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ABSTRACT
Cyber-physical systems (CPS) are increasingly used in manufacturing,
transportation, health, and other industries. To develop these complex
interdisciplinary systems, highly qualified CPS engineers are required
who possess sound engineering knowledge and excellent transferable
skills. Academic institutions offer a range of modules and curricula to
teach CPS engineering. However, the literature reports a gap between
expectations of industry and competencies of CPS graduates. To close
this gap, this paper introduces and describes a holistic educational
framework (T-CHAT) for teaching CPS engineering at the module level.
To evaluate this framework, two use cases were analysed by conducting
self-perception surveys and semi-structured interviews with students.
Descriptive statistics and t-tests were calculated for the survey data.
Interviews were coded and analysed using a General Inductive
Approach. The analysis results were discussed by the comparison of the
T-CHAT implementations in these two use cases.
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1. Introduction

CPS, which are highly complex interdisciplinary engineering systems, span across various academic
disciplines of engineering, science and social sciences, such as embedded systems, sensors and com-
munication networks, software engineering, cybersecurity, big data and artificial intelligence,
physics, human factors, ethics, and law (Cheng 2014). As CPS continue to expand and affect the
economic and social development of our society, the demand for qualified engineers and experts
being capable of developing, operating, maintaining, and managing CPS is increasing (National Aca-
demies of Sciencies 2015).

Although CPS engineering is an emerging field, industry and society have defined their expec-
tations and requirements for establishing CPS education and qualifications that engineers need to
have to succeed in their profession, and what knowledge and skills are not sufficiently developed
after completing engineering education (see DECOS 2007; Schoitsch 2014; CyPhERS 2015; National
Academies of Sciencies 2015; Törngren et al. 2015; Mäkiö-Marusik 2017; National Academies of
Sciencies 2016; Henshaw and Deka 2018; Mäkiö-Marusik et al. 2018). These studies have come to
the common conclusion that CPS engineers need to have a holistic view of CPS, sound skills in
CPS engineering foundations and non-functional characteristics of CPS, pronounced social and
methodological skills. A competence gap has been identified in the holistic understanding of CPS,
social and business skills, cross-disciplinary and critical thinking, and creativity.
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Academic institutions respond to the demands of industry and society for CPS talent and have
recently developed several CPS modules and programmes (see examples in National Academies
of Sciencies 2016; Mäkiö-Marusik 2017). Explorations in CPS education started by introducing new
CPS-related modules to the existing electrical engineering and computer science programmes,
such as by Lee, Seshia, and Jensen (2013) at the University of California, Berkley, in 2008, by Taha
et al. (2017) at Halmstad University. Chen, Damevski, and Edwards (2013) infused CPS-related
content into the existing computer science curriculum to provide continuous gradual integration
of CPS concepts. CPS-related content was also incorporated into the existing or newly created pro-
grams in specific engineering fields, such as in aerospace engineering (Atkins and Bradley 2013),
mechatronics (Plateaux et al. 2016), civil and environmental engineering (see National Academies
of Sciencies 2015). Various academic institutions developed new CPS engineering curricula,
mainly on the master level (see Lieu Tran et al. 2019).

Various educational approaches are used in the new CPS modules (Mäkiö-Marusik 2017), such as
project-based learning (PjBL), and lectures and labs (Grega and Kornecki 2015; Plateaux et al. 2016;
Wade et al. 2015; Salewski and Schmidt 2015), which are traditionally used for teaching engineering
disciplines. Learning factories, modelling and simulation environments and their online implemen-
tations present a widely used technical tool to introduce CPS engineering practice to students (Mar-
wedel and Engel 2014; Kim et al. 2016; Taha et al. 2016; Pechmann et al. 2019). However, the existing
CPS modules and teaching approaches mainly focus on imparting specific technical knowledge and
skills, ignoring the full range of transferable skills required. In addition, there is a lack of knowledge
and understanding of the pedagogical approaches that can be used to impart these competences to
students, and of how these approaches can be systematically applied to the design and construction
of modules (Felder, Brent, and Prince 2014). Despite launching various CPS engineering curricula and
modules, the skill gap remains between expectations of industry and CPS engineering graduates
(National Academies of Sciencies 2015, 2016; Mäkiö-Marusik 2017; Mäkiö-Marusik et al. 2018).

In this paper, we present a solution to fill the gaps that have been identified in the current CPS
engineering education at the module level by answering the following research questions:

. What disciplinary and transferable competencies are required of graduate cyber-physical systems
engineers?

. How to train these competencies? What educational approaches and methods need to be used at
the module level and how do these approaches need to be combined?

For this, we introduce and evaluate the T-CHAT educational framework, which (1) aims to develop
disciplinary knowledge and transferable competencies of students and (2) provides guidance and
tools for teachers to design and organise their modules. The T-CHAT framework combines five ped-
agogical approaches: (1) perceptional learning, (2) project-based learning, (3) problem-based learn-
ing, (4) research-based learning, and (5) face-to-face teaching (for details, see Mäkiö, Mäkiö-Marusik,
and Yablochnikov 2016) in a learning process, as they fill the gaps of each other and a holistic/syner-
getic outcome is achieved through their combination and linkage.

This paper first outlines the existing literature in the field, subsequently describes the T-CHAT
educational framework and the methodology used. Finally, the results are presented and discussed
before concluding.

2. Literature review

2.1. Industry expectations and requirements on competencies of CPS engineering
graduates

Various research studies and government initiatives were conducted to acquire insights into the
required qualifications specific to the CPS workforce and skill gaps (National Academies of Sciencies
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2015, 2016; Schoitsch 2014; DECOS 2007; CyPhERS 2015; Törngren et al. 2015; Henshaw and Deka
2018; Mäkiö-Marusik 2017; Mäkiö-Marusik et al. 2018; Colombo et al. 2020). The identified competen-
cies can be divided into disciplinary competencies and key competencies (also referred to as generic
competencies/skills, transferable skills). While disciplinary competencies are specific for the pro-
fession of CPS engineers, key competencies are general and can be classified into four categories
according to Orth (1999):

. social competence (e.g. the ability to communicate and collaborate),

. personal competence (e.g. responsibility, self-esteem, leadership),

. systematic competence (e.g. problem-solving and analytical skills), and

. general competence (e.g. project management, information technology).

The required competencies (Table A1) can be summarised as follows:

. Since the development of CPS spans across various academic disciplines of engineering, science
and social sciences, cross-disciplinary competence and multidisciplinary awareness of CPS engin-
eering are necessary for CPS engineers. CPS students should develop a holistic, broad view of CPS.
They must have a competent, broad understanding across several CPS-related subjects and sound
knowledge of their area of specialisation.

. Competence in CPS foundations and principles is highly appreciated.

. Competence in non-functional characteristics of CPS is required for the successful development of
CPS.

. Social competencies, including the ability to work well in interdisciplinary teams, effective com-
munication, presentation and technical writing, are required due to the interdisciplinary nature of
CPS and the growing complexity of systems.

. Systematic competencies, such as critical thinking, analytical and problem-solving skills, are
required for CPS engineers.

The competence gaps (Table A2) include the following:

. a holistic understanding of CPS, broad system perspective and understanding of the complete
heterogeneous systems,

. CPS security and privacy topics,

. social competencies such as collaboration and communication skills,

. cross-disciplinary thinking, entrepreneurship, critical thinking and creativity, and

. project management.

While key competencies are significant to effective engineering work, scientific engineering
knowledge is primarily required, which forms the basis for the development of the former (see
Winberg et al. 2020).

2.2. Addressing the required qualifications and competence gap

The area of CPS engineering education is evolving and, therefore, offers educators the opportunity
to tailor curricula, courses and teaching, including pedagogical approaches and methodology, to
meet the needs of the industry and society.

