology L . \/
[32] and industrial R&D. industry umversny-mdustr}{ collaboration
) programs focused in R&D/R&I.
Benefits of university-industry Improvements in curricula to
Lucia et al. collaboration for all  Management match the professional reality N
(2012) [33] stakeholders, especially  challenges Program  management  best
students. practices.
Breznitz and Identification of the main
Zhan contributions of acceleration  University of Toronto ~ Replication of research N
(20]5) (34] programs for students and  context. instrument for other universities.
startups
Goduscheit The functioning and barriers  Startups results are Validation of hypotheses in
& Knudsen for SMEs that are starting the  not differentiated Brazil context YP v v
(2015) [14] collaboration with universities.  from the other SMEs. i
Howells et The success of informal and Redesien the role of universities
al. (2012) straightforward ~ innovation ~ Sample selection bias. s . N \/ v
and knowledge production.
[8] programs.
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Authons

il Contributions Limitations Applications AP Ol R&D
Janeiro et al. The connections between  Portugal context. iFnliiT;fr -ﬁitr:dlzss)llal;?)ratilg::“ifz N N
(2013) [10] service firms and universities. Research subjectivity. Brazilry
Traitler et al Innovation Partnerships and The study The development Ot. busm_ess N N J
2011 [11] the Sharing-is-Winning model recommends culture  skills to foster open innovation

change. for R&D.

The leverage knowledge from . .
Natalicchio diverse areas and how  Use of patents as the icl)]fp:‘:a r;l:::;noﬁ(;ric:lesv:lﬁil)ﬁ
etal. (2018) universities converge it innew  only innovation thrl:)u h <! Knowledeo \ \
[12] technologies ~ for  energy  measure p n’%bin tion &

production patents. cco atio
Howells and The role of Higher Education United Kinedom Advances in the collaboration
Cheng Institutions in Open Innovation context & university-industry. v N V
(2012) [35] Systems. i Time-to-market orientation

Technological capital Spain context
Villasalero accumulation in the Uie of seéonda Advances in selling technologies N N N
(2014) [36] Universities connected with databases Ty originated in Universities.

Science Parks.
Galan- . . . .
Muros & Al?alySlS of. bafners ) and The flocus.on barrier red.ucllon.
Plewa drivers for University-business ~ European context. Identification of barriers and \/ V

cooperation

drivers to Brazilian ecosystems.

(2016) [37]

The impacts of acceleration programs and open innovation initatives in R&D found in
the literature review are diverse. A variety of methodologies, university or industry
approaches, makes it difficult to identify patterns of interactions in the ecosystem. Some
characteristics of innovation is a non-linearity, and the combination of models of work,
also found in SLR. In these 16 selected articles, there is the presence of different
programs of acceleration which considered open innovation to foster R&D in the
following approaches: industrial participation in largescale scientific collaborations [29];
effects of different links between enterprises with other organisations the role of the
higher education institutions [35] and science parks in universities technological capital
accumulation [36]. Two of these 6 articles show elements that match the acceleration
programs. PIBIC Master match the literature that affirms that different links between
actor may produce distinct innovation outcomes [31]. The PIBEP program matches the
literature findings: the success of informal and focused AP [8]. Finally, both programs
support and prove the change in the university role. The collaboration between
university-industry has been generating great results over the years. However, to face the
innovation and transdisciplinary context, the literature and the application cases prove
the necessity of increasing the university actions between all entrepreneurial ecosystem
actors to increase the impact of AP and Ol in universities R&D.

2.2 Two Application Cases

This section presents two application cases that will analyse the impact of two
acceleration programs at the Pontifical Catholic University of Parana (PUCPR) in Brazil.
The first program is called "Institutional Entrepreneurship and Research Scholarship
Program — PIBEP” [38]. The innovative program was conceived in 2016 and focused on
the preliminary stages of the creation of start-ups, such as start-up concept design. The
main objective is to accelerate ideas of business to evolve to higher levels of maturity.
The transdisciplinary teams are formed mainly by undergraduate, graduate or alumni
students, to a comprehensive development of their start-ups [38].

The second program to be analysed called “Institutional Technological and
Scientific Initiation Scholarship Program Combined Degree - PIBIC MASTER”. This
program aims to accelerate undergraduate students with excellent scientific performance,
to conduct their undergraduate studies in parallel with a master's degree to obtain both
degrees at the same time. The program also offers the possibility of six months of
national or international mobility, where the student can develop his research in others
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universities and organisations, experiencing external contacts through different networks
of cooperation and immersion in other cultures [39] and [40].

In this context, the CIMO-logic, known for its contribution to the research
organisation, has been adopted to facilitate the analysis of programs impacts (Table 2).
The CIMO-logic encompasses four phases: Context (C), Type of intervention (I)
Mechanisms (M), Results (O) [41]. The acceleration programs will be described by the
CIMO-logic and evaluated for their interface according to the topics studied: open
innovation and impact on research and development.

Table 2. CIMO logic applied to PIBEP and PIBIC MASTER — Combined Degree.

PIBEP CIMO logic (0) R&D

o Flourishment of ideas and startups of students in different knowledge fields;

Demand for development of soft skills linked to the entrepreneurial profile;

Incubators and accelerators in Brazil require a minimal structured business to invest in
startups;

Teams formed by students from different areas (interdisciplinary groups) and different levels
(undergraduate, graduate and alumni);

The program focus on the early stages of start-ups creation, like start-up concept design;
Three-month cycle program;

Students develop one innovative idea to solve a customer/consumer need;

Students must present a minimum viable product (MVP) which means ideas transformed into
business models, including prototypes;

Education and mentorship with specialized entrepreneurs;

Public presentation (Demoday) to investors;

Enterprises are running;

Patent registration;

Invitations for advanced acceleration programs outside the university;

PIBIC MASTER CIMO logic Ol R&D

Student acceleration in strict sensu post-graduation environment;

Acceleration of development of high-value research for society;

Qualified internationalisation of students and faculty and their researches;

High level for Scientific, technological and innovation aspects criterion;

Transdisciplinary education;

Development of scientific skills;

12 to 36 months program master’s degree simultaneously to the undergraduate course with
option up to 6 months of national or international mobility;

The program focus on scientific problem-solution;

Intense doctorate researcher supervision; Required Required
National and international collaboration;

High-quality research orientation;

Opportunity to Industry applied research;

Graduation program with a previous completed scientific program well succed;
Attendance of all master’s degree of the choosen area;

Students develop a scientific solution to a theoretical or real problem;

Intense reserch supervision;

Industry mentoring in case of university-industry collaboration;

Cultural immersion;

Peer review of research in different levels;

Research development and publication;

Development of quality research with high value for society;

Accelerated formation of qualified human capital;

Employability;

Patents and publications;

Context Required Optional

Intervention Required Optional

Mechanisms Required Optional

Outcomes Required Optional

Context Optional Required

Intervention

Mechanisms Required Required

Outcomes Optional Required

The programs have a different approaches and results. PIBEP is a short-term
program that emphasises the development of new businesses based on open innovation.
The acceleration proposal is to transform ideas into business in initial stages in more
advanced stages, with the idea validation, external investment, resulting in results: public
business presentations to investors, the start of business operations, patent registrations
and participation advanced acceleration programs. The transdisciplinarity of the students'
academic backgrounds, their different levels of education and the previous experiences
of the teams combined to the active participation of the other actors of the program in
actions such as educational training, mentoring, and the experience of other companies
highlights the impact of open innovation in the program.

Startups accelerated by the PIBEP program can be supported by scientific research.
However, this is not a required element. Teams can choose research and development as
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the basis of their startup and consequently obtain results that differentiate them from
startups that have not decided by R&D approach. In addition to business development,
the main objective of the program, publications and patents can result when teams choose
to include research in development as part of their delivery. Participation in the PIBEP
program enriches the student's experience while producing more complex innovation
results, centred on the user, with greater market acceptance and, consequently, higher
survival and success rates of the startups that passed through the program - demonstrating
the direct impact of open innovation in the program.

The Combined Degree - PIBIC Master is an acceleration program that intensifies
the academic experience in research, through the formation of human capital and the
development of research with high quality and in a compressed time. The purpose of this
acceleration program is to allow the student to complete his undergraduate studies
simultaneously with the development of his master's research, combining the two degrees,
and necessarily resulting in innovative and relevant research for society.
Transdisciplinarity takes place between the different and complementary backgrounds
of students and their research supervisors, through mobility between universities, in
contact with companies. When the university-industry relationship is provided, new the
areas of knowledge are required for the development of each research.

In the PIBIC MASTER - Combined degree program, several interactions take place
between actors from the university and industry, with diverse contributions and
directions for the development of research. Additionally, the option of mobility makes it
possible to experience different cultures. All of these elements emphasise the open
innovation character of the program in all its phases. Furthermore, considering the nature
of the program, the impact of research and development to generate innovation is clear.
The program does not have as obligatory a business development, and it must be
considered that its scope emphasises research and development with the support of open
innovation - however - the same student can participate in different entrepreneurship
programs offered by PUCPR such as PIBEP.

Although the two acceleration programs have very different characteristics, both are
directly impacted by open innovation and research and development that result in
positive outcomes in the student's experience and their transdisciplinary professional
education. The impact of acceleration programs is also positively distinguished by the
actors who directly participate in the initiatives that also foster the development of the
region.

3 Results and Discussion

According with the literature review, the universities role, in constant evolution
encourages the interactions of the university with other enterprises, including innovation
partners on a broader innovation intermediary-type model [35]. Even that universities
give attention to patent management [34], the emphasis on the knowledge trade by selling
its research conflicts with development based on open innovation [36].
The transformation of knowledge with open science practices in parallel to OI used
by universities increases their societal impact, [29] and [30] including in education [33]
and [32]. Some factors seem to influence on innovation partnership with universities:
effectiveness and speed; [11], connections, funding, organisational culture, internal
characteristics, resource availability, relationships [37] and geographical proximity [7].
Innovation leaders, larger firms, Knowledge-Intensive Business Service (KIBS)
sector are more likely to use universities intensively. The higher the innovation-intensity
level, the greater the firm’s reliance on universities. Moreover, larger firms tend to access
universities more intensively [35] and [10]. This fact could be a barrier, especially to
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SMESs, which have an excellent opportunity to work closely. However, it seems that
universities should communicate better its benefits for innovation processes to
enterprises of all sizes [35] and [14]. In this context, APs seem to be a great opportunity
to Universities and SMEs to increase in collaboration. Firms that participate in
acceleration programs have more robust performance in employment and product growth.
[34]. Firms that spend time in APs, and whose director is a habitual entrepreneur, achieve
a significant chance of experiencing growth, in particular, product growth, especially in
emerging economies, where universities and research centres do cooperate with
enterprises, producing a positive effect on their innovation performance. This effect is
reinforced when the enterprise has a high-growth orientation [31], similar behaviour to
start-ups, which could influence on University strategy and operation.

The acceleration programs PIBEP and PIBIC MASTER provided valuable insights
about universities movement towards entrepreneurship practices. It promotes the value
of universities acceleration programs for educational purposes but also to market-
orientation demands, developing differents skils which will able the students to perform
more significant and competitive roles in their professional lives.

The application cases show some common points with the literature, showing that
there is a change in the role of the university from a model of industry-academic to the
complex model where the university is a facilitator and mentor for businesses.
Additionally, it is possible to realize the crescent growing relation between university
and industry have been impacting economic, environmental and socially of the
innovation ecossistem where they are located.

4 Conclusion

This article has superficially discussed the evaluation of the impact of open innovation
and acceleration programs on research and development performed by universities. It
can be observed in the study is that few articles analyse university performance regarding
Ol and R&D and especially AP and universities’ R&D. In this way, it was clear that the
literature focus was on success rates of firms that cooperate with universities than
assessing universities contributions themselves. Universities have been approaching with
different open innovation models in order to cope with the current dynamic environment.
The knowledge base provided by literature and application cases has been shown that
universities are in transformation.

Moreover, given the nature of the innovation, these processes are in constant
evolution, but they also can be accelerated. Another critical point to be considered is
related to the more complex social and economic environment, universities, commonly
known as qualified education providers, have been moving to knowledge suppliers.
However, some key factors will determine the success of this new role. It mostly depends
on the universities commitment to reduce the distance between the academic
environment and the market. In this way, PIBEP and PIBIC MASTER present
themselves as a clear solution of the universities moving to focus on innovation and
entrepreneurial approach.

This literature review highlighted several lacks of information due to its broaden
outcomes, that provided excellent opportunities for subsequent research. Consequently,
further studies are necessary to explore Ol and AP integration deeply in innovation
processes considering universities are the centre of the ecosystem.

With different contexts, interventions, mechanisms and results, the acceleration
programs that served as cases of application of these in this study showed the ability of
universities to adapt themselves when they adopt a culture focused on innovation in its
different approaches, indicating new possibilities for the creation of other flexible
programs able to match industry and new business development based on research and
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development. Although the research did not address the relationship with the industry
itself, the authors believe that the universities transformations are going through in a
knowledge-based economy and rise of the Fourth Industrial Revolution.
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Abstract. In the wake of environmental disasters and accelerating climate change
the challenges facing humanity seem bigger than ever. In the public eye private
transport and mobility are two of the most apparent fields in need of a sustainable
evolution. Around the globe car manufacturers and developers of innovative
mobility solutions are hard at work in shaping the future of transport and travel. Like
many modern problems these fields require a transdisciplinary approach and
collaboration of disciplines in order to design a solution. At Trier University of
Applied Sciences, the student team proTRon has been building highly efficient
mobility concepts since 2005 and developing the prototype for a law- and safety-
compliant urban vehicle concept since 2015. In this industry-oriented collaboration
project the students get the chance to work in a realistic environment emulating a
vehicle development process, preparing them for a job in the mobility industry as
the next generation of system developers and engineers with a transdisciplinary
attitude. Within the framework of this project students acquire competencies in
communication and cooperation as well as gain expertise in areas like sustainability,
efficiency, and organization. This paper introduces “evoDash”, a human-vehicle
interface prototype for the urban vehicle concept proTRon EVOLUTION with a
focus on usability and modularity. Designed and developed by students it is a
software architecture based on Android and central part of a vision for a
transdisciplinary education platform, which provides the foundation for future
software and hardware development projects working towards an innovative and
sustainable human-vehicle interface. The modular architecture of the platform
provides the necessary interfaces and layout options for the functionalities that result
from innovative ideas and student projects, embedding them into a usable and
individually adjustable framework that will be subject to continuous iterations in
order to optimize usability, safety and security. This paper proposes a simulation-
based process model focused on rapid prototyping. It aims at providing a possible
framework for transdisciplinary engineering projects and education.

Keywords. transdisciplinary, sustainability, usability, human-vehicle interface,
human-centered design, higher education
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Introduction

Global challenges like climate change are further facilitated by an emerging world and
those problems are becoming more and more complex and all-encompassing, so that
simple multi- and interdisciplinary collaboration are not enough to deal with them
anymore. Fields like transport and mobility in the light of sustainability as a guiding
principle deal with problems and propose solutions that have a major impact on the
society, the economy and the environment. Researchers and experts from social-sciences,
economics, natural sciences and technical disciplines must work together in a forum of
open communication using methodologies and tools that go beyond their original fields
to come up with the solution to modern problems [1].