A literature review (Mäkiö-Marusik 2017) revealed that educators offer several CPS modules and
use versatile pedagogical approaches. These approaches include both traditional teaching methods,
such as lectures and labs, and pedagogical approaches introduced to engineering education in the
last decades of the twentieth century, such as project-based learning (PjBL), problem-based learning
(PBL) (for PjBl and PBL, see Kolmos 1996; Mills and Treagust 2003) and research-based learning (RBL)
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(Healey and Jenkins 2009). PjBL and a combination of lectures and labs are most popular in CPS
engineering modules. PjBL as a single approach is used, for instance, in the modules of Crenshaw
(2013), Grega and Kornecki (2015), Lawlor et al. (2015), Plateaux et al. (2016) and González and Cal-
derón (2018), lectures and labs in the modules of Bauer and Schneider (2013), Damevski et al. (2013),
Helps and Pack (2013), Peter, Momtaz, and Givargis (2015) and Kim et al. (2016). PjBL is often com-
bined with lectures and labs, such as in the modules of Salewski and Schmidt (2015), Cancila et al.
(2016), Leitão et al. (2016) and Taha et al. (2017). PBL, not as popular as PjBL, is used in the module of
Veza, Gjeldum, and Mladineo (2015) as a standalone approach and also in combination with PjBL in
the modules of Simons, Abé, and Neser (2017), Laird (2016) and Ikonen et al. (2009). RBL is used in
combination with PjBL (Thiede, Juraschek, and Herrmann 2016) and PBL (Bertels et al. 2009).

The use of various teaching approaches in CPS engineering education is rarely evaluated in the
empirical research literature. Ten of 22 examined research studies presenting various CPS modules
did not evaluate them (Grega and Kornecki 2015; Plateaux et al. 2016; Damevski et al. 2013). The
majority of the remaining studies collected student feedback at the end of the module and pre-
sented it in text form (Salewski and Schmidt 2015; Simons, Abé, and Neser 2017; Taha et al. 2017).
Helps and Pack (2013) measured students’ technical background and their knowledge of CPS
before and after the module and reported an increase of average values without analysing its stat-
istical significance. Verbic, Keerthisinghe, and Chapman (2017) measured student learning experi-
ence and their capability to successfully complete a project, development of generic skills, and
overall satisfaction with the team project, but found no statistically significant improvement. All
studies report very positive student feedback and high student satisfaction with modules,
whereas no empirical study in CPS engineering education evaluates the improvement of student
competencies or compares the teaching approaches used with alternative pedagogical approaches.

Despite efforts to improve CPS education and the various educational approaches used in CPS
modules, the skill gap remains between the expectations of the industry and engineering graduates.
Given the above pedagogical approaches, the question arises whether they adequately address the
required competencies of CPS engineering students.

2.3. Pedagogical approaches

Several pedagogical approaches for the development of a broad variety of competencies can be
found in the literature. Four pedagogical approaches – project-based learning (PjBL), problem-
based learning (PBL), research-based learning (RBL) and face-to-face teaching (F2F) (in this study,
this means the traditional one-way transmission of content in lectures and activating techniques
of small group teaching in seminars and labs) –were critically analysed with regard to teaching prac-
tice in a literature review. The following two sections explain how these approaches address the
development of the competencies that CPS engineering graduates need to have and how they fill
in the gaps of one another.

2.3.1. Addressing the competencies
According to the constructivist theory of learning, students play an active and main role in acquiring
knowledge and developing competencies (Westwood 2008). The role of teaching is to use appropri-
ate pedagogical approaches and teaching methods to help students learn and promote learning
activities that facilitate the development of their competencies. Theoretical works, reviews of the lit-
erature, and empirical studies in engineering education related to the four pedagogical approaches
were examined to understand which of these approaches are suitable from both a theoretical and
practical point of view to encourage students to develop the competencies required. Table A3 sum-
marises a mapping of these competencies (in rows) and the pedagogical approaches (in columns).

The application of pedagogical approaches depends on the learning objectives and on the
current level of students’ knowledge. The acquisition of initial knowledge is more efficient
through direct teaching and advanced and expert knowledge through constructivist methods
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(Westwood 2008). The acquisition of theoretical knowledge can be efficiently facilitated by direct
presentations during lectures, while the development of higher-order cognitive skills (refer to
Bloom’s taxonomy of cognitive domain in Anderson and Krathwohl 2001) can be better triggered
by constructivist approaches (Westwood 2008). PjBL and PBL that correspondingly deal with appli-
cation and acquisition of knowledge through hands-on activities in a team are suitable to the CPS
engineering practice (Mills and Treagust 2003; Kolmos 1996).

PjBL and PBL approaches contribute to the development of social competencies such as collab-
oration and communication (Arana-Arexolaleiba and Zubizarreta 2017; Lima et al. 2017; Verbic,
Keerthisinghe, and Chapman 2017; Johnson and Ulseth 2017). PjBL used in engineering education
triggers the improvement of the ability to write technical documents (Johnson and Ulseth 2017;
Arana-Arexolaleiba and Zubizarreta 2017). RBL in the form of literature-based inquiry also fosters
competence in technical writing (Aditomo et al. 2013). Creative thinking can be promoted by
some learning activities of small group teaching (Race 2014) and in RBL (Deakins 2009). Systematic,
or methodological competencies, such as analytical and critical thinking, can be enhanced during
learning activities of PjBL, PBL, and RBL (Dochy et al. 2003; English and Kitsantas 2013; Knetsch
and Cleij 2017).

To conclude, the alignment of pedagogical approaches to the competencies of CPS engineers
revealed the following:

. Different approaches contribute to the development of different competencies in CPS engineer-
ing students. When applied individually, these approaches are not suitable to enhance all the
necessary competencies.

. The pedagogical approaches fill in the gaps of one another. Therefore, a combination of them
enables the development of the entire range of competencies that CPS engineering students
must have.

2.3.2. Minimising individual disadvantages
A combination of the four pedagogical approaches – project-based learning (PjBL), problem-based
learning (PBL), research-based learning (RBL) and face-to-face teaching (F2F) – can minimise disad-
vantages that occur when these approaches are used individually or combined in the well-known
way, for instance, PBL combined with PjBL in engineering education (Kolmos, Fink, and Krogh 2004).

The main positive aspect of the PBL and PjBL is that students acquire and directly apply knowl-
edge in professional practice and, thus, experience increased motivation (Kolmos and Graaff 2014).
Moreover, students taught using the PBL and PjBL achieve deep learning and higher-order cognitive
skills (Dochy et al. 2003) and better develop their key competencies in teamwork, communication,
social responsibility, contemporary issues and management than students being taught using tra-
ditional methods (Kolmos, Holgaard, and Clausen 2021).

However, there are some critical findings and facts about these approaches. According to Kirsch-
ner, Sweller, and Clark (2006), the quality of learning by students who participated in PBL is not
higher than the students taught by traditional guided methods, whereas the risk in lack of disciplin-
ary knowledge is high. Since PBL focuses on solving authentic problems, no sufficient academic over-
view is gained (Kolmos and Graaff 2014). The hierarchical structure of engineering knowledge
requires that topics have to be learned in certain order to understand key concepts of the discipline
(Mills and Treagust 2003). Since PBL cannot guarantee this, in engineering, this may lead students to
construct the wrong knowledge and/or a lesser understanding of engineering fundamentals. The
recent longitudinal study of Kolmos, Holgaard, and Clausen (2021) has shown that students
taught using the PBL and PjBL assessed themselves as being less prepared for engineering work
than the traditionally taught students in terms of fundamental engineering knowledge and skills,
such as engineering and data analysis, maths and science, engineering tools, and conducting exper-
iments. It is also worth noting that there is no significant difference in student perceptions of their
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preparedness to use problem-solving skills, engineering design, creativity, leadership, and lifelong
learning in their engineering practice by both groups of students.

Therefore, the sole use of constructivist approaches, such as the combination of PBL/PjBL for the
teaching of CPS engineering does not address the development of the main competencies required
that include (1) the profound academic knowledge and theoretical understanding of the disciplinary
fundamentals and (2) the broad cross-disciplinary understanding of CPS engineering with a variety
of technological and societal requirements, i.e. a holistic view. The former can be more efficiently
transmitted to students using lectures, group work and assignments (Westwood 2008). A combi-
nation of these instructional teaching methods with PBL and PjBL results in a guided acquisition
of the theoretical knowledge through teaching, self-directed learning in PBL, and applying the
acquired knowledge when performing a project. What concerns the latter, the authors of this
article believe that problem solving and gaining a wider view on CPS engineering contradict each
other since solving concrete problems does not broaden students’ view of overall system engineer-
ing (see Barnett 1994). The combination of PBL/PjBL does not support students in overcoming trou-
blesome points in their learning (referred to as threshold points (Meyer and Land 2003)) that open ‘a
new and previously inaccessible way of thinking about something’ (1). For instance, understanding
the synergy of physical entities and the cyber part of CPS represents a threshold concept in the CPS
engineering discipline.

CPS engineers are required to work and think independently (see required competencies in Table
A1), which is not addressed through PBL or PjBL. Since during teamwork the responsibility lies with
the entire team and not with an individual; the ability to work and think independently is not
enhanced to the same extent as in research-based learning (RBL) and F2F teaching (see Table A3).
In CPS engineering, research innovation and application of engineering knowledge are blurred
because novel research results are immediately applied. The ability to innovate, which is important
for CPS engineering graduates, can be developed using RBL.

2.4. Perceptional approach

The perceptional approach (Kurki-Suonio 2011) has influenced the development of the T-CHAT edu-
cational framework and serves as its background. This approach is based on the idea ‘perception
plays a fundamental role in all learning’ (Kurki-Suonio 2011, 212). Perception is an intuitive, non-con-
scious process of creating meanings based on empirical observations and interpretations. The per-
ceived meanings are placed in an existing mental structure; then they can be conceptualised and
placed in an existing conceptual hierarchy. Perceptional learning thus progresses from observations
and experiments to understanding and conceptualising, moving from the lower levels of the con-
ceptual hierarchy to the higher ones. Knowledge and understanding are constructed by each
learner individually from their personal perspective, then they are refined and confirmed through
collaboration and communication within a learning community. This concept of constructing new
knowledge and social interaction and communication corresponds to the ideas of ‘social construc-
tivism’ (see Vygotsky 1978).

To find a correct starting level for teaching, it is necessary to determine the initial level of knowl-
edge of students. The existing relevant knowledge, students’ own observations and everyday experi-
ences have to be considered in teaching. Versatile pedagogical approaches are applied to support
perceptional learning, for instance, peer discussions can be used for describing students’ obser-
vations, and identifying and formulating their own ideas; learning and working in groups provide
a social component; project-based learning is used to apply knowledge (Mills and Treagust 2003).

2.5. Summary

The pedagogical approaches used in CPS engineering modules do not or only partially address the
development of the required competencies of CPS engineering students. To address the entire range
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of the competencies, a combination of various approaches is needed. The four pedagogical
approaches – project-based learning (PjBL), problem-based learning (PBL), research-based learning
(RBL) and face-to-face teaching (F2F) – fill the gaps of one another by

. developing the required competencies of CPS engineering students, and

. counteracting the disadvantages of one another.

These pedagogical approaches with the perceptional approach are integrated into the T-CHAT
educational framework.

3. T-CHAT educational framework

To respond to the growing demand of the industry and society for the qualification of CPS engineer-
ing graduates, the task-centric holistic, agile teaching approach T-CHAT was introduced (Mäkiö,
Mäkiö-Marusik, and Yablochnikov 2016) as an integrated educational approach at the module
level. Since then, this approach has been grounded, improved and extended to the T-CHAT edu-
cational framework through an inductive integration of literature, and analysing and gathering
more experience through its implementation in several modules related to CPS. T-CHAT framework
involves the competencies and skills required of CPS engineering graduates (see section 2.1) and the
T-CHAT learning process.

3.1. T-CHAT learning process

The T-CHAT learning process efficiently integrates and combines the five strands of T-CHAT (1) per-
ceptional learning (PerL), (2) project-based learning (PjBL), (3) problem-based learning (PBL), (4)
research-based learning (RBL), and (5) face-to-face (F2F) teaching at the module level and
ensures that the students achieve the intended learning outcomes. The results of the literature
review on learning activities, assessments, benefits and drawbacks of these pedagogical approaches,
and successful learning and teaching served as the basis for the definition of the T-CHAT learning
process.

Figure 1 schematically shows the use of the individual pedagogical approaches within a module
over time (X-axe) and student progress towards learning outcomes (Y-axe). These approaches are

Figure 1. T-CHAT Learning Process (own elaboration). PerL: perceptional learning; F2F: face-to-face teaching; PBL: problem-
based learning; RBL: research-based learning; PjBL: project-based learning.
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mapped to their main objectives and learning phases, which correspond to Bloom’s six cognitive
levels in the development of intellectual abilities and skills (Anderson and Krathwohl 2001). The per-
ceptional approach to teaching in Figure 1 permeates the entire T-CHAT learning process and
ensures that perceptional learning takes place. The creation of hierarchically layered knowledge
from the simple to the complex goes hand in hand with Bloom’s six cognitive levels. To enable
this development, the perceptional approach to teaching embeds the other four pedagogical
approaches (see Figure 1) that pursue different goals in the development of intellectual skills and
key competencies.

The learning process starts with the PerL. To make learning relevant for students, activate their
prior knowledge and experience to incorporate new knowledge into the existing cognitive structure
and provide a big picture, the instructional tool Advanced Organiser (Ausubel 1963) is used. A big
picture and an intuitive understanding of the subject matter are provided by discipline-typical
examples and observations from everyday life. Learning of threshold concepts (Meyer and Land
2003) of CPS engineering, for instance, understanding of emergent behaviour of CPS, are supported
by giving the students examples that facilitate their understanding and an opportunity and time to
reflect.

At F2F teaching, brief presentation phases (up to 20 minutes), during which a teacher presents
discipline-specific content to students and explains the subject matter, are mixed with individual
and group activities that involve students in doing and exploring new things, asking questions
and discussion. By doing so, the main disadvantage of lectures may be avoided, namely, taking
away responsibility for learning from students and encouraging their passivity (Race 2014). Simul-
taneously, their benefits can be focused on providing a shared learning experience and a learning
focus to the students (Race 2014). Individual classes are structured based on the sandwich principle
in which phases of plenary presentations, group work and individual learning activities are con-
nected by plenary discussions and reflection (Kadmon et al. 2008). Student feedback and observation
are key instruments to adapt the learning process in each class to the needs of students. The
complex topics the students struggle with are explained slowly, while the simpler topics are dealt
with more quickly.

At the next learning phase of achieving the cognitive levels: Apply, Analyse, and Evaluate, PBL
is added to the T-CHAT learning process. After disciplinary foundations were presented to the stu-
dents in PerL and F2F teaching, students are empowered to expand theoretical knowledge and
develop problem-solving skills and the ability to think analytically and critically. To promote inter-
disciplinary learning (De Graaff and Kolmos 2003; Kolmos, Fink, and Krogh 2004) and help the stu-
dents gain a broad multidisciplinary understanding (Barrows and Tamblyn 1980), real-life
problems are given to students. The task must be challenging for students, not too easy and
not too complex, that means it must lay in a zone between the existing ability to independently
solve it and the potential ability to solve it under assistance (see ‘zone of proximal development’
in Vygotsky 1978).

RBL is added to the T-CHAT learning process to reinforce the ability to work and think inde-
pendently and enable students to actively learn and practice novel research topics, methods
and processes. Since the boundaries between research and application of research results in
engineering domain are blurred, students need to learn how to make research in order to
be employable and successful in the profession. RBL is organised as literature- or discussion-
based inquiry (Aditomo et al. 2013).