At Trier University of Applied Sciences, the student team proTRon has been
developing highly energy-efficient vehicle prototypes since 2005 and shifting their
attention to the development of a street-legal, urban vehicle, that is supposed to challenge
the established understanding of individual mobility in the automotive industry by
advocating that less is more [2]. Starting as an extra-curricular activity, it has developed
into a course-credited, but student-driven project with high ambitions. In collaboration
with various departments, students with a background in electrical and automotive
engineering, computer science, economics or design can contribute to this vision of a
sustainable future of mobility in an industry-oriented study environment.

In this context higher education has the freedom to be a playing field for bright ideas
without the constraints of economic risk. Students are free to pursue creative and
innovative ideas, while retaining the option to fail and learn from it. There is a certain
advantage in not having to play it safe. As a result, this paper proposes a partial solution
to the challenges of the changing automotive industry in the form of a contemporary
human-vehicle interface prototype and ambitious visions for a transdisciplinary
education platform and a simulation-based development process.

1. Transdisciplinary Innovation

Transdisciplinarity commonly describes a research strategy adhering to the idea of a
unified truth or shared knowledge regarding the workings of the world, transcending the
boundaries of separated disciplines and building on top of them [1]. Perhaps a more
comprehensible understanding in the scope of practice-oriented engineering projects is
that of high-level integration of methodology and processes of multiple — if not all —
disciplines [1].

Modern technological advancements and solutions cross the boundaries of
disciplines. A transdisciplinary approach involves open communication between all
imaginable stakeholders and taking into consideration current state, goals and outcomes
in the grand scheme of scientific, social and ecological interaction [1].

Such an approach is especially necessary in the context of sustainable development
and manufacturing. Sustainability as the concept of future-proof planning and
preservation is inherently a transdisciplinary field, due to the natural interactions between
systems, manmade or not [3].
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1.1. Transdisciplinary Engineering in Vehicle Development

In the past the development of a car mainly represented the organizational structures of
the automotive companies and suppliers themselves [4]. Each department developed
their domain-specific solution for a problem, with department A for example developing
the engine control unit, while department B was responsible for the body control unit.
Thus, functions were designed locally and isolated [4,5].

Bus systems were introduced to enhance wiring and ECUs, sensors and actuators
were interconnected for the first time, enabling new distributed functionality, such as
ESP or ABS [4,5]. Consequently, even the development of the electrical system of a
vehicle became a highly multidisciplinary task combining the knowledge of mechanical,
electrical, electronical and software engineers. In order to develop such vehicle functions
it is essential that these people have the same understanding of the problem, processes
and solution [6,7].

Already today, modern vehicles consist of several million lines of code and include
up to hundred electrical control units. Due to the development towards connected and
autonomous vehicles and the software being the major driver for innovations, the amount
of software in the car is predicted to rise even more drastically [8,9]. Next to brand,
exterior design and energy efficiency of the vehicle, build-in software is increasingly
turning into a deciding factor in the customer’s vehicle preference [9]. Therefore,
automotive manufacturers have increasingly started to treat in-car software as yet another
important distinctive feature of their vehicles. One main component in this is the human-
vehicle interface. Car manufacturers have the opportunity to create a diverse, distinctive
and on-brand way of interaction for their vehicles [9].

Besides the increasing introduction of software in the car, the amount of information
technology in the automotive industry, such as through off-board computing, cloud
computing, connected and shared mobility services will also increase [9].

Because of the increasing amount of such interconnected, distributed software-
enabled functions the complexity is growing dramatically, which transforms it to an
organizational challenge for the automotive industry to handle. Challenges such as
autonomous driving, connected cars, electrical and shared mobility for a more
sustainable, safer and comfortable driving pose complex problems. The automotive
industry is currently facing the reality, that their established methods and structures are
not sufficient anymore to solve these problems [6]. In order to develop ethical solutions,
aspects like the legal position and urban planning have to be considered. The
development process does not only involve car manufacturers, but also the government,
the infrastructure and the society, making it a highly transdisciplinary field [6].

These challenges will continuously require established processes and methodologies
of the automotive industry to change [8]. Most manufacturers currently do not have the
in-house expertise to stay on top of these developments and are even more dependent on
various suppliers in order to provide elevated customer experiences, find sustainable
solutions for future mobility and reduce costs [8]. Therefore, they cooperate with IT
companies or other car manufacturers to get the required know-how and combine
resources in order to master these trends [10]. At the same time big OEMs are building
up their own expertise in information technology through launching their own IT
development centers, as to not risk becoming a mere platform supplier for the human-
vehicle solutions of IT giants [10].

Even titans and rivals of the automotive industry like Daimler and BMW are joining
forces on research and development for a more sustainable future mobility with shared
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platforms such as Charge Now, Park Now or the car sharing service Share Now [11].
The changing industry introduces challenging tasks, but also a high potential for new
innovations.

1.2. Transdisciplinary Education

More than integrating disciplines and fusing methodologies, Transdisciplinary Education
places a focus on promoting transdisciplinarity as a meta-discipline and as an open,
scientific way of thinking, which takes surrounding systems and the shared knowledge
between and above disciplines into consideration [1]. The goals of Transdisciplinary
Education are to develop a standard as to what a transdisciplinary approach entails and
to providing established measures for the transdisciplinary competencies of students [1].

Unfortunately, the pursuit of transdisciplinarity can be hard within the confines of
the fragmented structure of higher education and academics. The education institutions
are organized into departments, often competing with one another for resources. Students
are expected to pick a field to specialize in and are hardly ever incentivized by the
curriculum to think outside the box [12]. Even in multi- or interdisciplinary
collaborations students are limited by the discipline-specific methodology taught in their
monodisciplinary curricula [1]. This inhibition of a transdisciplinary evolution peaks
with the discipline-specific structure of academic journals [1].

At the same time, student learning is changing as they are studying more individually
based and at their own pace. The role of teachers in higher education is shifting from
being the performing agent to providing the resources, background and environment for
students and their individual study [3]. Students are more and more interested in learning
how to work sustainably and research suggest that students benefit immensely from
coupling teaching sustainability and transdisciplinarity, as they are naturally related [3].

The intertwined relation of the two concepts is apparent in education but can be
observed in application as well [3]. Students need to be provided with a learning
environment and context that facilitates their transdisciplinary development. Major
changes in established and traditional structures are unlikely to be accepted, as they
threaten the status quo [1]. Instead institutions are to be encouraged to pursue
establishment of transdisciplinary competencies through workshops and department
collaboration projects [1,3,12].

2. evoDash — a Concept for an innovative Human-Vehicle Interface

The student-centered vehicle development project “proTRon EVOLUTION” is such a
collaboration project capable of teaching transdisciplinary competencies. The goal of the
project is the development of a street legal and highly efficient, electric urban vehicle in
the name of sustainable mobility. “evoDash” is a sub-project, currently helmed by IT
students and originally intended as a regular display-based infotainment system, which
has become an industry standard [13]. Now, the “evoDash” prototype sits at the center
of our vision for a modern and innovative human-vehicle interface, that goes beyond
entertainment, navigation and basic driving data. The main focus of both the project and
the sub-project is sustainability and efficiency not only during usage of the finished
product, but also in development and production. The industry standard for infotainment
systems is big, heavy, overprized and resource intensive hardware that remains unused
while the vehicle is not being operated. A more efficient approach is to move the
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processing power out of the vehicle where possible and into the driver’s mobile devices.
Those are often cheaper, lighter and have use outside the vehicle. By making the
processing unit independent of the physical vehicle, upgrading the hardware becomes
easier as the user can interchange mobile devices for linking up to the vehicle to stay up-
to-date with developments in hard- and software. Because the development cycle of
about three to four years for a car is much longer than the advancements in information
technology, the car could be equipped with state-of-the-art technology even after start of
production [7]. As a consequence, the lifecycle period of modern vehicles could be
increased and value retained.

Obviously, redundancies, safety and security concerns need to be considered, but
such an approach would considerably increase the sustainability and eco-friendliness of
a new generation of vehicles. Furthermore, “evoDash” (ref. Figure 1) has become a
vision for a human-vehicle interface focused on interaction, sustainability and
individuality. The system could encourage resource-friendly driving by impacting
behavior through optimization, gamification and emotion to train the driver and raise
awareness for sustainable driving. Machine learning can play a role in optimization
depending on driver, vehicle, route and taking into consideration vehicle attributes like
recuperation, route details like height profiles and traffic, and driver goals like commute
and a fun driving experience.
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Figure 1. Display-based UI of the human-vehicle interface Android prototype “evoDash” with the climate
control screen currently displayed on the right and dynamic driving data displayed on the left.

The application prototype itself was developed with the goals of high modularity,
adaptability and individuality. As outlined above, the whole system is supposed to
improve vehicle attractiveness, especially for a sustainable and low-comfort vehicle like
the concept being developed by the proTRon team.



L. Kuentzer et al. / evoDash — A Transdisciplinary Vision for an Education Platform 107
2.1. System Development Process for a Human-Vehicle Interface Application

When developing a human-vehicle interface various legal, safety and security
obligations have to be considered. Accordingly, applications like “evoDash” have to be
compliant with German Road Traffic Licensing Regulations, with the current speed
being displayed at all times just being one of many stipulations. Additionally, it is
important that the driver does not get distracted while operating the car and that the user
interface remains unobtrusive [14].

As such, development of digital human-vehicle interface applications, such as the
“evoDash” prototype, is a highly transdisciplinary task. Not only is the necessary skill
set and expertise of multiple disciplines required for the development, but the whole
system needs to be considered for every stakeholder. To ensure that the intended user
benefit from the system and find it appealing, quality features like usability,
performance, reliability and overall aesthetics need to be validated through an open
forum made up of experts from multiple backgrounds [15].

Figure 2. “evoDash” demo on an Android tablet during a “rolling chassis” event on the left and the driving
simulator “FaSiMo” during a test drive on the right.
There are numerous psychological and cognitive aspects of humans interacting with a
system interface in a safety-critical environment, that also must be considered. The driver
should be able to perceive information of the user interface easily and navigate through
the system quickly and accurately to reduce driver distraction [14].

The key to a transdisciplinary development like this, is that the different stakeholders
involved in the process are equally informed of the development status and have the same
understanding of the system [6]. For “evoDash” graphical mock-ups and use-case
diagrams and other design artifacts were created to evaluate and validate different
usability and application scenarios among the stakeholders of the project to prevent
misunderstandings and identify problems long before the first line of code was written
[13,16].

Due to the fact that the physical test vehicle of the “proTRon EVOLUTION” is not
ready to be put on the road, the driving simulator (ref. Fig. 2) at the University of Applied
Science in Trier was used to test the current iteration of the “evoDash”-prototype with
driving data from a simulated test track [17]. “evoDash” has been part of several events
(ref. Fig. 2) at the University of Applied Science in Trier, where visitors had the
opportunity to experience this human-vehicle interface prototype and provide feedback
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regarding its usability, which could then be implemented in the next iteration of the
modular and adaptable application architecture as further outlined in section 2.3.

2.2. User Interface Guidelines for Vehicle Development

With respect to consistency, usability and accessibility, user interface guidelines for
vehicle development were introduced into the process of creating the “evoDash”
prototype. This approach was obligatory to be able to construct a quickly adaptable user
interface. The challenge is to provide driving information and entertainment data in an
efficient way so that users rapidly figure out how to operate the application.

These guidelines are not intended as rules or restrictions but rather as convenient
recommendations to support the procedure of turning goals and requirements into an
applicable design [18]. General design guidelines which are already established in
modern mobile devices are often too abstract or not befitting the concept [18]. Even
though these existing design guidelines generally differ in their intention and output, in
our case they are suited as a structure that can be adapted to draft design guidelines,
tailored to the system [13,19]. In the development of an application for a street-legal
vehicle it is crucial to take passengers’ safety into account.

One focus of our approach in the development of our user interface guidelines are
the ten heuristics by Molich and Nielsen [20]. They provide a classification of usability
problems, that influenced the user interface guidelines of the ,,evoDash* user interface.
These classifications are quite similar to Google’s Material Design [21]. Material Design
describes the utilization of physical rules and flat surfaces to imitate materials that help
the user indicate areas where user interaction is possible. The use of very graphical and
bold elements guides the user through the learning process on how to interact with the
given components. The simplicity of flat design has the function to enhance interactions
with the system. Important information visually pops to draw the attention of the user
[21].

Overall, the ,,evoDash® user interface guideline helped with building a consistent
and user-friendly interface design that assists the driver in effectively interacting with
the UL, while still adhering to the traffic regularities.

2.3. Transdisciplinary Education Platform

The student project “proTRon EVOLUTION” as a vehicle development project already
unites many different disciplines in its vision of a light-weight, high-efficiency electric
vehicle for private or shared mobility in urban areas. Contrary to the direction of the
German automotive industry, which currently aims for luxury and comfort, the vehicle
concept focuses on the “mobility” keystone: safe, reliable and affordable travel. This
means sacrificing the comfort and luxury of the physical driving experience, making it
even more crucial to add value and attractiveness through software and clever concepts.

Currently the development is mostly multidisciplinary in nature with students
largely following methodologies taught in the curriculums of their respective
departments. However, there are some sub-projects, such as the development of the
»evoDash®“ infotainment concept that follow the transdisciplinary idea. After the
completion of the test vehicle, automotive engineering as the driving force behind the
project will only be able to generate little additional value through optimization.
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Instead the focus of the project will shift towards electrical engineering and
information technology and the generation of value through innovative software
functions. In the context of driver experience design and vehicle performance
optimization various disciplines like economics, social studies and environmental
sciences play a part and while their perspectives are to be considered, the collaboration
project “proTRon” is supported most strongly by the technical faculties. The shift
towards software as the primary value generator for the product is an opportunity to
create a transdisciplinary framework for an education platform, a pilot project for
transdisciplinary work and the prototype for a vision of modern human-vehicle
interaction. The focus of the overall project will then shift towards usability, individuality,
data security, adaptive performance and energy optimization, vehicle information, driver
interaction and attractiveness of the overall driving experience. All these issues have to
be approached with a transdisciplinary mindset due to their multilateral nature, requiring
student teams of different disciplines.

Innovative development, cooperation and competition with the automotive
industry and practical education of the students for their future in the workforce remain
the cornerstones of the project. It provides the students with an environment to develop
skills in solving problems independently, responsibly, and sustainably, while being able
to communicate and collaborate on them. Students are supposed to get the chance to try
out new methods and pursue innovative ideas in a framework that promotes crossing the
boundaries of the disciplines.

»evoDash”, which was initially only envisioned as a regular infotainment system
and dashboard display has evolved into a vision for modern human-vehicle interaction
based on usability, individuality, emotion and clarity. In order to carry such a
transdisciplinary vision into multi- and interdisciplinary working groups made up of
students of different departments, the established methodologies and development
models of the departments will not be sufficient. Due to that this paper proposes a novel
process model, fit for vehicle development and its context, in the next section.

3. Transdisciplinary Development Model for simulation-based Prototyping

In order to develop a safe, functional and usable human-vehicle interface, design a
fulfilling driving experience and optimize performance and efficiency per individual,
multidisciplinary student teams in project “proTRon” require methods beyond the ones
taught in the curriculum of their departments. Figure 3 proposes a process model that
takes into consideration the transdisciplinarity that the project vision requires. Initially
limited to mainly contributing disciplines, the model can be expanded upon contributors.