PjBL is added to the T-CHAT learning process after students have become mature with the
subject. In PjBL, students apply the new knowledge in professional practice when working on a
task that covers interdisciplinary specifics of CPS and, thus, triggers the development of interdisci-
plinary competence. In addition to acquiring engineering practice, students enhance their social
competencies such as collaboration and communication, leadership skills, and project management.

Student feedback is regularly obtained during the T-CHAT learning process and is used to adapt
the teaching to the needs of the students.
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4. Evaluation

The impact of the T-CHAT educational framework on students learning was evaluated using a mixed-
methods research methodology.

4.1. Research method

The mixed-method sequential explanatory design (Creswell and Creswell 2009) was conducted in
this study that consists of two consecutive phases of collecting and analysing data: a quantitative
phase and a qualitative phase. Quantitative data were collected on how students self-assessed
the improvement of their competencies through surveys. The survey results informed the qualitative
phase with semi-structured interviews with volunteer students.

In the quantitative research phase, the T-CHAT educational approach was compared to alterna-
tive educational methods using the quasi-experimental non-randomised approach (Anderson and
Arsenault 2005) and the non-equivalent comparison group design with no pre-test (Shadish and
Luellen 2006). Based on this design, the following experiment was designed and carried out:

1. The selected module in its original form was delivered. Participants of this module served as a
control group.

2. The samemodule, but now redesigned using the T-CHAT approach, was delivered. Participants of
this module served as a treatment group.

3. Both modules were evaluated at the end by carrying out self-assessment surveys to measure the
increase in students’ competencies, not their absolute level.

Students enrolled for the first or second module delivery automatically belonged to the control or
treatment group, respectively. Since the students in the control and treatment groups studied in the
same semester, it was assumed that, on average, both groups had the same levels of disciplinary and
transferable competence prior to the module. Both deliveries of the module in the experiment were
carried out by the same teachers who were supported in implementing the T-CHAT approach. An
evaluation instrument (see Evaluation instrument) developed within the scope of this research
was used to collect quantitative data (Mäkiö-Marusik et al. 2019).

In education research the quantitative methods with significance testing usually have the draw-
back that their findings are either mixed or non-significant, statistically and educationally (Anderson
and Arsenault 2005). Thus, to counteract this drawback, to better understand students’ responses in
the self-assessment survey and provide explanations for possibly unexpected results, semi-struc-
tured interviews (Denzin and Lincoln 2017) with students were carried out (questions see in Ques-
tions of semi-structured interviews with students). In contrast to the survey, the user-oriented
evaluation identified the concerns and positive effects only when the students articulate their experi-
ences and views with their own words.

4.2. Evaluation instrument

The evaluation instrument measures students’ perception of the improvement of competencies, the
motivation and learning process in modules using a questionnaire with the items located on a 5-
point Likert-type scale: ‘Definitely agree’ = 5, ‘Mostly agree’ = 4, ‘Neither agree nor disagree’ = 3,
‘Mostly disagree’ = 2, ‘Definitely disagree’ = 1. It has the following factors:

1. Disciplinary competence (questions 1–8),
2. Social competence (questions 9–15),
3. Systematic competence (questions 16–20),
4. Personal competence (question 22),
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5. General competence (question 21),
6. Learning process (questions 23–31), and
7. Motivation (questions 32–36).

The content and construct validity and reliability in terms of the intra-class correlation and the
internal consistency of the instrument were calculated in the previous study of Mäkiö-Marusik
et al. (2019).

4.3. Data analysis

The data gathered through the questionnaire were analysed for the factors 1–7 (see 4.2) using IBM
SPPS statistical software. There were two independent samples from two populations in the exper-
iments – the control and the treatment group. To examine the summary of student responses,
descriptive statistics, such as the number of cases, mean, standard deviation, were calculated for
each group. Independent samples t-tests were performed for the factors 1–7 to evaluate whether
there was a statistical difference between the associated population means. T-tests are appropriate
and reliable for Likert scores even if normality is moderately violated (De Winter and Dodou 2010).
The alternative hypothesis was tested that the scores were higher in the treatment than in the
control group. Therefore, one-tailed t-tests were used. The significance level of statistical tests is
reported using the following notation: Ϯ when p < .1, *when p < .05, **when p < .01 and ***when
p < .001. Cohens’ ds and Hedges’ gs (for sample sizes <20) were estimated to measure effect size
as practical significance and impact of the T-CHAT educational intervention on student learning.

Hattie (2008) provides a useful benchmark for evaluating such impacts. The average effect size of
educational interventions is 0.4. Effect sizes of less than 0.2 indicate a lack of teaching, effects
between 0.2 and 0.6 mean medium teaching effects, and those greater than 0.6 are considered
large when judging educational outcomes. For instance, for problem-based learning (PBL) edu-
cational interventions, a statistical analysis of literature made by Dochy et al. (2003) identified that
PBL has a robust positive effect of 0.460 on the skills and a significantly negative effect of −0.223
on the knowledge of students.

The interviews were recorded, transcribed, coded and finally analysed using a General Inductive
Approach (Thomas 2006) and qualitative data analysis software Nvivo to uncover and describe the
most important categories and themes. When coding, the qualitative data were reduced and analyti-
cally categorised. Based on this categorisation, qualitative explanations and generalisations were
developed that remain close to concrete data and contexts but go beyond simple summary descrip-
tions of the data (Neuman 2014). Therefore, the quantitative and qualitative results can be trans-
ferred to other similar situations and other similar groups of students.

4.4. Use cases

Twomodules conducted at the University of Applied Sciences Emden/Leer (Germany) were explored
as use cases for this study: (1) the ‘Programming’ module in the Bachelor program in Computer
Science (see Mäkiö et al. 2020) and (2) the ‘Engineering of Industrial Cyber-Physical Systems
(ICPS)’module in the Master program ‘Industrial Informatics – Specialisation Industrial Cyber-Physical
Systems’ which is a consecutive degree to the Computer Science and Electrical Engineering Bachelor
programmes (University of Emden/Leer n.d.; Wermann et al. 2015; Colombo et al. 2020). Table 1 sum-
marises the main features of these modules.

4.4.1. Module ‘Programming’
For our experiment, the ‘Programming’ module was delivered twice: in the winter term 2018–2019
(the control group) using traditional teaching methods and in the winter term 2019–2020 (the treat-
ment group) using the T-CHAT approach. The main learning outcomes of this module are that the
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students learn the core knowledge and concepts of the discipline and can apply them individually
and in a team to solve simple, complex and comprehensive programming tasks. The relevance to
CPS education was established through specific CPS-tailored assignments and the project task.

Table 2 lists the similarities and differences (in relation to lectures and labs) in teaching between
the control and treatment groups.

Traditional teacher-centred teaching was organised in lectures and labs that were thematically
related and aligned to each other. During the lectures, new concepts were briefly introduced, fol-
lowed by multiple illustrative examples. Student activities, such as quiz questions and individual
assignments, were incorporated into these presentations. During the labs, students performed
tasks, often in groups. Quizzes and programming assignments during labs showed that the students
had difficulty understanding core concepts and applying the knowledge they had acquired to
solving non-trivial programming tasks.

Student-centred teaching in the treatment group was aimed at addressing these deficiencies and
was organised according to the T-CHAT learning process (see Section 3.1), including all educational
approaches. Perceptional learning (PerL) was used to first provide a big picture and an intuitive

Table 1. The main properties of the modules.

Properties of modules Programming
Engineering of Industrial Cyber-Physical

Systems

Credits 5 ECTS credits 5 ECTS credits
Study year 1 4
Student cohort Undergraduate students Master students
Student study hours 150 (60 hours of teaching and 90 hours of

self-guided study)
150 (60 hours of teaching and 90 hours
self-guided study)

Activity types Lectures and practical exercises Lectures, practical exercises
Traditional teaching Winter term 2018–2019 Winter term 2019–2020
Number of responses in the
control group

56 students (out of 60) 7 students (out of 11)

T-CHAT teaching Winter term 2019–2020 Winter term 2020–2021
Number of responses in the
treatment group

42 students (out of 45) 8 students (out of 12)

Table 2. Similarities and differences between the control and treatment groups in the ‘Programming’ module.

Control group Treatment group

Similar variables • Student cohorts
• Teacher
• Student study hours
• Module syllabus
• Summative assessment

• Student cohorts
• Teacher
• Student study hours
• Module syllabus
• Summative assessment

Different variables
in relation to
lectures

• A strict teaching process aimed to convey the
required subject-specific content.
• Quizzes and individual assignments aimed to
activate students’ attention during the lecture.

• Students’ prior knowledge and experience were
activated using an Advanced Organiser.
• The lessons were structured according to the
sandwich principle. Group and individual work,
plenary presentations and discussions were mixed.
• A big picture was provided using an advanced
organiser and giving subject-typical examples and
observations from everyday life.
• Threshold concepts were comprehensively
explained using subject-typical examples and
observations from everyday life. They were
consolidated by solving practical problems.
• Student feedback was collected after each lecture to
inform and adapt further F2F teaching (flexible
teaching).

Different variables
in relation to labs

Assignments of increasing difficulty and
thematically aligned to the lectures were
performed individually and in groups.

Assignments and problem tasks of ‘zone of proximal
development’ were performed. A research-based
learning activity was then carried out.
Subsequently, project teams started to work on a
project task.
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understanding of the subject matter through multiple discipline-typical examples, tasks, and obser-
vations from everyday life. Subject-specific content was introduced to the students in brief presenta-
tions (F2F), mixed with group work, individual tasks and quiz questions. Particular attention was paid
to the threshold concepts, such as variables and their scope, procedural decomposition and design,
recursion, and return values, (see Kallia and Sentance 2017) that were introduced using PerL (see
Section 2.4). During labs, students solved problems (PBL) to expand the theoretical knowledge
acquired and make it applicable and useful. Students also conducted a literature-based inquiry on
a topic that does not require programming (RBL). At the end of each class students were asked to
give feedback that was used to adapt teaching. During the last 2/3 of the module, students
worked on a project task in groups of 3–5 people (PjBL). Students developed technical documen-
tation of their project solutions and presented the results at the end of the module.

4.4.2. Module ‘Engineering of industrial cyber-physical systems’
‘Engineering of Industrial Cyber-Physical Systems (ICPS)’ is an interdisciplinary module offered to
master students with different backgrounds and different stand of knowledge and skills. It consists
of two sub-modules ‘Mathematical Modelling of ICPS’ and ‘Lifecycle Engineering of ICPS’ taught by
two teachers. The latter was delivered and evaluated using traditional teaching methods for the
control group in the winter term 2020–2021 and using the T-CHAT approach for the treatment
group in the winter term 2021–2022. The main learning outcomes of this sub-module are that the
students learn various dimensions of the product and production system engineering lifecycle
that are relevant for engineering ICPS and can apply this knowledge for modelling, analysis, vali-
dation and prototype implementation of ICPS. The theoretical part, including several complex and
comprehensive topics, is quite large for the scope of a module, which is a challenge for teaching.

Table 3 lists the similarities and differences (in relation to lectures and labs) in teaching between
the control and treatment groups.

In traditionally taught teacher-centred classes, subject-specific content was presented to students
by means of lectures without interactive teaching methods. At the end of the module, the teacher
elaborated and presented the example of ‘Drinking water and wastewater’ system of ICPS to prepare

Table 3. Similarities and differences between the control and treatment groups in the ‘Engineering of ICPS’ module.

Control group Treatment group

Similar variables • Student cohorts
• Teacher
• Student study hours
• Module syllabus
• Summative assessment
• Project-based learning (PjBL)with the similar
project tasks

• Student cohorts
• Teacher
• Student study hours
• Module syllabus
• Summative assessment
• Project-based learning (PjBL)with the similar project
tasks

Different variables
in relation to
lectures

• A strict teaching process aimed to convey the
required subject-specific content.
• The main principle: the more technical content,
the better for the students.

• Students’ prior knowledge and experience were
activated using an Advanced Organiser.
• The lessons were structured according to the
sandwich principle. Group and individual work,
plenary presentations and discussions were mixed.
• A big picture was provided using an Advanced
organiser and giving subject-typical examples and
observations from everyday life.
• Threshold concepts were comprehensively
explained using subject-typical examples and
observations from everyday life. They were
consolidated by solving practical problems.
• Student feedback was collected during lectures to
inform and adapt further F2F teaching (flexible
teaching).

Different variables
in relation to labs

Assignments of increasing difficulty and
thematically aligned to the lectures were
performed individually and in groups.

Assignments and problem tasks of ‘zone of proximal
development’ were performed.
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students for their own project work. Students carried out a project (in groups of 2 or 3) to examine,
analyse, describe and present a real-life system of ICPS. The project work showed that the students
had difficulties understanding and applying the core concepts of the discipline, such as a process-
driven behaviour of systems of ICPS and the mechanisms of emergency and system stability.

To address these deficiencies and consider the issues of using the T-CHAT approach in the ‘Pro-
gramming’ module, student-centred teaching in the treatment group was organised according to
the adapted T-CHAT learning process. The authors took the risk of not sufficiently triggering the
development of systematic competencies in the students and due to time constraints and a high
activity load, dispensed with research-based learning activities (RBL). Teaching in the treatment
group began with activating the students’ prior knowledge and experience, triggering an intuitive
understanding of the subject matter, and motivating students to learning (PerL). The subject-
specific content and key information were briefly presented, followed by group activities in which
the students applied the new knowledge to the example of ‘Drinking water and wastewater’
system of ICPS (F2F). Threshold points, such as emergent behaviour of CPS, were introduced
using PerL (see section 2.4). Based on the acquired theoretical foundations, the students solved
specific problems to expand their knowledge and make it applicable (PBL). Student feedback was
collected to adapt future learning activities. At the end of the module, students carried out projects
similar to those in traditional teaching to examine and analyse a real-life system of ICPS, prepared a
technical system report and presented the results of their work (PjBL).

5. Results

5.1. Module ‘Programming’

5.1.1. Results of the quantitative study
Student self-perception surveys resulted in the sample sizes of 56 respondents for the control and 42
respondents for the treatment group, which shows a response rate of 93%. A score for each factor of
the questionnaire (see 4.2) was calculated based on the average of student responses to the ques-
tions assigned to this factor. Figure 2 shows the distributions of the control and treatment groups
that have some outliers. Data in the control and treatment groups were assessed for multivariate
outliers using a Mahalanobis Distance Test (Tabachnick and Fidell 2007). Two multivariate outliers
were identified and removed.

Figure 2. Box plot comparing the scores of control and treatment groups in the module ‘Programming’ per factor (mean value
indicated by a cross). The 1.5 interquartile range (IQR) convention is used for the whiskers and the outlier identification.
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The effective differences within factors between the control and treatment groups were statisti-
cally assessed, effect sizes (Cohens’ d) were estimated. Table 4 summarises this analysis along with
the mean and standard deviation for each factor. The results show a significant increase due to the T-
CHAT intervention on social (p < .001), systematic (p < .01), and general (p < .1) competence. The
practical significance of the T-CHAT educational intervention indicates a large effect for the
factors ‘Social’ and ‘Systematic’ competence and a medium effect for the factor ‘General’ compe-
tence (Hattie 2008). An unexpected result is that the students in the treatment group perceived
the development of disciplinary competence at the same level as in the control group and that
their responses were more dispersed.