Several contextual factors, such as costs, safety and fragmented development cause
the simulation-based nature of this prototype development model, fit around the
development of the “proTRon EVOLUTION”. Students from information technology,
automotive and electrical engineering work together in tandem to translate the shared,
common knowledge and innovative vision into discipline-specific components of an
interactive system. The inner loop iterates in a simulation environment before deploying
into the outer loop and onto the physical test vehicle as a prototyping platform. There,
the system gets validated and updated requirements lead back in an agile fashion into the
inner loop for the optimization of interaction, usability and sustainability. Eventually the
first iteration of a finished vehicle can be deployed, while iterative development
continues.
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Obvious use-cases for this approach include the implementation of machine learning
for adaptable optimization of range, energy-consumption and performance based on the
individual vehicle, driver, or route. It also provides a framework for fine-tuning driving
experience and human-vehicle interaction. There is an opportunity to develop a system
that influences the driver’s behavior towards sustainable driving based on the sensory
self-perception of the vehicle and the dynamic and context-based relay of information.

Vehicle model in simulation environment Physical test vehicle —/—— Finished Vehicle
WTERACTION
UPDATED REQUIREMENTS

VALIDATION
KNOWLEDGE
INNOVATION - —

- ()
PROTOTYPE

DESIGN PROPOSAL j )

Figure 3. Process diagram of a simulation-based prototype development model in a transdisciplinary project
environment with multiple departments collaborating.

4. Conclusion

“evoDash" is a promising vision for modern human-vehicle interaction, especially in the
context of sustainability. At Trier University of Applied Sciences, it is part of a platform
that encourages students to develop transdisciplinary competencies through multi- and
interdisciplinary teamwork and collaboration towards a common goal. The paper
presents a student project, which aims for competitive innovation without being tied to
the typical industrial framework. The freedom gained in the development of open
solutions shows how the described transdisciplinary approach can be successfully
implemented. The procedure model presented combines agility with prototypical quality
assurance without restricting its flexibility.

Just recently established as a project platform, “evoDash” is already providing a
framework for several student projects in the IT department. Those projects focus on the
link between the vehicle systems and the user interface, such as radio or context-driven
navigation and subsequently cross over into fields such as automotive and electrical
engineering. Only time will tell if “evoDash” proves successful in its educational goals,
but based on the results and environment the “proTRon” project provides on the
engineering side, we are confident in the benefit “evoDash” provides for our students.

The conceptual ideas and innovations regarding “evoDash” must also pass the proof
of time. Nevertheless we believe in this respect that established car manufacturers will
run into problems in the future with the wide variety of proprietary user interaction
hardware/software and will have to take other paths, perhaps similar to the one pursued
here.
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Abstract. Agriculture has always had a great significance in the civilization
development. However, modern agriculture is facing increasing challenges due to
population growth and environmental degradation. Commercially, farmers are
looking for ways to improve profitability and agricultural efficiency to reduce costs.
Smart Farming is enabling the use of detailed digital information to guide decisions
along the agricultural value chain. Thus, better decisions and efficient management
control are required through generated information and knowledge at any farm. New
technologies and solutions have been applied to provide alternatives to assist in
information gathering and processing, and thereby contribute to increased
agricultural productivity. Therefore, this article aims to gain state-of-art insight and
identify proposed solutions, trends and unfilled gaps regarding digitalization and
Big Data applications in Smart Farming, through a literature review. The current
study accomplished these goals through analyses based on ProKnow-C (Knowledge
Development Process - Constructivist) methodology. A total of 2401 articles were
found. Then, a quantitative analysis identified the most relevant ones among a total
of 39 articles were included in a bibliometric and text mining analysis, which was
performed to identify the most relevant journals and authors that stand out in the
research area. A systemic analysis was also accomplished from these articles.
Finally, research problems, solutions, opportunities, and new trends to be explored
were identified.

Keywords. Agriculture, smart farming, intelligent systems, smart technologies

Introduction

115

The agricultural sector has been improved with the arrival of the fourth industrial
revolution [1]. New technologies and solutions have been applied to provide alternatives
to assist in the collection and processing of information, contributing to the increase in

agricultural productivity [2].

In recent years, technological development has introduced radical changes in the
agricultural working environment (i.e., the use of electronic systems and data
transmission). Besides that, these changes required the provision of updated information
on systems, equipment, markets, and agents involved in production for the strategic and

managerial decision-making processes [3].
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Agriculture 4.0, as well as Industry 4.0, represents the combination and interaction
of internal and external agricultural operations, enabling the use of detailed digital
information to guide decisions along the agricultural value chain [4]. Also, in this context,
the concept of Farm 4.0, or smart farm, emerges in the search for ensuring that a property
is endowed with equipment, processes and people targeted to digital agriculture [5].

In addition to the introduction of new practices and tools, Agriculture 4.0 has as one
of its main objectives the adaptability of production systems and the improvement of
efficiency [6]. The latter occurs through increased productivity, which is the ability to
collect, use and exchange data remotely in real-time [7]. Thus, automation and intelligent
decision making become very important for the fulfillment of these objectives [8].

The development of information and communication technologies, IoT(internet of
things), cloud computing and Big Data, is leveraging the development of smart
agriculture [9]. Through the combination of technologies that make use of cloud
computing and IoT, digital agriculture is evolving, as it is possible to take advantage of
the immense amount of agricultural data generated by the operations carried out on the
farms [10].

Big data technologies are being used to provide predictive information in
agricultural operations, allowing real-time operational decisions to be made and
redesigning business processes. These technologies play an essential role in the
development of a scenario in which humans are only involved in high-level intelligence
analysis and action planning [9].

Given these technologies that encompass smart agriculture and its applications, this
article aims to verify the knowledge and previous studies on the subject. Thus, a
bibliometric and systemic analysis based on ProKnow-C (Knowledge Development
Process-Constructivist) was conducted to find out about the work already done,
methodologies, technologies and tools used, and to identify gaps in the literature on the
subject in question.

Section II presents the methodological aspects of the research, followed by the
presentation of the sequence of activities to carry out the selection of the bibliographic
portfolio in section III, as well as the bibliometric analysis and the systemic analysis in
sections IV and V, respectively. Section VI presents the final considerations.

1. Methodological Aspects

Proknow-C was adopted as a methodological procedure. This instrument defines a
flowchart for bibliometric review and is designed to assist researchers in managing
information and knowledge in relevant content on a specific scientific issue [11].

The structured literature review process is a fundamental tool, since currently there
is a huge availability of information,and whichis used to manage the diversity of
knowledge in academic research. It is possible to map and evaluate existing knowledge
and define a research question to further develop existing knowledge when carrying out
a structured literature review [12].

ProKnow-C consists of the following steps: selection of the bibliographic portfolio,
bibliometric analysis, systemic analysis of the portfolio, and definition of the research
question and objective [13]. These steps are shown in Figure 1.

In selection of the bibliographic portfolio step, the research axes and keywords are
defined, as well as the databases and, subsequently, the researches. The bibliometric
analysis step defines which authors, articles, journals, and keywords are relevant to the
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research question. Finally, the systemic analysis interprets the articles in the
bibliographic portfolio.

Definition of the
Bibliographic Bibliometric . . research question
. : . Systemic analysis
portfolio selection analysis and research
objective

Figure 1. ProKnow-C steps.

This article will address only the first three steps of ProKnow-C, as this study aims
to present the state of the art and research opportunities based on the systemic analysis
step. To achieve this result, the software EndNote, Mendeley, and Microsoft Excel were
used. EndNote and Mendeley supported bibliography management while the data
tabulation was performed in Excel.

2. Bibliographic portfolio selection

The bibliographic portfolio selection aimed to gather publications with relevant content
and scientific recognition related to the research topic. Figure 2 represents the steps for
this selection.

Filter

Daﬂmt;?n Bt Selection of I.Di.ﬂmtmn th Keywords fest {duplicity, Ic:_enlwg mmm | Bibliographic
resdeir; Iax;s database Imugﬁ SEAN adherence fitles, scientific Elltgnle -— portiolio
and keywords iters recognition) HISEES

Figure 2. Steps for selection of bibliographic portfolio.
2.1. Research axes and keyword selection

The keywords used were divided into three categories (research axes): (i) Agriculture;
(ii) Digitalization; (iii) Data Analysis.

Afterward, the keywords were combined into a search sentence with the booleans:
((“farming” OR “agriculture” OR “agrobusiness” OR “crop” OR “harvest”) AND
(“digitalization” OR “‘connectivity” OR “CPS” OR “cyber-physical system” OR “iot”
OR “internet of things” OR “data acquisition””) AND (“autonomous monitoring” OR
“autonomous decision” OR “decision making” OR “knowledge-based” OR “data mining”
OR “data analytics” OR “data modeling” OR “data processing” OR “data analysis™).

2.2. Selection of database

In order to have access to a wide variety of academic and conference publications,
research databases were chosen considering their connection with the engineering area,
as well as their availability in the CAPES (Higher Education Personnel Improvement
Coordination) journals portal. The bases chosen were: Engineering Village, Scopus,
ProQuest, Springer, Emerald, Web of Science, Willey, Science Direct, EBSCO, IEEE,
and World Scientific.
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In the Emerald, Willey, Science Direct, IEEE and World Scientific databases no
articles compatible with the topic were found, therefore, these databases were
excluded from the process.

Table 1 Research Axes and their Keywords.

Research Axes Keywords
farming
agriculture

Agriculture agrobusiness
crop
harvest

digitalization
connectivity
CPS

Digitalization cyber physical system
iot
internet of things
data acquisition

autonomous monitoring
autonomous decision
decision making
knowledge based

Data analysis data mining
data analytics
data modelling
data processing
data analysis

2.3. Collection of articles

The initial search resulted in a total of 2401 publications. Only papers from congresses
and journals published in the last five years (2015 to 2019) were considered. Also,
adherence to the keywords was accomplished by reading the titles of the papers.
Three articles were identified related to the research topic and it was found that the
keywords were also related to those previously defined.

2.4. Filtering

In this step, all references were exported to EndNote X7 and Mendeley software, as these
tools assist to handle this big amount of references. To further refine the results, all
duplicate references have been removed, resulting in 2260 papers.

Despite the pre-selection carried out directly in the databases, the presence of
13 references from previous years to those considered in this study, as well as 93
references from other types of references and documents from other areas that
were not of interest (Medicine, Biology, etc.), leaving 2154 references.

Thereafter, an individual analysis of each paper was conducted. Each of the 2154
titles in the portfolio was read, and only 183 were related to the research. Then, the
number of citations for each paper was verified to identify the scientific recognition of
the papers. The criteria for selecting articles for the next stage of the analysis was that it
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should be cited at least once. Papers published ast year with related titles that were
not cited were also considered. Thus, 153 references remained.

The last step started with reading and evaluatingthe abstracts, to select the
papers that were in fact related with the research. Thus, a total of 39 papers were
selected for the final review. These steps can be analyzed in Figure 3.

Reading abstracts

=

39 papers

Figure 3. Steps followed to select bibliographic portfolio

3. Bibliometric analysis of bibliographic portfolio

Bibliometric Analysis allows to evaluate and interpret the bibliographic portfolio
throughstatistical analysis, in order to generate knowledge of the bibliographic portfolio
characteristics [13].

First, the results found for each database were analyzed (Table 2). In a total of 2401
papers, in Springer was found the large majority of articles, followed by Scopus, Web of
Science, Engineering Village, ProQuest, and EBSCO. Databases as Wiley, Emerald,
Science Direct, IEEE, and World Scientific didn’t return any results.

Table 2. Returned articles per database researched.

Database Number of articles returned

Springer 1370
Scopus 467
Web of Science 206
Engineering Village (COMPENDEX) 180
ProQuest 153
EBSCO 25
Wiley 0
Emerald 0
Science Direct 0
IEEE 0
World Scientific 0

Total 2401

It is possible to identify the year of papers’ publication, the relevance of journals and
congresses on the research topic, as well as the authors who stand out most in the research
areaof the portfolio.

The total number of articles in the portfolio published per year is shown in Figure 4.
When analyzing the year of publication, it can be identified that the year 2018 has
more publications, in addition to nine papers already published in the year 2019,

so it is said that the number of articles published anually is growing, and this topic
remains prominent.



120 J. laksch et al. / Digitalization and Big Data in Smart Farming

14
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2016 2017 2018 2019

Figure 4. Number of articles published per year.

Continuing the analysis, with the exception of the authors Olakunle Elijah, Joseph
Walsh, Sahitya Roy, Tharek Abdul Rahman, and Igbafe Orikumhi, who have two
publications in the bibliographic portfolio, most of the publications were written by
different authors.

Table 3 shows the ten most cited articles for this research. The most cited paper, [9],
conducted a literature review on Big Data applications in Smart Farming and identified
the related socio-economic challenges. The authors have also developed a conceptual
framework for analyzing the topic that can be used for future studies.

The work of [14], [15] proposed intelligent monitoring systems to control
environmental factors, such as humidity and temperature, and weather forecasting, using
android, IoT and big data platforms. [16] in their article, proposed a semantic framework
for smart agriculture applications based on IoT, which supports reasoning about many
data flows from heterogeneous real-time sensors .

Table 3. Most cited articles'.

Title Citation Year
Big Data in Smart Farming - A review 391 2017
Publicising Food: Big Data, Precision Agriculture, and Co-Experimental Techniques of Addition 65 2017
Intelligent Agriculture Greenhouse Environment Monitoring System Based on IOT Technology 65 2016
Internet of things: from internet scale sensing to smart services 57 2016
Big data in precision agriculture: Weather forecasting for future farming 54 2016
Agri-1oT: A Semantic Framework for Internet of Things-enabled Smart Farming Applications 52 2016
An Overview of Internet of Things (IoT) and Data Analytics in Agriculture: Benefits and Challenges 44 2018
Mobile Cloud Business Process Management System for the internet of things: A survey 40 2016
Scientific development of smart farming technologies and their application in Brazil 33 2018
How data analytics is transforming agriculture 29 2018

! October, 2019

After this step, systemic analysis stage started, which is presented in the next section.
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4. Systemic Analisys and Review Discussion

The systemic analysis stage analyzed the content of the articles according to pre-
established criteria. To complete this step, it was necessary to download the full texts, as
only the citations were imported into EndNote and Mendeley.

To conduct the systemic analysis, each article was read in order to define the
following aspects: (i) objective, (ii) methodology, (iii) main results, (iv) future
recommendations, (v) research opportunities pointed out by the authors; and (vi) research
opportunities found through critical analysis. This information was organized in an Excel
spreadsheet and data were tabulated to facilitate global analysis.

When analyzing the articles, most of the tools and systems presented use IoT and
big data to address issues involving aspects such as irrigation, pest control, crop growth,
and weather forecasting. Some works like the [17] developed applications to support the
interaction between IoT devices from different suppliers, seeking to recommend plants
to increase agricultural productivity in a given location.

Several authors have tried to understand how the concepts of smart agriculture are
being applied and what technologies are involved. Some works proposed solutions based
on the development of IoT platforms, such as the study [18] that integrated IoT in
agriculture. The authors considered a sugarcane plantation as an object of study and
compared optimal parameters, regarding soil and environmental factors that should be
considered to guarantee the maximum yield of the planting, with the captured data.

Other authors have created solutions based on the study of environmental factors to
improve crop yields. [19], [20], and [21] implemented [oT technology to capture data for
crop and soil monitoring, climate, and air monitoring, as well as machine work
monitoring. According to [22], the majority of research involving IoT applications is
focused on water management on farms, due to a lack of abundance.

[16] created a customizable online platform, based on IoT, that allowed large-scale
data processing, analysis, and interpretation of data from different sources, such as
sensory systems, surveillance cameras, climate and information, warnings, and alerts
from government organizations. Although the platform seeks to integrate data from
different sources, it is not flexible and adaptable to all agricultural scenarios and deals
only with data from environmental factors.

The system proposed in [23] is based on IoT and is supported by a mobile interface,
and seeks to create a connected agricultural network to share knowledge among farmers.
The model proposed in [24] also uses the IoT approach for data acquisition via sensors,
task control, and data management and analysis that are considered in the development
of its system to help farmers manage aspects related to environmental factors and
distribution information. [25] created a platform using CPS and IoT, capable of handling
the needs of soilless culture in full recirculation greenhouses, using moderately saline
water.

Although there are studies for the development of IoT platforms aimed at agriculture,
they are specific to certain cultures and information. Thus, it is necessary to create
generic platforms that can support any type of farm, regardless of their cultivation, being
easily customizable and free from geographical restrictions [21]. According to the
authors, it is necessary to develop IoT devices that take into account algorithms with
advanced encryption, to increase the security of the captured data.

Big data technologies can be considered as the solution for various applications and
can be used in decision making and to extract new ideas and knowledge for agriculture.
The main challenges are to discover knowledge and correlations of historical records and
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deal with unstructured data [15]. In their research, [15] aimed, through the use of
different data sets, to improve the accuracy of rain forecasts, using different parameters.

Big data applications in agriculture are not strictly related to primary production but
play an important role in improving the efficiency of the entire supply chain to minimize
production costs [9]. [26] used predictive big data analysis techniques to analyze and
predict harvest yield and decide the best harvest sequence based on yield information
from previous crops on the same land, current information on soil nutrients, as well as
predict the cost involved with fertilizers.

Farmers are interested in business models that support the generation of revenue
from data captured using IoT technologies [27]. From the data collected and generated
by the various communication devices and technologies, it is possible to build knowledge
bases that store complex and unstructured information. However, having a model that
has information in an organized and complete way, that provides relevant knowledge,
that can be used universally and that actually implements smart agriculture, is still a
challenge [28], [29].

Through reading the articles and the critical analysis carried out, some research
opportunities were achieved. Five of them can be highlighted:

e Farm 4.0 characterization, with all technologies and information flows
presented;

e Generic loT platforms for agriculture creation;

e Development of IoT devices that take into account algorithms with advanced
encryption;

e Development of a universal information model to implement smart agriculture;

e Event prediction considering all factors involved in the agricultural scenario.

5. Conclusion

The present work developed a structured review of the literature on smart farming,
aiming to identify research trends and opportunities related to smart farming. The
ProKnow-C procedure was applied with the objective of raising bibliographic and
systemic analyzes of the proposed theme. From an initial survey of 2401 publications
presented between 2015 and 2019, a portfolio of 39 articles was identified as
representative for the given analysis.

Through bibliometric analysis, the portfolio was interpreted and evaluated. It was
possible to identify a growing interest in the subject. In the systemic analysis, all papers
were read in order to identify the main research problems addressed, the proposed
objectives and resources, and future research opportunities.

This methodological procedure proved to be adequate for the literature review,
however, the correct choice of keywords used in the searches is extremely important for
the correct representation of the research topic. Besides, when using ProKnow-C it is
necessary to record each step performed, which makes the process difficult. It is
recommended in the future to carry out all the steps again, including the analysis of the
references of the papers that make up the bibliographic portfolio and ensuring the
analysis not only of the most recent articles.
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Abstract. For a company to compete in today's market, it needs to invest in
developing project management tools to help improve its materials, products and
production processes, reducing costs and continually improving its activities. This
article aims to present the preliminary study performed to implement a custom
semantic model in a technology company, which will enable the analysis and
diagnosis of the production model to check nonconformities and to track
information and materials, aiming at improving its production process and thereby
raising its level of competition in the market. The preliminary study corresponds to
the first of two phases of project development, which consists of the study carried
out in the company to identify improvement needs for implementation of the
analysis and diagnosis tool in the production process. For this, a tool development
model is being developed with the mapping and the proposal of the model with its
implementation strategy. Thus, it was verified that there is a disconnected
traceability between the company sectors, information lost at the end of each process
step, which eventually increases the time spent in each process phase. To solve this
problem, resources were selected that, when integrated, will allow the integration of
resources that were not previously connected in the company, in addition to reducing
the time spent to close the cycle: connect, collect, analyze and act, making the
response of production process activities in real time, seeking the optimization of

production.

Keywords. Traceability, Production Process, Decision Making

Introduction

For a company to be competitive, it is necessary to invest in the development of modern
project management tools, to improve materials, products and production process, while
reducing costs and aiding the continuous improvement of activities. Even with the
beginning of the digital revolution, industries have used few technologies for the
production routine, leading to few success stories to certify available opportunities [1].
The use of smartphones, tablets and wearables is accelerating the use of mobile man-
machine interface technologies, when these technologies are combined with accesss to
data and information, they can make operators and teams more productive asa with the
access to cloud technology makes it possible to share information more easily and
quickly, through a web application [2]. This new context optimizes the control of the
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manufaafctuirng processes, while using Industry 4.0 insights on productivity, as it
considers the monitoring and customization of the production line and simultaneously
considering the reduction of costs, contributing to increased competitiveness.

It is believed that the reason for companies to use few technologies for the
productive routine, is in most cases, the need for extreme changes, and in some cases
changing the entire infrastructure of the production line, which leads to a period of
adaptation to the new system, resulting in a decrease in productivity and profits. In this
context, a study will be developed, using industry 4.0 concepts, to implement a system
to optimize the production process in a brasilian capital and technology company
established energy systems sector manufacturing uninterrupted power systems (UPS)
and voltage stabilizers, with minimal interference and cost to the company. The project
will be developed in 2 phases, starting with the preliminary study, followed by the
application of system and the analysis of the results.

This article aims to present the study carried out to develop the towards for a
computational tool for managing the production process of a technology company. This
article presents the entire study developed to analyze the real needs of the company is
gathered so that the requirements for the tool can be determined. The preliminary study
of the optimization project of the production process seeks to analyze all the steps and
responsible departaments of the company to make a diagnosis, where positive points and
opportunities for improvement will be identified, as well as a detailed mapping of each
sub-process alongside the integration processes of all activities. During the initial
analysis, it was verified the need to develop a computational tool to evaluate the system’s
model of decay to verify nonconformities and identify opportunities for improvement,
where the multiple perspectives involved in the manufacture of the product and the
restrictions existing in the company, has compromised the quality of the production
process, resulting in higher costs.

In this way, this article will initially present an overview of the Production Process
Optimization Project, followed by the research methodology used to support the
preliminary study, the results of a bibliographic research to identify tools to support the
effective application of the principles of transformation of the raw material and energy
in products. The following is an overview of the company's production process, as well
as the positive and negative points raised during the field research, resulting in a
diagnosis of the current situation of the productive process of the company. the diagnosis
was made possible by the field research carried out in the production line to observe,
collect, analyze and interpret facts and phenomena, allowing to raise among existing
approaches used in the company's factory floor, here called Company Y. With that, it
was possible to elaborate a structure of diagnosis and analysis of the production model
to determine the solution strategy to be adopted. To conclude, the final considerations
will be presented with the application of the first preliminary study phase, followed by
the next steps to be taken for the implementation of the Production Process Optimization
Project.

1. Bibliographic Research
The RBS Roadmap [5] was used partially for the accomplishment of the bibliographical

research,. The RBS Roadmap has three phases: input, processing and output. The script
was used partially because this study will perform a review of the literature and not a
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more complex research as a systematic review. The input phase, which will be used by
this study, has 8 requirements to guide the research, see Table 1.

Table 1. Requirements for the entry phase of the RBS Roadmap (Source: the authors).

Requirements Specification

Problem It is possible to construct a semantic model customized for a company that allows
the analysis and diagnosis of the company’s current production model and check
nonconformities, as well as identify opportunities for improvement in the product
production process.

Goals Gather information during the production process using technologies that allow
the fusion of the physical ande digital worlds, to exchange data in real time,
leading to the development of a computational plataform that will gather
information during the production process, characterizing the traceability of
information. To identify nonconformities during the production process and
achieve a faster response to the problem, decreasing the time for decision making,
seeking to provide a holistic follow-up of the process for analyzing the continuos
improvement of production.

Primary Sources “Product Engineering “Process Engineering” e “Tool”.

Search Strings Related words: “Appliance”. The term “Tool” is at the center of the relationship,
combining with the terms “Product Engineering” and “Process Engineering”.

Inclusion Criteria The research was carried out in the CAPAES/MEC periodicals portal. Type of
material: articles; date of publication: last two years; only reviewed articles by
PARES.

Qualifying Criteria Approaches (primary or secondary subject) using support tools for the
development of process engineering.

Method an Tools Steps 1 to 4 of the interactive procedure of the RBS Roadmap processing step
Schedule The survey began in the last quarter of 2018 and ended in the first quarter of
2019.

After defining the requirements to use the script (see table 1), the search was
performed in the Portal of Periodicals CAPES/MEC. The portal has a collection with
more than 38 thousand titles with full texts and 537 reference bases. Then filter 1 was
performed, with the reading of the title, abstract and keywords, totaling 74 articles. With
filter 2, the introduction and conclusion were read, reaching the number of 29 articles,
ending with filter 3, with the complete reading of each article, resulting in 10 articles, the
listed articles.

The 10 selected articles brought contributions and new questions about innovation,
performance improvement and business environment, which will be discussed in the next
section.

2. Results of Bibliographic Research

With the Bibliographic Research it was possible to see the need to understand the data
processes, as key components of the system, from the data capture until its conversion
into useful information during the manufacturing processes [1], while offering
alternatives for storing a greater number of information for a faster analysis and
consequently increase in productivity [14]. In this respect, one can consider the
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information, as “the formatlization of an exchange of one or more project data among
stakeholders” [11].

Currently, in the business environment there is a great dynamism and the digital
frontier, in the form of IoT, presents itself with great potential for the process industry
[1].

The assembly process of the product is one the most important manufacturing
activities, where the design, engineering, manufacturing and logistics processes are
combined efficiently and economically [7]. Its importance comes from the fact of
consuming up to 50% of the total production time, which represents more than 20% of
the total manufacturing cost [15].

Therefore, manufacturing managers seek to monitor the performance of their
operating processes to make the most profitable decisions in the short and long term.
However, these decisions are related to na occasional offline analysis or comparisons
with simple standards in custom worksheets, taking more time to generate and analyze
basic information for effective responses [2]. An analysis of this limited system can cause
problems in engineering and business as the system grows, hampering the ability to make
good decisions at the system level [16].

In this context, a principle of information management (Closed Circuit Principle)
and of recource reuse and integration (Recominant Innovation) were identified in the
literature, and were defined as key points to be worked on during the systems
development. These principles focus on the improvement of the process already used,
considering unconnected resources and the reduction of the management loop without
proposing drastic changes that require a linger period for adaptation. In addition, to
considering the Mcmullen & Wiley [2] statement also points to the need to use modeling
data convergence with cloud storage in order to enterprise’s systems achieve higher
quality and data fidelity while minimizing errors and costs.

2.1. Closed Circuit Principle

To improve the performance of a process, it is necessary to monitor its performance
indicators and to detect any deviation from the defined objective, understanding the
process context to evaluate options in order to take the most appropriate corrective action
to ensure that the solution is used correctly [2].

Still according to Mcmullen & Wiley [2], there are four steps of the information
management loop: connect, collect, analyze and act, which represent the basis for
problem analysis and solution definition throughout the process hierarchy. This structure
defines the closed circuit principle, which enables operational excellence by helping
business stakeholders to adopt a process focused approach. This principle is key to
improving the performance, while it decreases the time spent to close the cycle
transforming the activity in real time.

In the current business environment, knowing how to deal with the dynamism of
information is becoming a requirement as it offers opportunities for the company, but
also threats because of uncertainties and turbulence in the global market, phenomenon
attributed to globalization. To seize opportunities and guard agaisnt threats, companies
need to develop decision support tools to make decisions more sensible and strategic,
tactical and operational. [6]. In this context, it will be considered the closed circuit
principle alongside the decrease of latency associated with the reuse and integration of
resources that were not previously.
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2.2. Recombinant Innovation

The term: recombinant innovation, which means, innovation based on the addition,
dissociation and associantion of existing value propositions, using internal and external
resources, instead of starting from the beginning [9]. Considering the problem and
objective defined for this study, this resource that can and should be considered for the
construction of a customized model of analysis and diagnosis of the production model
and verification of nonconformities of a company in full activity and competition in the
market.

Considering that innovation, the differential that every company seeks to help to
excel in the market can be defined as “a discontinuous change and describes a new
solution or renewal of an existing solution” [17]. The processes of innovation can be
describe in different ways, such as radical innovation, improvement, incremental, ad hoc,
recombinant and formalization [18]. In theory, “most innovations are based on
recombination” [19], since “almost no innovation is entirely new” [9,20].

In this aspect, this study will consider the positive points in the process of Company
Y, to apply the reuse and integration of resources that were previously not connected,
rather than designing from the beginning for a rapid and efficient migration to the model
of analysis and diagnosis of the production process to be developed.

3. Field Research

Field research was carried out in the production line for observation, collection, analysis
and iteration of facts and phenomena observed in the approaches carried out on the
company’s factory floor. A script was used with the activities carried out in the sector
and its managers and the information standardized and documented by the company. The
positive and negative points found during visitis to the company sectors ar shown in
Table 2.

Table 2. Field survey result.

Sector Positive points Negative points
Assembly Cell operators organize production as they see The same information is presented in two
of product fit, within the set deadline and goal. Follow-up  different ways and in two different locations,
and by- of the aid chain drive indexes, OEE (Global both in the system and in the frames, with
product Equipment Efficiency) for calculating cell manual updates and often outdated in a few
efficiency, GBO (Operator Balancing Chart) hours. The system update is not real-time.
and Takt. Only three materials are traceable during the
According to the indications of the indices can  production process.
be realized: Masp (Method of Analysis and
Problem Solving) and Kaisen.
Mounting The preparation, separation and supply for Problems with copper wire defective and not
of assembly is carried out the previous day with traceable during the production process,
transformer  the schedule sent by the Planning and control causing delay.

of production.

The steps of the process are totally handmade,
with control only at the end of the process.