5.1.2. Results of the qualitative study
To better understand students’ perception of improving their competencies during the T-CHAT
intervention, six volunteer students (out of 42) were interviewed. We aimed to examine what the
students perceived with regard to the development of their disciplinary competence and how
they experienced the new learning process, since both factors did not show any statistically signifi-
cant improvement. While interviews contained several questions on different topics, the coding of
the transcribed interviews focused on these two areas of interest. Two categories were identified
for each area (see Figure 3). The four categories and their associated themes are used as a framework
for summarising students’ perceptions.

The interviewees were heterogeneous in terms of the prior programming knowledge and skills
and study experience. Three categories of prior knowledge were defined: (1) no prior programming
knowledge (three interviewees); (2) basic knowledge and little experience in a programming
language other than Java (two interviewees); and (3) intermediate knowledge and experience in
Java and in another programming language (one interviewee). All the interviewed students had
some prior study experience: four participated in apprentice programmes, three studied in other uni-
versity programmes. According to the interviewees, this heterogeneity was also the characteristic for
the entire group of students.

5.1.2.1. Disciplinary competence. The heterogeneity of students had an impact on their percep-
tions of the development of disciplinary competencies. Table 5 lists the identified codes within
the category ‘Disciplinary competence’ and maps them as disciplinary competencies ordered from
the lower to the high cognitive level (Anderson and Krathwohl 2001) and the number of the inter-
viewees of each category who mentioned to have these competencies at the end of the module. The
students mentioned possessing the disciplinary competencies that corresponded to their prior
knowledge. The students reported their confidence in programming knowledge and skills they
had acquired and their ability to carry out future programming projects. It is worth noting that
the beginners were willing to help other students complete programming assignments and carry
out their own programming projects.

Table 4. Mean and standard deviation, results of the independent t-tests between the control and treatment groups in the
module ‘Programming’ per factor with the alternative hypothesis that scores of the treatment group are higher (one-sided tail).

Factors

Control group Treatment group

t df p Cohens’ dMean Std. dev. Mean Std. dev.

Disciplinary competence 3.74 0.60 3.74 0.72 −0.023 94 0.491 0.005
Social competence 2.78 0.93 3.48 0.52 −4.748 89.46 0.000*** 0.900
Systematic competence 3.10 0.98 3.64 0.63 −3.262 89.89 0.001** 0.639
Personal competence 3.29 1.13 3.41 0.86 −0.521 90 0.302 0.111
General competence 3.00 1.10 3.35 0.95 −1.582 89 0.059† 0.338
Motivation 3.59 0.81
Learning process 3.52 0.84 3.54 0.67 −0.152 91.997 0.440 0.030
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Because of the different knowledge levels at the beginning of the module, the students perceived
the improvement of their disciplinary competencies differently. While the beginners noticed that
they learned a lot of programming, especially the application of basic and advanced topics, the stu-
dents with programming experience said that they did not acquire additional disciplinary skills or
deepen their knowledge. But they learned how to explain programming to others and manage
complex programming projects, both on social and technical levels. This could be one reason
why students did not, on average, perceive any improvement in disciplinary competencies.

Figure 3. Analysis of students’ interviews, broken in four categories.

Table 5. Codes of the category ‘Disciplinary competence’ which emerged in the student interviews.

Number of students by the prior
knowledge categories (total 6 students)

Categories Codes
1

(3 students)
2

(2 students)
3

(1 student)

What I learned in the
module?

I know the basics of Java programming 3 2 1
I know advanced Java programming topics 2 2 1
I can write basic Java programs 3 2 1
I can write advanced Java programs 1 2 1
I can analyse someone else’s Java program code 1 2 1
I can evaluate Java program code - 1 1
I can perform complex Java programming projects in
team

3 1 1

I can perform complex Java programming projects – 1 1
I learned how to explain Java programming topics to
other students

– 1 1

I learned how to learn 1 1 1
Am I confident in my
knowledge and skills?

I am confident in the basics of Java programming 3 2 1
Confident in advanced Java programming topics 2 2 1
I’m able to help other students in doing Java
programming assignments or projects

2 1 1

I am not confident in complex Java topics 1 - -
I am able to perform Java projects that require the
knowledge and skills learned in the module

1 2 1

I am able to perform Java projects that are in the area
of my interest independent of their complexity

- 1 1

Notes: 1 = no prior programming knowledge; 2 = basic knowledge and little experience in a programming language other than
Java; and 3 = intermediate knowledge and experience in Java and another programming language.
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Other factors that negatively affected the students’ perceptions were the complexity of learn-
ing activities and the workload in the module. The beginners noted some lab tasks and pro-
blems, especially at the end of the module, to be difficult. All interviewees found the project
complex; however; depending on their prior programming knowledge, named different issues.
While the beginners felt they were not prepared enough professionally to carry out the
project, the students with basic programming backgrounds complained that the project require-
ments were not clearly defined, which took some effort to scale the project work and outcome.
The student with the intermediate prior knowledge perceived the management of his hetero-
geneous project team difficult, but interesting and challenging. All the interviewed students
reported a high workload in the module and found two projects (a trial and a main one) in
the module too much.

5.1.2.2. Learning process in the module. Table 6 summarises categories and codes that explore
how students perceived the learning in the module and how various aspects improved and hindered
students’ learning process.

5.2. Module ‘Engineering of industrial cyber-physical systems’

Student self-perception surveys resulted in the sample sizes of 8 for the control group and 7
respondents for the treatment group with a response rate of 64% and 67%, respectively. A
score for each factor of the questionnaire (see 4.2) was calculated based on the average of
student responses to the questions assigned to this factor. Figure 4 shows the distributions
of the control and treatment groups. Median and mean values of students’ perception of
improving their competencies are higher in the treatment group than in the control group
for all factors (see also Table 7). The responses on all factors are less dispersed in the treatment
than in the control group.

The effective differences within factors between the control and treatment groups were statisti-
cally assessed, effect sizes (Hedges’ g) were estimated. Table 7 summarises this analysis along with
the mean and standard deviation for each factor. The results show a significant increase due to the T-
CHAT intervention on social (p < .01), personal (p < .05), disciplinary (p < .1) and general (p < .1) com-
petence. Given the significance criterion (p-value < .05), desired statistical power (80%), anticipated
difference in scores (effect size), and estimated measurement variability (standard deviation), the

Figure 4. Box plot comparing the scores of control and treatment groups in the module ‘Engineering of ICPS’ per factor (mean
value indicated by a cross). The 1.5 interquartile range (IQR) convention is used for the whiskers and the outlier identification.
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required sample size must be between 24 and 53 in each group (McConnell, Monteiro, and Bryson
2019). Since both samples (the control and treatment groups) are significantly smaller and because
p-values strongly depend on sample sizes, statistical significance of T-CHAT intervention cannot be
shown for some factors (systematic competence and motivation).

Table 6. Codes of the category ‘Learning in the module’ which emerged in the student interviews.

Number of students by the prior
knowledge categories (total 6 students)

Categories Codes
1

(3 students)
2

(2 students)
3

(1 student)

During which learning activity did I learn
effectively and efficiently?

Lectures – 1 –
Lab assignments and problem-
solving

3 1 1

Learning diary – 1 –
Research assignment 1 – –
Trial project – – –
Project 2 2 1
Self-guided study 1 1 1

Students’ perceptions
How was learning in the module? Feedback of teacher on assignments Two students of six mentioned that

teacher’s feedback on home
assignments was not helpful

Students’ own feedback Five of six students mentioned that they
were satisfied with how their feedback
was implemented during the next
teaching sessions

Freedom of how to implement code
/solve problems

One student was fascinated by the
freedom he has for learning and
practicing: ‘We were allowed to do
whatever we wanted. I liked it because
I love trying new things in practice’.

Writing a learning diary All but one of the interviewed students
claimed that writing a learning diary
was ineffective and not useful for their
learning and they did it because it was
compulsory.

Trial project All but one of the interviewed students
found the trial project not useful for
them. This one student said that this
project helped him understand what
teamwork means.

Project All interviewed students said that this
project was useful to understand how
individual programming functionalities
and techniques could be combined to
work together towards a meaningful
goal. Three students mentioned that
the project was complex.