Problem with the brittle spool especially in the
coldest times of the year.
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Sector Positive points Negative points
Expedition An inventory is carried out weekly to check Annotations are made manu.al'ly in frames tp be
stock entry and exit for wrong data passed to the system later - it is not a real-time
adjustments. updatc?. L .
Tracking and logging is a times consuming
process and is not automated.
The system usually duplicates the system bug
(IT has already been reported).
There is no checklist or alert for overdue tasks.
Final tests When it fails, it goes to the repair cell. Partial traceability of the product is possible
There is a report to visualize the production only when defective enters the history on the
defects finished product label.
All communication is by phone, email and
daily meetings - none of the communications
happen in real time.
Assembly All boards are inspected and when necessary, The solder paste has lead, but for this material
of plates adjustment is done - this entire process is to be changed, older machines will need to be
recorded and traceable. There is an hour to replaced. The notes on the progress of the
hour hour with production goals There is a production are done in frame, manually and the
study for the reduction of setup time and for system is not updated in real time.

the exchange of older machines.

Warehouse There is a study to evaluate the material The update in the system does not happen in
conference time. There is another study for real time, being inserted manually both in the
weighing the copper wire rolls that differed system and in frames in the sector when it is
from the information in the purchase orders. possible, in the interval between the activities
Each material has a fixed location in the with priority. There is a trace available only to
inventory to be saved, a location map. All where the material is stored.

externally mounted boards are tested when

. . . All communication is by phone, email and
received. An inventory is conducted weekly.

daily meetings - none of the communications
happen in real time, except for a radio
deployed shortly for testing. The system is very
bureaucratic when something happens that
could be solved in a more practical way.

4. Diagnosis of the production model

With the field research and survey of the positive and negative points, a diagnostic
strutucture of the production model was developed to determine the strategy to be
adopted to comply with the objectives and guidelines that govern the company’s
philosophy. The diagnostic structure helped in the description of the company's activities,
production strategies, description of the advantages and possibilities for improvement of
each sector and the enumeration of this information regarding the organizational
structure, the administrative methods and processes and the product development, in
addition to verifying the proximity or distance in relation to the achievement of the
company's objectives, which led to the guidelines for putting into practice the theoretical
issues raised during the development of this project.

Its objectives are related to cost-benefit and flexibility, however, to check proximity
or distance in relation to the achievement of the company’s objectives, the objectives
related directly or indirectly to the production process of the selected product were
considered (table 3).
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Table 3. Summary table of analysis of the diagnosis of the production process (source: the authors).

Diagnosis*

Selected Objectives

|Agility in service for spare

parts

[Vertical production chain in

the manufacture of the main
components of the product

/Adaptation of line equipment
to meet specific needs

IWide product line with
variety of powers

IExtensive own distribution

capacity

Prompt delivery products

ILean philosophy ensures
greater flexibility in processes

Type of change required

System update does not happen in real time; the
information is entered manually into the system
during the intervals between activities; the
information is repeated in tables manually and does
inot happen in real time; there is local and
lunconnected tracking in some departments;
lcommunication takes place by telephone, e-mail
land daily meetings; emergency drives use radios;
distribution routes have been optimized with wave
distribution.

ap

at

at

at

ap

ap sk

v2

The material used for welding does not yet follow
IRoHS guidelines; annotations are manual and
made.

ap

at

ap

ap **

v3

IDelay in the production process caused by a defect
in the copper wire; copper wire coils are not traced,
imaking it difficult to identify the supplier or
Ipurchase lot; process carried out with handmade
tools; tests and updates at the end of the process;
[problem with brittle parts from some suppliers.

ap

at

ap

ap **

v3

[The registration of production and updating of the
system is done at the end of the process;
registration is done manually.

ap

at

ap

ap sk

v3

The data generated during the process are
Ipresented in two different ways, in two different
Iplaces: in the system and in the information boards,
imanually and are not updated in real time. Three
Imaterials have traceability throughout the
Iproduction process: plate, battery and transformer.

ap

at

ap

at

at

ap

ap **

v3

There is partial traceability of the product; only
when the product is defective, a permanent record
is created for traceability of the defect.

at

ap ek

v2

IManual annotations on tables to then be passed to
the system; no updates happen in real time;
tracking and registration are not automated; there is
o checklist or alert for overdue tasks.

ap

at

at

at

ap

ap LS

v2

*synthesis of the diagnosis previously presented **the company folloes the Lean philosophy, however not all tools
are being applied, characterizing the implementation process.

For the verification of proximity or distance in relation to the achievement of the
selected objectives of the company by the sectors, a scale related to the level of
compliance with the objective was used, where the variables were considered: (i) 0 = not
applicable (null value); (ii) na = not answered; (iii) ap = partially attended; (iv) at = fully

answered.
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The scale previously described, led to the determination of guidelines for the type
of change needed to put the theoretical issues raised into practice, classified based on the
following variables with their application rules (correlated to meeting the objectives): (i)
vl = no change (rule: only at); (ii) v2 = weak positive change (rule: na + ap < at); and
(iii) v3 = considerable positive change (rule: na + ap > at).

Regarding the type of change, it is considered: vl as no necessary change, as all
objectives have been met; v2 as a weak necessary positive change, since in the
relationship between the scale of meeting the objectives, most of them were met, that is,
suggestions for improvements to be applied to the process will be made during the
development of this project; v3 as a considerable necessary positive change, that is,
points that must be considered for the design of the intelligent computational tool for
diagnosis and analysis of product manufacture. The diagnosis of the production model
presented aims to support the decisions to be made during the development of this project.

5. Analysis of Results

During the field survey it was verified that the stages of the production process are
disconnected. In addition, decision making is based on snapshots that are often outdadet
or inaccurate. The exchange of information between departaments, are avaliable in
updated worksheets at the end of the day or in meetings at the beginning of the day. The
techniques used to analyse operational data are isolated and without systematic linkage
of criteria, that is, the updated information is not available in real time and is not
connected and consequently making it impossible to have a holistic view of the whole
production process. In relation to the traceability of information and materials, it is
precarious and departamentalized, the information is not connected and lost at the end of
each stage of the process, not being available to managers.

The diagnosis of the production model allowed to evaluate the type of change
required in each sector of the company to guide the next steps of this project and to
observe the gaps in the company's production process, directing the study towards the
configuration of a model that represents the progress from the development of this project
to the present moment, summarizing the main steps taken so far.

6. Conclusion and Future Steps

The research aims to identify the towards for a computational tool, with the goal is to
improve the identification and analysis of nonconformities. Additionally, it is possible
to identify opportunities to insert new technologies for product and process improvement
alongside of the enterprise’s production model. In this way, it was necessary to do an
investigation in the management of all the processes of the company, in order to avoid
the main problems that a research can face, such as the definition of the requirements for
decision-making.

A complete mapping of all the existing activities of the production process was
carried out. In addition to a diagnosis with assessment of the needs for changes in the
process, which will be used as a reference by the computational tool during the
implementation of the pilot system. In addition, recombinant innovation will be used to
reuse and integrate resources that were not previously connected in the company and to
deal with the dynamism of the business environment. The closed circuit principle aims
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to improve the performance of processes in relation to the time spent to close the cycle:
connect, collect, analyze and act, controlling the activity in real time.

The next steps of this research include the selection of diagnostic tools and
evaluation of the production process, definition of requirements and rules for decision
making, analysis of project management platforms that are in accordance with the
characteristics of the company to be carried out the migration for the new system without
trauma for the company and the insertion of technology in the production process.
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Abstract. The interdisciplinary development of smart factories and cyber-physical
systems CPS shows the weaknesses of classical development methods. For example,
the communication of the interdisciplinary participants in the development process
of CPS is difficult due to a lack of cross-domain language comprehension. At the
same time, the functional complexity of the systems to be developed increases and
they act operationally as independent CPSs. And it is not only the product that needs
to be developed, but also the manufacturing processes are complex. The use of
graph-based design languages offers a technical solution to these challenges. The
UML-based structures offer a cross-domain language understanding for all those
involved in the interdisciplinary development process. Simulations are required for
the rapid and successful development of new products. Depending on the functional
scope, graphical simulations of the production equipment are used to simulate the
manufacturing processes as a digital factory or a virtual commissioning simulation.
Due to the high number of functional changes during the development process, it
makes sense to automatically generate the simulation modelling as digital twins of
the products or means of production from the graph-based design languages. The
paper describes how digital twins are automatically generated using AutomationML
according to the Reference Architecture Model Industry 4.0 (RAMI 4.0) or the

Industrial Internet Reference Architecture (IIRA).

Keywords. AutomationML, Graph-based Design Languages, Digital Twin, Cross-

domain Engineering, RAMI 4.0

Introduction

135

Many products but especially production systems for the industry are mechatronic
systems, which are developed by many people working together in interdisciplinary
teams. The development process for those systems is nowadays seperated in different
concerns, which are handled by the specialist departments such as mechanical, electrical
and IT. The generated data however, are passed along the development steps from one
department to another. Which leads to a high amount of intersections. The data, which
the single departments receive along this process, is often converted in order to make it
readable for the used engineering tools. Conversion of data always leads to a reduction
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136 N. Beisheim et al. / Using AutomationML and Graph-Based Design Languages

of the original data and causes therefore extra effort in order to restore the missing
information. The increasing digitalization of production systems and the associated
increase in complexity, will most likely lead to aggravation. Especially the correlation
between the IT department and the mechanical department ist critical for digital twins,
because the dataformats that are used by commercial CAD software differs from the ones
that are mainly used for graphical simulations.

To improve the situation a data format is needed which is capable of maintaining a
unified digitalmaster model throughout the whole development process, that can be used
by the IT tools off all specialiced departments without losing information that is required
to build an accurate cyper physical system. One example of such a data format is
AutomationML, which is currently developed by the Automation ML e.V. in cooperation
with a large number of companies and universities. It is highly extensible due to its XML-
based structure and therefore capable of saving the heterogeneous data, which is
generated throughout the development process.

To deal with the rising complexity of production systems it is mandatory to increase
the amount of simulation based functional validations. The current workflow for such
validations is often based on manual labour, which is needed for the creation of the
simulation models, and therefore prohibit fast iterations.

The approach presented in this paper incorporates a combination of the mentioned
AutomationML standard along with an automated process of model generation by graph
based design langues in order to overcome the limitations in the production process of
cyber physical systems.

1. Relevant Work
1.1. Reference Architecture Model Industry 4.0

Industry 4.0 is in broad fields a very abstract concept, which is why the German
Electrical and Electronic Manufacturers’ Association (ZVEI) is developing the
Reference Architecture Model Industry 4.0 (RAMI 4.0) in cooperation with various
industrial companies.
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Figure 1. Layer model of RAMI4.0 [1].
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1. Layer model
The core of the reference model is a three-axis layer model, which is depicted in
figure 1. It provides the possibility to represent any state of an arbitrary technical
asset within the product life cycle.

2. CP Classification
The CP Classification is intended to enable a simple classification of technical
objects in the grid of the Reference Architecture Model Industry 4.0. The matrix
of the CP classification shown in Figure 2. The x-axis shows the communication
capability and the y-axis the recognition in the system.
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Figure 2. CP classification of RAMI4.0 (based on [1]).

3. Asset Administration Shell

In order to depict a technical object in the digital world, the concept of
administration shells introduced in the Reference Architecture Model Industry
4.0. The combination of administration shell and technical object referred to as
Industry 4.0 component. According to the CP classification, which was already
discussed earlier, industry 4.0 components therefore correspond to a CP
classification of CP43 or CP44. In this paper, therefore, only elements of this
characteristic are considered. The administration shell not only manages the data
of the technical object but can also make its own functions available. These are
made available as digital services in accordance with the reference architecture
model. An example of such a service can be the execution of a diagnosis of the
technical object by the corresponding administration shell. For example,
statements about the remaining service life or the next service assignment are
then calculated on the basis of the data collected.

1.2. AutomationML

Due to the rising complexity of Industry 4.0 based production systems, it is obligatory
that engineering teams of different departments can exchange information efficiently.
One format, which can handle heterogeneous data, is the XML based data format
AutomationML (see e. g. [3], [4]]). It can contain much more information than for
example a typical CAD exchange format like STEP or IGES. To make AutomationML
easy accessible it incorporates several standards.
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AutomationML
CAEX IEC 62424 COLLADA
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Figure 3. AutomationML Overview [2].

The open standards, which is used by AutomationML, are shown in Figure 3. The
AutomationML file itself is based on the CAEX Format (IEC 62424) which is just
slightly enriched. As it is XML-based and due to the possibility to reference other files,
it is easy expandable. The present components, the hierarchical structure as well as the
connection between the components are described with the CAEX Format. The
COLLADA standard provides the functionality for the representation of geometry. It is
capable of saving geometry as a boundary representation (typically for CAD software)
as well as a triangulated mesh representation. Besides the geometry, COLLADA can also
contain information about the kinematics and physics of an object, as well as other
geometry related information. The PLCopen XML format is also included into
AutomationML and makes it especially interesting for virtual commissioning purposes.
Since it is based on the IEC61131-3, it adds the functionality to store and transfer
programming languages for PLCs, embedded controls and industrial PCs. This data can
be evaluated on software or hardware in the loop systems typically required for virtual
commissioning. Also shown in Figure 3 is the ability to incorporate further formats to
add special functionality to AutomationML.

2. AutomationML based Asset Administration Shells

An administration shell accompanies a technical object over the entire duration of
the product life cycle. A wide variety of data is generated, in the design phase, for
example, this is predominantly planning data such as 3D CAD data. As soon as the
technical object is used as an instance, the type of additional data also changes, in this
case measurement data, for example, as well as service and service life data is generated.
In order to enable the persistent collection of this highly heterogeneous data, it is
necessary to select a very flexible system or format for the asset administration shell.
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Runtime Layer
Java Virtual Machine

Figure 4. Implementation Layer Structure.

2.1. Implementation overview

The reference architecture model Industry 4.0 provides a basic overview of the
objectives to be achieved with the model. For the majority of the components, however,
no implementation recommendations can be derived. The authors therefore make some
assumptions in the following, which serve as a basis for the later implementation.

®  runtime environment
The software-technical execution of the administration shells can be very
varying. On the one hand, it is possible to centrally store the data and the
runtime environment of the administration shells in a database-oriented system.
Depending on the choice of the database, however, restrictions can arise with
regard to the type and structure of the data. Another possibility is to embed the
administration shells decentralized, for example directly on the managed
technical object. As there are plausible use cases for both application scenarios,
a possibility should be chosen that enables both scenarios equally.

® data repository
As already mentioned in the runtime environment, data can be stored central or
decentral. In particular, the choice of the data format in which the data is made
available plays a central role. A proprietary data format can lead to integration
problems with external systems, especially due to there large variance in the
software products available. It is therefore advisable to choose an open standard
in order not to restrict the use of an administration shell. The chosen data format
must be able to contain the already mentioned heterogeneous data, which is
generated during the product lifecycle.

o Communication
The communication capability of an administration shell is elementary and
should therefore receive special attention. In the reference architecture model,
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the term “service-oriented architecture” is used at this point. Communication
based on such an architecture has proven itself in various software projects in
recent years and is therefore recommended here. However, the authors are of
the opinion that a further communication option that is closer to the machine
would facilitate the integration of the administration shells at the machine level.
Therefore, two forms of communication are considered.

The resulting layer-like structure is shown in Figure 4. In this figure, the individual
layers are already occupied with technologies that can fulfil the assumptions made. A
fundamental consideration which has to be addressed with the selected programming
language is the compatibility with different execution systems. Therefore, an approach
was selected which allows the execution of the code on different platforms such as
Windows or Linux environments. Thus, Java as programming language was selected,
which allows due to the Java Virtual Machine to run the same code on different platforms.

2.2. Java Automation ML Framework

The framework provided by AutomationML e.V. is currently only available on the
basis of the NET Framework programming language C#. A use in Java is therefore not
possible. For this reason, a Java-based AutomationML Framework is required for the
approach described above, which allows the effective use of AutomationML under Java.
Since this AutomationML framework is to be used in particular for the use in connection
with the administration shells, some additional requirements have to be fulfilled.

e FEasy integration of additional service life data
The main task of the framework to be created is the integration of additional
data that is generated during the product lifecycle. It should be possible to
integrate any kind of additional data into the AutomationML file.

e Complete serialization and deserialization
In order to make the data more robust against malfunctions and to reduce
memory requirements, the data must be able to be both saved and loaded as
AutomationML files (*.aml). This requires a serialization and deserialization
mechanism.

o Toolkit for mathematical operations based on the FrameAttributeType
attributes
Positions and rotations of individual components can be stored in
AutomationML as FrameAttributeType. This FrameAttributeType attribute
contains the position and rotation of an element. The rotation is held in Euler
angles, which is especially problematic for complex mathematical operations in
3D space. Therefore, two new classes are introduced for the arithmetic
operations based on the FrameAttributeType attributes. The FramePosition
element contains the position portion of the FrameAttributeType attribute. The
FrameRotation element contains the rotation part of the FrameAttributeType
attribute, which is converted into a quaternion FrameRotation. In order not to
violate the rotation sequence defined by AutomationML e.V., an in 2006
founded industrial consortium, the conversion is performed as shown in
equation 1.

x * 9y * 4z = Qres €Y
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The indices indicate the rotation around the individual axes. By converting the
rotations into quaternions, the required arithmetic operations for spatial
calculations are reduced and the mathematical problem of the “gimbal lock”
(see also [8]) is avoided. Rotating a position p0 by a given quaternion qn can
then be expressed in the following way.

P1 = qn *Do (2)

This system makes it easy to perform complex mathematical operations based
on the FrameAttribute type.
o [Integrated Toolkit for creating and modifying PlcOpenXML data

In order to enable an administration shell and thus also the managed technical
object to react adaptively to changed boundary conditions, it may be necessary
to adapt the PLC program used. The open standard PlcOpenXML is integrated
in the AutomationML standard for the purpose of managing PLC programs. In
order to simplify the modification of these programs, a toolkit is implemented
which enables the semantically and syntactically correct modification of
PlcOpenXML data.

2.3. Asset Administration Shell Framework

As shown in Figure 4, the administration shell framework is located between the
communication layer and the data layer and represents the actual business logic. The
mapping of the data to the communication is basically possible in two different forms:

1. Division of an AutomationML structure into individual data elements
2. Mapping of the complete AutomationML structure as a single data element

The first is particularly suitable for communication forms that require such a
granular division, e. g. machine controls. Usually this is necessary for runtime-variable
data. Variant 2 is e. g. suitable for planning data which should be imported into a software
and extended if necessary.

2.3.1. Machine to Machine Communication

One aspect of industry 4.0 is the relocation of intelligence by embedding control
units into subassemblies to form independent objects. This increases the need of a
standardized machine to machine communication. Therefore, the Asset Administration
Shell has to be able to communicate in this standardized way. In the recent past the OPC
UA standard proves itself as valid competitor for future standardized machine to machine
communication. Thus, this standard was implemented in the Smart Asset Administration
Shell Framework.

2.3.2. Human-Machine-Communication

As even in highly automated processes the influence of an operator is necessary, the
Human-Machine-Communication has to be in a comparable quality as the machine to
machine communication. To provide a Human-Machine-Communication there are
several options available. One typical option nowadays is to embed a display within the
technical system, e. g. the control panel at a tooling machine. As this is probably the best
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option for machines with one single control unit, it can hardly be applied to machines
which consist of dozens of control units. Therefore, the Human-Machine-
Communication is realized comparably to a service orientated architecture, to enable a
user to easily interact with arbitrary control units or Asset Administration Shells.

3. Conclusion And Further Research

The acceptance of industry 4.0 components and the reference architecture model industry
4.0 will depend strongly on whether the manufacturers of the systems find a common
data technology basis. The combination of AutomationML and the reference architecture
model industry 4.0 could represent such a data technical basis and thus contribute to the
improved interoperability of these systems. These models can automatically be generated
through a production pipeline based on graph-based design languages as described by
Kiesel et al. [5] and Beisheim et al. [6], which allows a higher number of simulations for
functional validation. In order to confirm this assumption, however, further research is
necessary in the future.
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Abstract. Many organizations have redesigned their measurement systems to
ensure that they reflect their current environment and strategies. Thus, it is extremely
important that the responsible manager knows all the strengths and weaknesses of
his organization, having all the maturity axes mapped, highlighting his strengths and
weaknesses, to anticipate problems, becoming a company with greater potential
competitiveness, because the failure is not to ignore the problem, but to ignore it.
Given this, when measuring the Maturity Level Index, you can get an overview of
the organization, becoming a radar to know the strengths and weaknesses, thus
providing a basis for formulating a decision making and strategy to implement
actions to improve performance and organizational maturity. The Acatech Industrie
4.0 (AI4MI) + AHP maturity index has the principle of providing companies with a
guide for this transformation, based on the assessment of weaknesses or
disagreements with the objective in the action plans, thus obtaining a continuous
improvement in the evaluated stages, generating knowledge from the data, to
transform the company into an agile organization, with quick decision making and
adaptation in multiple business scenarios and different areas of the company. This
article presents a preliminary discussion on the benefits of this proposed model for
analyzing the measurement of the ACATECH + AHP Maturity Level Index, as to

its advantages, results, added value.

Keywords. Maturity Index, Industry 4.0, Road Map, Decision Support,

Performance Measurements, Operations Strategy.

Introduction

Currently, what governs the rules of competitiveness and survival of a company are:
technological innovation, creativity, quality, low cost, customer satisfaction. And
correlating all these factors is not an easy task. In recent times, much has been said about
Industry 4.0 and its benefits and impacts on industry and society. The 4th Industrial
Revolution brings us topics such as the Internet of Things (IoT), digitalization, intelligent
and independent processes, big data, cloud storage, and many other macro themes [1].
The fact is that all this transformation causes curiosity, but also fears about culture, the
way of thinking, and new ways of manufacturing. Industry 4.0 is not only about
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connectivity between machines, processes, and products, but also about growth and
organizational development in general [2].

The use of new technologies and the implementation of new knowledge through new
information processing metrics inevitably brings us new ways of working, new jobs with
which we need professional knowledge and experience [3]. Therefore, the first challenge
and task to be carried out before any implementation tool presented by Industry 4.0 is to
prepare the environment and culture of the whole society that will be directly and
indirectly involved with this type of industrial revolution, thus designing a strategy for
implementation aligned with your business strategy [1; 4].

The concern with meeting the client's personalization requirements at the desired level
of quality, competitive selling price, low manufacturing cost and profitability to remain
competitive in the market is a complex and exhausting task [5]. For its implementation,
a previous study must be carried out to map the environment to be modified, type of
product, mission, and vision of the company and, thus, be able to be more assertive when
performing the step by step for the application of maturity index measurement.
Companies will only be able to enjoy the benefits of applying this tool if they implement
the steps correctly and respecting all their stages in the process.

Performance management is a key factor in identifying skill gaps in any area of an
organization or individual. Thus, it is of great importance to link the company's goals,
even employees, to the company's Industry 4.0 strategy, [1]. The question is which is the
best method, and how to interpret the results obtained.

This article will be structured as follows: Session 2 is dedicated to the problem
statement; Section 3 presents the background, example work to promote the discussion
and presents the highlighted model; Session 4 deals with the preliminary discussion
between the advantages and disadvantages on the presented methods and, finally, session
5 presents the conclusion.

1. Problem Statement

Competitiveness in the market, customer requirements, rapid adaptation to changes,
connectivity, and digitalization of data bring us to the reality of change. The question is:
are our factories ready to receive this transformation? What is the impact of measurement
systems on the organization's competitiveness and strategy? What method to measure
maturity index can organizations use to ensure that their systems evolve, contributing to
the increase in maturity? The fact is that many managers see the need for change, both
physical and cultural, but it is difficult to measure the distance between the current state
of reality and the desired state to be achieved. For such questions to be answered, it is
necessary to know the level of maturity existing in the organization, and for that it must
be clearly known which method to use, and most importantly, correctly interpret the
extracted data so that action plans and strategies can be executed. However, knowing
how to apply and interpret the best method is not a simple action.
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2. Contextualization

Industry 4.0 brought with it facilities, autonomy, connectivity, integration between the
real world and the virtual. But all these advantages are not available so soon, it is
necessary to promote adaptations throughout the organization. This implementation is a
highly complex transformation, which does not occur quickly, requiring analysis,
modifications, investments not only in strategic and technological aspects, but also in
social aspects.

ACATECH + AHP assists, from the company's business strategy, identifying
strengths and weaknesses in various perimeters, assisting in the formation of simulated
scenarios according to the result obtained, through the functional areas of Development,
Production, Logistics, Services, Marketing and sales. Each functional area of this is
classified into four sub-levels: Culture, Organizational Structure, Resources, and
Information Systems. Each sub-level is classified into 6 classes that refer to the
requirements of the implementation phases of the Industry 4.0 stages [6], namely:
Adaptability, Predictive Capacity, Digitization, Computerization, Transparency,
Visibility (Figure 1).
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Figure 1. Structure ACATECH, from adapted [6].

This methodology occurs through the elaboration of a questionnaire (script), mapping
the questions in all axes so that all levels and sub-levels are included, where people linked
to the company and from different areas can answer, thus ensuring that they do not there
is a trend or influence on the result, consequently contributing to the mapping and
increased maturity [6].
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The proposed structure is described in Figure 2, which after compiling the responses
to the applied form, the next phase is to encompass the AHP. The hierarchical structure
is assembled in AHP, allowing that through the responses interpreted by the ACATECH
form, the comparisons created by the AHP are filled out. Based on the result obtained, it
is possible to simulate scenarios, prioritizing other pillars (Adaptability, Predictive
Capacity, Digitization, Computerization, Transparency, Visibility), being able to analyze
the impact of changes and future strategies, thus helping decision making.

As mentioned, the ACATECH + AHP structure, proposed by [7], which is a synergy
between the ACATECH method and the MCDM, AHP model, brings great detail when
interpreting the result provided by the application of the structure

Compa Assembly
1 Deﬁnilig 6 structurein

ACATECH From to the form, the
structure 7 comparison table will be
Script filled out in the AHP

Application
of the form

Figure 2. ACATECH + AHP Method Steps, adapted from [7].

3. Preliminary Discussion

In [1] the AI4MI framework is applied in a mining company called Master Drilling. Its
goal is to be the first point of contact for any customer who wants to expand their current
mining operations or start new mining operations. Thus, the objective focuses on how
maturity indexing is used to identify the strengths and weaknesses of Master Drilling.
The authors needed to change the ACATECH structure to suit the company's reality,
together with a readiness measurement model, commissioned by the IMPULS
Foundation of the German Engineering Federation.
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In [8], the authors applied the AI4MI framework in 3 cases of several large Danish
manufacturing industrial companies, intending to obtain an understanding of how the
company is in the relation of the requirements of Industry 4.0, to assess their digital
maturity and to guide the definition of a script to address the digital transformation in the
companies in question, suggesting improvement activities according to the obtained
result. The authors pointed out the need, after application, for a large team of experts to
carry out the evaluation process, especially to translate the data collected and mapped
into recommendations for improvement, also pointing out the difficulty in interpreting
the result provided by ACATECH.

In addition to the difficulty of interpretation, we find it difficult to find work applying
ACATECH, or this factor may be correlated with its complexity in interpreting the
results.

Thus, we can see that other authors also encountered limitations during the application
and when interpreting the results, having the need to adapt the model associated with
another one or to outsource the interpretation to a more technical group.

In the same way as the authors mentioned above, the author [7] commented on the
challenges, limitations found during the application of the ACATECH tool, which
motivated to associate decision-making with an aid method, in a way to interpret and
instruct the analyst as to the result obtained, which occurs through statistical, graphical
interpretations, simulating scenarios (Figure 3), more playfully and intuitively, when
compared to the product supplied to ACATECH, a radar graph. However, when
analyzing the ACATECH + AHP model, which proved to be very advantageous, the
limitation due to the extension of the method was observed, becoming tiring, and also

during the completion of the AHP strike, it can generate confusion.
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Figure 3. ACATECH + AHP Method Steps, taken from [7].

Figure 3 reveals how the ACATECH + AHP structure presents the interpretation of
the maturity index measurement result.
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After performance measurement, actions must be established to optimize the points
to be developed or the points that impact according to the established strategy.

Figure 4 provides the following explanation: Organizations must inform/implement
their existing strategy, linking it as data entry, with the technological developments that
Industry 4.0 makes available (IoT, Big Data, Cloud). Another entry, which is on the rise,
is industries or the processing of products or services linked to sustainability, not just
products scheduled to be reused or recyclable, with return, but more mature and
sustainable.

Thus, the organizational strategy must reflect three new dimensions, namely, the
creative use of technology, unlocking innovation through collaboration and co-creation,
as well as a sustainability agenda to create a competitive advantage. In this way, the
organization would implement its strategy using a performance measurement framework,
with behavior and measurement in a social environment. Finally, organizations must
manage their performance not only by measuring internally, but also in collaborative
networks and social media and, in some way, by measuring social factors, requirements,
customer, and competitor acceptability. The result of this stage is the evolution of
collaborative networks and social evolution [9].

Creative use of
technology, i.e. loT, big
data, social media, etc. 3 Organisational : Sustainability
strategy agenda

Collaboration &
Co-creation

, Social and
Behavioural Balanced set of .
HE— environmental
measures measures
measures
Evaluated in the Managing with Evaluatedin
collaborative network measures social media

Figure 4. ACATECH + AHP Method Steps, taken from [1].

4. Conclusion

Through this article, we were able to demonstrate and complete the displayed model
ACATECH + AHP, when compared with the ACATECH structure itself and other
methods formed from it, shown to be very efficient, practical, effective and quick to
assess the maturity index. The main conclusion is that ACATECH is a great tool, but in
all cases analyzed, it shows confusion in the relationship with the interpretation of the
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result, being necessary, as reported in the mentioned article, an outsourcing of the
interpretation of the results, so that the measures and action plans are taken correctly.

Research shows that resources widely grouped into the categories of processes,
people, systems, and culture allow the organization to deal with the changing
environment and modify its performance system according to its changes and evolution.

For performance to effectively contribute to the management of the organization in
question, it is necessary to provide feedback loops on the measures, that is, periodically
monitor their evolution, problems, and success. This leads to the recognition of various
types of performance measures, especially for long-term business improvement
initiatives.

It is worth mentioning that old performance measures must be excluded after the
evolved system, so that they give space to measures that reflect the reality of the scenario
and the current need.