Complexity of assignments The beginners (category 1) mentioned
that programming tasks were complex,
especially at the end of the module.

A considerable variety of learning
activities

All interviewees emphasised that there
were different types of learning
activities that made learning difficult.

The workload in the module Three students mentioned the high
workload and effort involved in
performing programming tasks. A
student who had previously studied
programming in another module
found that the pace of learning was
quite fast.

Notes: 1 = no prior programming knowledge; 2 = basic knowledge and little experience in a programming language other than
Java; and 3 = intermediate knowledge and experience in Java and another programming language.
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The practical significance of the T-CHAT educational intervention indicates a large effect for the
factors ‘Disciplinary’, ‘Social’, ‘Personal, and ‘General’, and a medium effect for the ‘Systematic’ com-
petence (Hattie 2008).

To better understand students’ perception of the development of systematic competence and
their motivation during the T-CHAT intervention, two volunteer students (out of 8) were interviewed.
One student emphasised that problem-solving activities in groups during F2F teaching empowered
her to think critically and triggered the development of problem-solving skills. The other student
reported that F2F teaching with peer activities guided him to successfully transfer new knowledge
to the project work in this module and his own. Both students reported that their motivation to learn
was fostered by the up-to-date practical relevance of the subject, the group activities that followed
the presentation of theoretical content, and finally by the project work at the end of the module.
They emphasised that they were well prepared for the project work through class activities and
the self-guided analysis of industrial CPS of their interest.

6. Discussion and conclusions

Despite various curricula and modules introduced over the last few decades to teach cyber-phys-
ical systems (CPS) engineering, the competence gap, in technical and transferable competencies,
persist between industry expectations and competencies of CPS graduates. The objective of this
paper was to introduce the T-CHAT educational framework for teaching CPS engineering at the
module level and to explore its effectiveness. This framework encompasses the T-CHAT learning
process, which is aligned to learning phases and aims to develop professional knowledge and
skills and to improve systematic, social and personal competencies of students. In contrast to
the existing empirical studies, the current research compares the T-CHAT educational approach
to an alternative teaching approach in two use cases by analysing quantitative and qualitative
data of student perception.

In the ‘Programming’ module, the social, systematic, and general competencies of students stat-
istically significantly improved with a large and medium treatment effect due to the use of the T-
CHAT educational approach. Personal and general competencies improved on average, while the
perception of the development of disciplinary competence remained on average at the same
level. The latter can be explained by the high workload and the complexity of assignments that
were emphasised in the student interviews.

In the ‘Engineering of Industrial Cyber-Physical Systems (ICPS)’ module, the use of the T-CHAT
educational approach led to a statistically significant improvement in the majority of the factors –
disciplinary, social, personal and general competencies – accompanied by a large treatment
effect. Systematic competence and motivation improved on average in the treatment group. This
statistically insignificant improvement can be explained by the small sample sizes of the control
and treatment groups. In the interviews, the students emphasised the development of their critical
thinking and problem-solving skills. The better results in the second module are because the

Table 7. Mean and standard deviation, results of the independent t-tests between the control and treatment groups in the
module ‘Engineering of ICPS’ per factor with the alternative hypothesis that scores of the treatment group are higher (one-
sided tail).

Factors

Control group Treatment group

t df p Hedges’ gMean Std. dev. Mean Std. dev.

Disciplinary competence 3.80 0.74 4.34 0.30 −1.812 7.783 0.054 † 0.929
Social competence 3.14 0.84 4.25 0.46 −3.241 13 0.003 ** 1.579
Systematic competence 3.74 0.91 3.97 0.45 −0.611 8.448 0.279 0.311
Personal competence 3.43 0.79 4.13 0.35 −2.159 8.091 0.030 * 1.103
General competence 3.43 0.79 4.00 0.76 −1.433 13 0.088 † 0.698
Motivation 4.11 0.54 4.25 0.48 −0.518 13 0.307 0.252
Learning process 4.25 0.55 4.33 0.55 −0.291 13 0.388 0.142
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outcomes of the first module and reflection on using the T-CHAT approach informed its implemen-
tation and delivery.

A review of the standard deviation for the factors in the control and treatment groups in both
modules provides an important insight into the impact of the T-CHAT educational approach on
the development of the student competencies. For all factors except the disciplinary competence
in the ‘Programming’ module, there is a reduction in the point estimate for standard deviation.
That is a significant finding because it shows that the T-CHAT educational approach has led to a
more homogeneous perception of learning outcomes of the entire group of students.

However, there are some differences in the results of both use cases. Compared to the first use
case, the results in the second use case show the better values:

. the student answers are less dispersed,

. the majority of competencies have improved statistically significantly due to the T-CHAT edu-
cational intervention, and

. the practical significance has been proved by the significantly higher treatment effects.

The following questions arise, which are addressed directly in the following:

1. Which features of the modules and their delivery were the decisive for such differences?
2. What should be improved in the design and implementation of these modules so that they can

better use the features of the T-CHAT approach?
3. How can the knowledge and experience gained in these two use cases be transferred to other

modules and student cohorts?

6.1. Differences in the modules

Since the modules were implemented one year apart, the authors had a possibility to reflect on the
results acquired in the ‘Programming’ module and adapt the use of the T-CHAT approach for the
‘Engineering of ICPS’ module. The main issue of the quantitative analysis in the ‘Programming’
module was that students in both control and treatment groups equally high perceived the devel-
opment of their disciplinary competence. The authors explored the causes of this unexpected
outcome in the student interviews and identified the following factors that could negatively
affect the perception of students in the treatment group (see section 0):

. the complexity of assignments and project,

. a considerable variety of learning activities, and

. the workload in the module.

The majority of interviewees emphasised that, because of the high complexity of programming
assignments, in particular at the end of the module, they were sometimes not able to solve them by
themselves and had to invest a considerable effort and time for it. They also mentioned that the
project task was difficult for the first-semester students. This high task complexity was perceived
by the interviewed students as teacher’s demanding expectations towards their disciplinary achieve-
ments in the module. According to Andrade and Du (2007), students who experience tension
between their own and their teachers’ expectations, especially if the last ones are demanding and
novel, struggle to appropriate those expectations effectively. This incongruence and also the fact
that the targets and skill level that students were meant to achieve in ‘Programming’ module
were not exactly communicated to them, for instance, in the form of a rubric, made it for them
difficult to objectively self-assess the development of the disciplinary competence (Andrade and
Du 2007).
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The interviewees found that learning activities in the module, including lab assignments, carrying
out a research-based inquiry, project work and problem-solving sessions, were diverse and novel for
them. They characterised some activities, for example, keeping a learning diary, as disruptive and
inefficient for learning. To master this diversity successfully, students needed to be trained for this
pedagogical change, particularly with regard to team work and management of real-life project
(Winberg et al. 2020). Since this was not done prior to the T-CHAT intervention, the students per-
ceived this diversity as an additional hurdle in learning the subject matter knowledge. This could
negatively influence their perception of the development of disciplinary competence.

According to the interviewees, the task complexity and the variety of learning activities produced
a high workload in the module. Demanding teachers’ expectations and high workload express that
teaching in this module was rigorous that could lead to underestimated student evaluations (Neal
and Elliott 2009).

The authors took these disadvantages into account when implementing the T-CHAT educational
approach in the ‘Engineering of ICPS’ module (see section 4.4.2). They directed the students’ atten-
tion and effort to acquire the disciplinary knowledge and apply it to solving small tasks and pro-
blems, and then to a project. To give students more time to reflect on the acquired knowledge
and the topics learned, they dispensed with research-based learning activities (RBL) and a learning
diary, and reduced the number of assignments and problem-solving sessions compared to the ‘Pro-
gramming’ module. As a result, the students experienced congruence with the teacher’s expec-
tations and perceived the improvement of their disciplinary competence compared to the control
group (see Table 7).