As next work, implement the ACATECH + AHP structure in cases of companies
with operations in different markets, not only to measure maturity in different segments,
but mainly to measure the difficulty of implementing in several sequences, as well as
correlating the strengths and between companies and between companies in similar
markets.
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Abstract. In the globalized economic scenario, the ability to adapt to the flexibility
of demand is crucial for the longevity of companies. In this context, industrial
logistics has a key function in production flexibility. To meet this urging need, the
concept of industry 4.0 brings along the use of [oT (Internet of things). Considering
the importance of industrial logistics on the flexibilization of production lines, this
present research presents a systematic literature review through the application of
the PROKNOW-C method (Knowledge Development Process — Constructivist)
aiming to understand the use of [oT (Internet of Things) in industrial logistics. The
findings can be summarized by four strategical elements that should be leveraged in
the decision making process by any company willing to implement [oT in industrial
logistics as key factors for implementation success: clear process definition,
implementation planning, people training and standardization.

Keywords: industrial logistics, Internet of Things.

Introduction

Through the capability of flexibilizing productive processes, companies are able to
rapidly meet variability of customers needs (Mukherjee, 2017). This demands that
processes produce different product lines on the same physical structure composed of
machines and equipments (Pine II and Victor, 1993). Thus, to make sure flexibility is
achieved (Mukherjee, 2017) on production lines, industrial logistics plays a major role,
rapidly adapting to mix and products changes and reorganizing internal flows of material
and information aiming to supply various raw materials and components needed for
products or services, when they are requested, in the right quantity, in the right place and
under the lowest possible cost (Cooper, Lambert, and Pagh, 1997).

Inside the context of manufacturing, there are several logistics actitivities being
executed to guarantee the feeding of raw material to allow productive processes to run
smoothly. (Ellinger, 2000; Hofmann and Riisch, 2017). After the industrial revolution
and following the rise of the Toyota Production System (Ito, 2016; Kidd and Monden,
1995; Liker and Morgan, 2006; Spear and Bowen, 1999), logistics became a study
subject and was therefore subdivided in three main areas:

! Corresponding Author, Mail: rodolpho.cuenca@yahoo.com.br.
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e inbound logistics: loading and transportation of raw materials and
componentes from suppliers to customers, factories and/or receiving/unloading
locations;

e industrial logistics: material handling from its receiving in the unloading
locations to and throught the manufacturing processes where the material will
be transformed in finished goods; and

e outbound logistics: loading/collection of finisehd goods in units or batches
from the manufacturers and deliveries of such to the customers location/drop
points.

It is possible to find several articles that addresses the usage of Internet of
Things in logistics. In order to better understand the specifics of the available technology
and the applications in logistics, it is necessary to organize the papers and analyze them
in the general context of use and need.

This research presents a systematic literature review through the application of
the PROKNOW-C method (Ensslin et al., 2010), aiming to understand the use of the
Internet of Things in industrial logistics. In particular, the literature review aims at
clarifying the strategical elements and implementation factors that should be leveraged
in the decision-making process by any company willing to implement IoT in the
industrial logistics. Thus, Section 1 presents the selection of the bibliographic portfolio,
Section 2 the bibliometric analysis of selected works, and Section 3 the content analysis
of these works. Section 4 draws conclusions and makes remarks related to future works.

1. Selection of the bibliographic portfolio

The selection process of the article portfolio consists primarily of the selection of
publications that are considered relevant in the area of knowledge to the desired research
topic and fully aligned with the researcher's perception. This includes the raw
bibliographic portfolio and the filtering of this raw portfolio for the selection of the
articles that will compose the bibliographic portfolio to be analyzed.

1.1. Raw bibliographic portfolio formation

For the formation of the raw bibliographic portfolio, search terms and search period need
to be defined, as well as the reference databases in which works will be searched for with
these search terms.

Table 1 illustrates the search terms used, divided in two axes, one with terms related
to logistics and the other with terms related to the Internet of Things. It must be
highlighted that the process of establishing these search terms involved first scoping a
set of terms and, through an iterative process of searching in some of the selected
reference databases, refining them according to the quality of results that were obtained.
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Table 1. Search axes and keywords.

Axle 1: Logistics Axle 2: Internet of Things
Logistics Internet Of Things
Industrial Logistics IoT

Logistics Sensors Industrial IoT

Logistics Devices

After the definition of the search terms and the scoping of some scientific reference
databases, three of them were selected to search for articles to compose the bibliographic
portfolio, namely: Scopus, ScienceDirect and Web of Science. The searching process
occurred between September 20" and October 2", 2019 with a date filter for articles
published between the years 2014 to 2019 as the search period. This resulted in a raw
total of 914 works related to the research topic. Search results related to each one of the
search terms are shown in Table 2:

Table 2. Search results by keyword combination.

Keyword Number of articles
IoT 33.520
Internet Of Things 11.020
Industrial IoT 3.571
Internet Of Things & Industrial IoT 2.542
Logistics Sensors 2.265
Logistics & Internet of Things 914

Finaly, an adherence test was used to check whether the keywords initially determined
for searching for publications in the scientific reference databases are the ones that best
align with the research theme. The Proknow-C method (Ensslin et al., 2010) suggests
that a random sample of two publications be selected from the portfolio among the 914
articles that make up the raw article bank. The presented test result showed a good
alignment.

1.2. Bibliographic portfolio filtering

After conductin the searches in the reference databases, articles need to be selected based
on their affinity to the research theme (use of IoT in industrial logistics) and relevance
in the research community. This filtering process includes:
a) Repeated articles filter: of the 914 articles, 172 were duplicated, resulting
in 742 unique works.
b) Title filter aligned with the research theme: titles of the works were read
to see if the aligned with the research theme. Only 104 papers out of the
742 unique works were aligned.
¢) Abstracts filter aligned with the research theme: in this step, all 104
articles had their abstracts read in full, and only 35 were selected for being
aligned with the research theme.
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d) Scientific recognition filter: the number of citation of the selected papers
in Scopus was used as criteria. Only 23 articles were selected for having at
least 5 citations (selected baseline) or fewer than 5 citations but published
within the last 4 years in a journal with Journal Citation Ranking (JCR)
above 1.5.

e) Integral content alignment filter: in this stage, 5 articles were excluded
due to misalignment with the research theme, leaving 18 articles to be used
in this study. These articles are listed in Table 3.

Table 3. Articles selected to constitute the bibliographic portfolio.

# Author Articles title Year | JCR | Citations
1 Pawel Tadejko Applicaton of internet of things in logistics 2015 | 0.505 16
current challenges
2 | T Stock, G Seliger Oppotunities of sustainable manufaturing in 2016 | 2.571 428
industry 4.0
3 | Zhang, Y Guo, Z and Liu, Y A framework for smart production-logistics 2018 | 0.174 27
systems based on CPS and industrial IoT
4 | Martin Wollschalaeger, Thilo ) . o 2017 | 0.174 408
Sauter and Jurgen Jasperneite The future of industrial communication
5 | Christian Prasse, Andreas How iot will change the design and operation 2014 1 0.174 21
Nettstraeter and Michael tem .
of logistics systems
Hompel
6 | Ethan Yun Yao Chen A new approach to integrate internet of things | 2014 | 0.124 51
and software as a service model for logistics
systems: a case study
7 | Mengru Tu An exploratiry study on internet of things in 2017 | 0.308 22
logistics and suppluy chain management
8 | Chunling Sun Internet of things leads wisdom logistics 2018 | 1.946 0
9 | Judti Nagy Judit Olah, Edina The role and impact of industry 4.0 and the 2018 | 0.124 41
Erdei, Dominican Mate and internet of things on the business strategy of
Jozsef Popp the value chain - the case of hungary
10 | Sasa Aksentujevic, David Krnjak, | Logistics environment awareness system 2015 | 0.458 254
Edvard Tija prototype based on modular internet of things
platform
Christian Poss, Thomar Perceptionbased intelligent materialhandling 2019 | 3.033 10
Irrenhausers, Marco Pruelgmeier in industrial logistics environment
12 | Diogenes Marcelo Cassiano Modelo de gestdo da tecnologia e do 2017 | 0.447 12
Coriguazi, Alexandre Tadeu conhecimento para a integragdo de sistemas
Simon, Maria Rita Pontes fisico-cibernéticos (CPS) aos processos
Assumpgao logisticos das empresas
13 | Mengru Tu, Ming K Lim, Ming- ToT-based production logistics and supply 2018 | 0.308 10
fang Yang chain system- part 1: modeling Iot-based
manufacturing supply chain
14 | Jian Liu, Shengsheg li and Yunlei | Research on the dymamic relationship 2018 | 0.558 51
Zhou between industrial structure adjustment and
the development level of modern longistics
industry
15 | Andrei Bautu, Elena Bautu Quality control in logistics activites through 2016 | 3.198 0
internet of things technology
16 | Behzad Esmaeilian, Sara Behdad, | The evolution and future of manufacturing: a 2016 | 2.571 282
Bem Wang review
17 | Lucas Santos Dalenogare, The expected contribution of industry 4.0 2018 | 2.571 60
Guilherm Brittes Benitez, Nestor techonologies for industrial performance
Fabian Ayala
18 | Somayya Madakam R. Internet of things (IoT): a literature review 2015 | 1.446 498
Ramaswamay, Siddharth Tripathi
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2. Bilbiometric Analysis

With the selection of the bibliographic portolio concluded, the set of 18 selected articles
was quantitatively analyzed according to the procedures presented by Azevedo et al.
(2014), de Oliveira et al. (2016) and Waiczyk and Ensslin (2013). Two representations
are shown here, the estimation of the degree of relevance of journals and the estimation
of the scientific recognition of articles.

2.1. Estimation of the degree of relevance of journals

All journals in which the selected articles were published were searched for their amount
of citations in the Journal Citations Report (JCR). This is shown in Figure 1. The highest
scoring journal was the Journal of Manufacturing Systems, as shown in Graph 1, with
710 citations:
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Figure 1. Index of journals in the JCR, Source: Web of Science.

2.2. Estimatio of scientific recognition of articles

The scientific recognition of articles consists of researching for the number of times the
article was cited (Figure 2). The Scopus platform was used as a basis. The article with
the most citations was: “Internet of Things (IoT) a literature review”, with 498 citations.
It is possible to notice that recent publications may have a lower number of citations, but
still they present a high relevance to the research theme, according to what was
previously discussed.
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Figure 2. Number of citations received by the selected articles, Source: Scopus.
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3. Content analysis

The objective of this section is to provide a conceptual basis built on the knowledge
acquired from reading the articles of the bibliographic portfolio.

Wollschlaeger et al. (2017) present a review of technological trends and their impact
on industrial communications. The authors state that sustainability of a company's
competitive advantage lies in being able to adapt quickly to the variation in demand and,
in this framework, all decisions must be deployed to the level of activities, both in
industrial logistics and in production. These decisions happen simultaneously all the time,
leading to the principle of optimizing processes and products. Still according to the
authors, there are two topics that need to be considered for the successful implementation
of cyber physical systems (CPS) such as loT-based logistic systems:

a) Intelligence modeling layers: CPS deployment must be done at the activity
level to ensure that the change in orders coming from the customer permeates
the initial activity, avoiding an opposite effect, which, as a consequence, can
generate large inventories throughout the manufacturing structure and between
processes.

b) Intelligent auto configuration of services: when implementing a CPS, it is
necessary to ensure that all internal logistics services and activities are fully
adaptable and reprogrammable.

Li et al. (2018) corroborates these points by stating that the evolution of the industry
is only achieved with a good level of development of the communication interfaces
between the manufacturing processes and the logistical systems.

In the work of Tadejko (2015) a review of the concept of 10T is made, discussing its
emergence and evolution until the moment in which we live, and the changes and
improvements that are perceived over the years. The author also comments that for a
complete and wide diffusion of the concept and application of IoT in the most diverse
segments, many years will be necessary, but the speed of expansion in recent years is
impressively greater than in the last decades, all this promoted by the cheapening of
sensors and connection technologies. The greatest concern presented by the author is the
information security in using these devices. Among the benefits presented by the authors
of using IoT in logistics are:

a) Flexibility: provide local intelligence to the decision point. According to the
author, flexibility can be translated as interchangeability at the physical level
(machines and equipment). This concept of interchangeability is directly linked
to the concept of, when receiving an order change, having the ability and
autonomy to quickly adapt, change functionality, execute new solutions or
supply different products. It also points out that at the operational level, this
type of application can foster changes in the level of perceived performance and
the unit flow (One Piece Flow) will be allowed and promoted.

b) Robustness: the author defines robustness as intensity against interruption and
operational errors. The time between failure and recovery makes it possible to
measure the robustness of the process. In this way it is suggested that MTBF i
(Mean time between failures) is monitored, to show the time between the
detected failure and the recovery of operations.

In the view of Mayer and Schneegass (2017), the application of IoT in industrial
logistics can be described as an evolution from “monitoring” the material flow to “self-
controlling” this flow, obtained by autonomous behaviors by logistic objects within the
supply chain.
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In the work of Chen et al. (2014) there are examples of improvements in logistics
processes with the use of [oT, such as:

a)

b)

<)

The replacement of labels with bar codes by RFID sensors (Radio Frequency
Identification) would allow a process of receiving materials and dispatching
them much faster (Want, 2006).

The use of reusable container with GPS (Global Positioning System) locks (Xu,
2007), highlighting the advantage of monitoring loads 24 hours a day and the
benefit of reducing environmental impact, due to reuse.

The use of GPS locators (Aughey, 2011) allows real-time monitoring of the
material flow and packaging and material inventory, both within the factory, in
transit and in the possession of suppliers or customers.

4. Conclusions

Using the Proknow-C method (Afonso et al. 2012; L. Ensslin et al. 2010; Linhares et al.
2019; Vilela, 2014; Isasi et al., 2015) it was possible to identify a solid base of works
closely aligned with the research theme.). The use of the method is highly recommended
to obtain a useful knowledge base that will permeate the future works and will foster
academic and industrial development.

As an overview of the use of IoT in industrial logistics, based on the knowledge
acquired from the reviewed material, it can be said that the success of a digital
transformation is directly related to four main factors:

a)

b)

d)

Clear process definition: digital transformation is only recommended after the
maturation of current industrial logistics processes, since investment in not well
defined processes can create operational barriers that, instead of benefits, will
become operational difficulties, negatively impacting the performance of
logistic processes, which must be seen as services to customers (internal and
external), and consequently, the results of the industry. According to Mayer and
Schneegass (2017) the robustness of a cyber-physical logistics system (CPLS)
is mandatory and can be defined as the insensitivity to interruptions and errors
during the operation, that is, a failure-proof process.

Implementation: in many cases, the [oT implementation process ends up being
executed without a clear definition of the steps that must be followed and the
necessary prerequisites for the CPLS to function properly. This implementation
flow, non-existing or incompletely defined, ends up being accomplished in
different ways and methods. For this digital transformation, some references are
mentioned as models (frameworks), such as Bautu and Bautu (2016), Li et al.
(2018) and Pomorstvo et al. (2015). These works highlight the recommendation
that the transformation be well oriented, with rigor, method and speed,
combining industrial logistic processes with manufacturing management
processes and cyber-physical processes (Basco et al. 2018) to be successful.
People training: a large part of the good results that can be obtained with the
implementation of IoT in industrial logistic processes and the creation of CPLS
is directly related to the training of the people involved (Costa, 2017), since
eventually these new processes will be implemented and managed by people.
Standardization: this is an important phase of the loT implementation process
in logistics and manufacturing processes, since non-standard processes tend to
create shortcuts and sub-processes that, if not mapped, can generate many
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complications and ultimately lead to the failure of digital transformation (CNI
2016; Comissio Industria 4.0 2016; Ministero dello Sviluppo Economico 2017;
Vaidya et al., 2018).

As suggestion for future works, this work recommends that the following be
addressed: the definition of a CPLS design and implementation process that is flexible
and takes into account the different factors that were mentioned in this work; the
definition of a CPLS architecture to be used in this process to accelerate CPLS
implementation, that highlights information exchange; the mapping of standardization
needs within the different logistics perspectives, for a better communication among
companies in a supply chain to occur.
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Abstract. Cyber-Physical Systems (CPS) are systems that link cyberspace with the
physical world by means of a network of interrelated elements (sensors and
actuators) and computational engines. These different assets make it difficult to
design properly and effectively with them all. Additionally, the designing of CPS
requires multi-disciplinary project teams and the investigation of all activities which
CPS should perform. The cooperation of specialists in only one area is often difficult.
One can easily imagine what problems arise when designers from totally different
fields have to cooperate. The designers have to share their knowledge and
experiences, and to identify assets and activities which are necessary for the proper
CPS functioning. Attention has to be paid not only to the process itself, product
models, requirements and constraints, aspects of analysis and synthesis, automation
tools, and the wider contexts of particular issues but also to the identification of
design activities (performed by human designers) and requirements related to them.
The proper identification process of the CPS activities allows to improve the design
process through more precise and problem-activity-dedicated knowledge and
activity-design models management.

Keywords. CPS, knowledge modeling, assisting systems in engineering

Introduction

Designing of CPS-class systems and designing of machines with CPS elements is a
relatively new area of research. Although many works can be found in the literature
related to this subject (e.g. [1-8]), majority of them concern the perspective narrowed
down to a specific class of cases or solutions (e.g. [1, 5, 8]). Relatively few of them
propose more general and universal approaches [2-4]. Also, some of them concentrate
on the requirement that methodologies for CPS-design should be part of a multi-
disciplinary development process within which designers would focus not only on the
separate physical and computational components, but also on their integration and
interaction [7]. Other authors, in the process of designing the CPS, focus on how to model
and design the joint dynamics of software, networks, and physical processes [5], [8].
Inherited problem of safety connected with the use of the CPSs have also been in last
few years subject to intensive research [9], [10] but still formal and recent regulations
other than [11] are missing.

! Corresponding Author, Mail: lech.knap@pw.edu.pl.
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The authors of this paper worked on developing a functional industrial project, the
aim of which was to design a specific technical system with CPS elements — a tractor
electronic transmission control unit (TCU). The project was started using classical design
methods but in the course of the project the authors observed that this approach in
multidiscipline environment was not sufficiently productive and thus a process-oriented
approach was applied [12]. One of the final conclusions was also the suggestion that the
whole process needs to be improved by creating a concept and then building a dedicated
environment supporting this class of tasks in the following areas: informal and formal
knowledge consolidation/storage/management [13], creation and simulation/analysis of
CPS models [1, 2], supporting decision-making processes in design using the
multidisciplinary design approach applied in selective way [14, 15].

The goal of the work carried out over a longer period was to create the concept of
assisting software for designers. This software strives to support the design process of a
product treated as a CPS [13, 16]. It was assumed that an assisting system allows design
knowledge management at both the elementary level and at the level of entire classes of
typical knowledge elements, or classes of elements requiring certain adaptive actions
offering moving away from stereotype design solutions [17-22].

One of the basic elements of the assisting system is the concept of modelling project
activity for projects with CPS components. This work is an attempt to create such a
concept primarily based on information and knowledge from the real-life project.

1. Design activity modelling
1.1. Real-life project inspirations

The authors decided to consider, analyze and structure the design process by identifying
and isolating individual design activities of the CPS system's real-life design task [13]:
the design process of the electronic system (TCU) that controls the transmission and
other selected tractor systems. The information, knowledge, that has arisen or has been
accumulated as a result of the project implementation and the integrated documentation,
was used as material for building the concept of individual components of the assistance
software - including the conception of the project design activity which is the basic idea
for the proposed approach [23-25].

The TCU project was developed by a team of designers - specialists from various
disciplines, with a broad professional experience. Most of those designers had relatively
rich professional biographies, and they had also a long-time experience in the team
project work (9 - designers from 3 companies).

The main novelty in the project was the problem of specifying the scenarios for the
functioning of a newly designed CPS device, both in an informal way - specifying the
situations in which the structure should function, as well as formally modeling these
situations to the extent that allows advanced analysis and design simulations.

In their analyses, the authors of the paper used project documentation and various
additional information resources created during the TCU project implementation. One of
the authors was also the member of the design team.

The designers, team members with large experience in specific design processes or
some of their fragments referred most often to their projects using terms of design
activities. Design activities can be associated with various groups of issues in the design
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processes which have usually arisen from issues encountered during designing or testing
scenarios of CPS.

1.2. Details of initial design activity model

For modeling of the design activities, the authors of this paper use a classic approach
from work [23]. The first stage of the analysis was to identify the design activities used
by individual designers in their own original version. The original version was
considered, i.e. the one with which the designers started to solve the problems. The result
of this stage was the separation of three classes of activities:

1. such that did not require any modification in the case of the currently
implemented project task,

2. those that required relatively simple modifications that could be made already
at the stage of the first design iteration,

3. those that required far-reaching, unknown at the beginning, modification of all
activity.

After analyzing the process of such selection, it was noticed that the activities
belonging to class 3) generally resulted from the need to design CPS elements or to solve
the encountered unforeseen issues. Their current form did not allow to solve the actual
design problems. Usually, the goal of the activity was set and some new ideas (based on
continuously improved input/output knowledge from previous version of activities)
appeared to solve further newly identified problems.

The designers very often began to create one or several versions of the solution to
the problem, experimented, drew conclusions and made improvements. They created
new versions of those activities, tried to apply them to a given design problem.
Sometimes an extensive research material was needed.

1.3. Results of initial design activity model application

Changes made to class 3) activities required repeated design analyses to be carried out
as a whole process. This, in turn, could lead to the appearance of new modifications in
the types of activities 2) and 3).

During the implementation of the design process, the gradual evolution of the form
of considered scenarios for the functioning of CPSs, as well as adding new scenarios to
the set originally assumed, was an additional element significantly broadening the scope
of the entire design process. To a large extent, this was due to the new opportunities that
arose as a result of project activities in subsequent iterations of the project (in the
beginning, the semi-automatic gearbox TCU evolved into the concept of the semi-
automatic/automatic gearbox TCU with on-line diagnosing and monitoring possibilities).

All activities were based on the knowledge of designers, which has significantly
evolved in the design process. Their formal record was based on the concept of text and
multimedia descriptions or on tools that automate these activities. The proposed
approach assumed that the project activity may relate to a specific substantive issue. It
can be modeled as a descriptive and multimedia resource [26, 27] functioning at three
levels of accuracy (1-3, 3 most accurate) and can be modeled as an automation tool [28,
29] also at three levels of accuracy (1-3, 3 most accurate).
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1.4. Concept of design activity template

Trying to build a more structured shape of the whole approach, the authors created the
concept of a template related to activity (concept taken from [26, 23]), which may include
both descriptive and multimedia components as well as automation components
corresponding to the typology of [23].

Designing of CPS is usually multidisciplinary (in reality, in most cases these models
are transdisciplinary) [14, 15], leading to the need to integrate many formal models with
each other.

The following chapters present exemplary, detailed results obtained in individual
groups of issues: analysis of implemented activities, modeling of activities evolution.

2. Analysis of performed activities

As part of the work, a number of activities was performed, which included familiarizing
with the resources of knowledge used in the considered project task, classifying this
knowledge, tracing both its sources and processes of its evolution in relation to the solved
project tasks, mainly related to work scenarios of CPS. The listed knowledge resources,
experiences and processes based on this knowledge and experience are schematically
presented in figure 1. Both personal resources and team resources are visible. Knowledge
evolution processes resulting from emerging tasks are presented. The entire resources of
knowledge used are schematically marked at the top of the figure. The bottom part of the
drawing presents scenarios for the functioning of the designed CPS in connection with
the designers and their possessed and developing knowledge.
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Figure 1. Schematic model of personal and team knowledge resources of designers in connection with
implemented tasks - analysis of selected design scenarios.
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2.1. Modeling, evolution of exemplary activity

The paper analyzes in detail the individual activities which were extracted from the
project records and the reports. The following concept of their structuring and analyzing
was used:

1. All members of the designing team were identified and their substantive profiles,
professional experience, etc. were specified. This summary in a simplified form
is presented in Table 1.

Table 1. List of chosen team members and their characteristics.

Experience  Participation

No Team member Area of specialty period in activities
(years) (%)
1 Mechanical Hydraulic systems, numerical simulations, 18 15
engineer No 2 tractor transmission and drivetrain, ...
3 External Tractor kinematics, optimization of gear 28 5
mechanics and change process, hydraulic systems, ...

hydraulics expert

3 Electronics Electronics architecture, programmer, utility 15 10
engineer and software development, ...
programmer

2. Design activities used by individual team members were identified and listed
for each team member. An example of a set of activities for one designer is
shown in Table 2.

Table 2. List of chosen activities and their characteristics - performed by one of the design team members.

Design project activities of e . .. (Group) Type
No Mechanical engineer No 2 Characteristic of tasks in activity of modifications
1 Analysis of hydraulic system  Analysis and modeling of gear shift process (3) complex
supporting gear shifting form hydraulic point of view modifications
2 Designing of gear shift TCU software tests (3) major
process and characteristic modifications
3 Testing of gear shift process Measurement setup and tests of implemented (3) major
under the external load gear shift strategy (proportional valve modifications
characteristics of disengaged and engaged gear)
4 Model and data optimization ~ Analysis and adjustment of control parameters in (3) complex
TCU modifications

3. The activities and their elements were identified. For example, one of them is
shown - with its structure - in Table 3.

Table 3. Analysis of hydraulic system supporting gear shifting activity and its structure.

No  Activity records Form of representation Format

1 Documentation of Descriptive documentation, numerical  Files (doc, xls, pdf, ...), 2D and
previous projects of a simulation model, measurement data, 3D models, experimental and
similar type experimental and numercal results, ...  simulation data,

2 Technical documentation  Descriptive documentation, Files (doc, pdf), 2D and 3D

of the hydraulic system specifications, data sheets, ... models, graphics, pictures, ...
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No  Activity records Form of representation Format

3 Additional requirements Descriptive documentations, required Files (doc, pdf, xls, vsd, ..),
from other activities, e.g.  functionalities, planned TCU paper reports, graphical files,
design of electronic unit scenarios, risk report, ... pictures, video material , ...

4 Experimental and Experimental data, reports, video Files (binary, mp4, doc, xls,
numerical results and material and pictures from raw, jpg...)
data experimental investigation, ...

4. Identified version of specific components of the analyzed activities. An
example illustration of the versatility of the activity component is shown in
Table 4.

Table 4. Exemplary metamorphose of activity analysis of hydraulic system supporting gear shifting.

Activity Version Characteristics of additional problems solved or discovered

At the beginning only hydraulic system, which was directly

Analysis of supplying hydraulic pistons of clutch of proper gears, was analyzed.

hydtrauhc Initial Experimental investigations shown improper fluctuations of pressure
zl};s e(r)I;ﬁn car nihia and the oil flow during shifting gears. This caused losing of clutches
sh?fl:ing £& for a while after initial engagement and later second immediate

engagement which caused overloading of transmission.

To solve malfunctions of gear shifting process it was necessary to
investigate whole hydraulic system of tractor including pumps,
pressure relief valves, proportional valves. It was discovered poor
manufacturing of hydraulic plate which caused leaks during gear
shifting process. It was also necessary to introduce hydraulic
accumulator to hydraulic system and adjust its volume and gas
initial pressure. Although improvement in gear shift process was
achieved still immediate engagement of clutch causing overloading
was observed. It was discovered that, in spite of proper
characteristic, control resolution of electronic components was to
low causing too sharp increase in current supplying coil of
proportional valves. It was necessary to include into analyzes
measurements of electronic system and control signals.

Analysis of

whole hydraulic After major
system of the modifications
tractor

After including into optimization parameters related to hydraulic,
electric, mechanical and software parameters it was possible to
determine proper control characteristics assuring proper process of
gear shifting under different loads of transmission. But this also
shown that was necessary to rebuild software algorithms to include
possible corrections due to temperature (to compensate changes in
Analysis of all oil viscosity) at the end of the production line during cold pickup. It
systems and After further ~ was also discovered that is possible to develop automatic valve
software complex characteristic adjustment software based on a few chosen
controlling gear ~ modification = measurements at the end of production line. Due to changes in this
shifting process activity it was necessary to modify other activities related to
designing of TCU. For. example it was necessary to adjust
measuring system to measure signals from numerous different
sensor (currents, torque, hydraulic pressure, oil flow, temperature,
velocities of transmission shaft, engine velocity, engine torque,
engine throttle, etc.) to enable analysis of measured values at the
same time.
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3. Design problem structure and evolving set of CPS functioning scenarios

The collected and analyzed documentation of the designed CPS also includes the
perspective of so-called scenarios of CPS functioning. During the process of designing
the TCU it is necessary to determine the set of tasks required to be performed to provide
the required functionalities. For instance, the following scenarios were identified and
considered: Power Shuttle (drive control providing the gear shifting under load
conditions), Power Shift (semiautomatic control with the system adapted to the automatic
control system), accelerating and stopping the vehicle, control of the differential lock of
the rear axle, connecting/disconnecting of the front drive, connecting/disconnecting of
the PTO shaft, blocking of selected gears with the Creeper gear option on, managing the
Brake & Clutch function, etc. Based on identification of tasks, it is possible to develop
scenarios to be performed by CPS. Proper identification of CPS scenarios allows for
finding relation between the system components and transmitted information, such as
electric signals. Each task in the scenario can be a source of multidisciplinary problems
and risk which should be covered by the design process activities — cf. Table 4.

4. Functionalities of assisting software concerning activities
4.1. General model of activity

As a part of the project, a model of design activity was defined, its general structure,
existing forms and individual components. A predefined typology of recognized types
of activities was prepared as well as related keyword sets. The built representation of the
activity allows to capture its development in the form of subsequent versions — cf.
Figure 2. This formalism is presented in chapter 2 of this work in the form of tables filled
with content from a real-life design task.

The part of the model described above focuses primarily on the aspects of storing
information/knowledge, preserving information about the relationships between
individual elements. It can be implemented in the form of an object-oriented model.

The model under consideration and its functioning in specific situations refers very
strongly to the mechanisms observed by W. B Arthur in position [30]. The point here is
how technology changes over time, how it evolves.

4.2. Modeling design activity development

Project implementers have also created concepts and prototype solutions in the field of
model functionality, whose task is to offer the rapid and effective development of the
object-oriented activity model.

During the analysis of the material documenting the sample task, attention was
drawn to the large number of activities that already existed at the time of project
implementation but required modification made by the designers. Such modifications
can be performed in a basic way by editing the object model and attaching it to the rest
of the model.

The authors drew attention to the fact that system users - CPS designers, in this type
of circumstances, usually work in two areas: 1) conducting problem-oriented, filtered
analysis of the content of previously created data structures and knowledge, 2) creating
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and analyzing hypot