The T-CHAT approach showed a medium to high practical effect for the factors in both use cases
and in particular in the ‘Engineering of ICPS’module (see Cohens’ d in Table 4 and Hedges’ g in Table
7). The identified practical effect on nearly all factors is higher in the ‘Engineering of ICPS’ module
than in the ‘Programming’ module, except for the systematic competence. This can be explained
by the fact that the teaching in the control group of the ‘Programming’module partly included inter-
active methods and group activities, but in the ‘Engineering of ICPS’ module, technical knowledge
was conveyed in classic frontal lectures without the students being involved in interactive learning.
The lower effect size of the systematic competence in the ‘Engineering of ICPS’ module may be
because no research-based learning activities took place and problem-based learning activities
were shorter than in the ‘Programming’ module.

6.2. Possible improvements to the modules

The authors agree with Chonko, Tanner, and Davis (2002) that students should not be treated as cus-
tomers who are entitled to success without hard work and effort and that good teaching does not
mean doing only what students prefer. However, based on the results of surveys and interviews,
there are some options to adapt teaching and make the learning more effective for students.

In the ‘Programming’ module, the main improvement would be the reduction of the
module workload and providing more guidance in regard to learning activities. Instead of
two real-life projects, only one project with unambiguously defined requirements has to be
planned. This will focus student efforts on the targeted application of the disciplinary knowl-
edge they had acquired in the lectures and problem-solving sessions. The number of planned
learning activities, for instance, problem-solving sessions, should be reduced to give more time
for a reflection on the learned material. Precise guidelines and instructions must be given for
keeping a learning diary. Effective feedback on student solutions to programming tasks must
be prompt.

In the ‘Engineering of ICPS’ module, a research-based learning activity, for instance, a literature-
based inquiry, should be included in the T-CHAT learning process to trigger the development of per-
sonal and systematic competencies. This can be done through a reduction of the project work.
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6.3. Transfer options

A statistically significant improvement of student competencies in two use cases due to the T-CHAT
educational approach and a high practical significance supported by large treatment effects, in par-
ticular in the second use case, is an important result of this study that shows the effectiveness of this
approach. The use and mix of the various educational approaches according to the T-CHAT learning
process has a positive impact on the development of both disciplinary knowledge and the transfer-
able skills of students.

This study creates an understanding of how the T-CHAT educational approach can be applied in
other modules and student cohorts. A successful transition to the T-CHAT educational approach
requires the preparation of both participants in the learning process – teachers and students. Ana-
logous to the application of methods and approaches, the application of the T-CHAT educational
approach requires that the teacher knows its philosophy, pedagogical methods, and how to
apply them to their teaching practice. This requires faculty staff development and support, in par-
ticular, for the pedagogical methods other than classic frontal lectures that trigger the development
of key competencies in students (Winberg et al. 2020).

To prepare students to participate in learning efficiently, the teacher has to ensure that the
students know the targets they need to achieve and get an overview of the forthcoming learn-
ing activities. If the students were not prepared for project/problem/research-based learning
activities in previous dedicated courses, a brief introduction to these approaches would be an
advantage. The study showed that to successfully participate in the learning activities, the
first-year students needed more extensive explanation and preparation compared to the
master’s students.

The T-CHAT approach begins with the module design in which the teacher first analyses the
intended learning outcomes and determines the pedagogical approaches and learning activities
to be used based on the mapping between the competencies and the pedagogical approaches in
Table A3. The learning process can be designed based on the description in Section 3.1. The
definition of problems, a project and a research task, must address the module learning outcomes
and be tailored to the level of experience and maturity of the students. For instance, if interdisciplin-
ary skills have to be trained, then the project task must be designed in an interdisciplinary manner.
The level of autonomy given to students in project-based learning must be different for first-year and
master’ students (regarding autonomy levels, see De Graaff and Kolmos 2003).

6.4. Study limitations

The limitation of this study is the small sample sizes, in particular, in the second use case with
master’s students, and the limited number of use cases explored.

6.5. Future works

To obtain more evidence for the T-CHAT framework, future studies are planned to expand to more
participating students in the existing T-CHAT modules (see 4.4). Other modules are planned to
implement using the T-CHAT educational approach.

Although the T-CHAT approach has been introduced and used to improve the teaching of CPS
engineering at the module level, it can also be applied at the curriculum level. For this purpose, cur-
riculum leaders can use the list of competencies required of CPS engineering graduates (Table A1) to
determine which competencies are to be developed in the module of the curriculum. Based on the
mapping of competencies to educational approaches (Table A3), they can then specify which
approaches will be used in the individual module. Finally, based on the T-CHAT learning process, tea-
chers design their modules and use the prescribed educational approaches. Such an investigation
and implementation of T-CHAT at the curriculum level is the subject of future research.
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Appendix

Table A1. Required competencies of CPS engineering graduates.

Competencies of CPS engineering graduates
Disciplinary
Competencies

General (TG) A holistic, broad view of CPS to be engineered (TG-1)
Sound knowledge of disciplinary fundamentals. Theoretical
understanding. (TG-2)

Critical awareness of the multidisciplinary context of engineering (TG-3)
Higher-order cognitive skills (TG-4)
Engineering practice and application of knowledge (TG-5)

CPS Foundations (TF) Computing concepts, computer science, SW Engineering (TF-1)
Computing for the physical world: sensors, actuators, embedded systems
(TF-2)

Discrete and continuous mathematics (TF-3)
Cross-cutting application of sensing, actuation, control, communication,
and computing (TF-4)

Modelling of heterogeneous and dynamic systems integrating control,
computing, and communication (TF–5)

CPS development life cycle: requirements, concept, model-based design,
simulation, formal verification and validation, testing, manufacturing,
deployment and sustainment (TF-6)

Non-functional
characteristics of CPS
(TNF)

Security and privacy (TNF-1)
Interoperability (TNF-2)
Reliability and dependability (TNF-3)
Power and energy management (TNF-4)
Safety (TNF-5)
Stability and performance (TNF-6)
Human factors and usability (TNF-7)

Engineering (TE) Engineering Process (TE-1)
Industrial automation, plant modelling (TE-2)

Systems Engineering (TSE) System-level approach (TSE-1)
Systems integration across domains (TSE-2)
Systems of Systems (TSE-3)

Others (TO) Statistical methods and mining techniques (TO-1)
Physics (TO-2)

Key (generic)
competencies

Social Competence (SoC) Collaboration (especially in heterogeneous interdisciplinary multicultural
teams); collaboration with customers (SoC-1)

Communication (especially within heterogeneous interdisciplinary
multicultural teams and with customers) (SoC-2)

Technical writing (SoC-3)
Presentation (SoC-4)

Personal competence (PC) Creativity (PC-1)
Entrepreneurship, successful transferring plans into reality (PC-2)
Flexibility to manage rapidly evolving technologies (PC-3)
Leadership (PC-4)
Lifelong learning (PC-5)
Innovation (PC-6)
Working and thinking independently (PC-7)
Taking responsibility and making decisions (PC-8)

Systematic competence (SC) Analytical skills (SC-1)
Critical thinking and critical attitude (SC-2)
Definition and solving problems (SC-3)
Cross-disciplinary thinking (SC-4)
Interdisciplinary thinking (SC-5)

General competence (GC) Project management (GC-1)
Business and management (GC-2)
Cultural and social awareness (GC-3)
Humanities (e.g. anthropology, sociology) (GC-4)
Legislation (GC-5)
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Table A2. Gaps in the qualification of CPS engineers.

Gaps in the qualification of CPS engineers
Disciplinary
Competencies

General (TG) Broad knowledge and skills of multiple areas of engineering expertise
Broad system perspective. Understanding of the complete
heterogeneous systems

Hands-on experience in system/product development process
CPS Foundations (TF) Computer science. Digital/software technology

Mathematics/mathematics frameworks
Integration of Embedded systems, human element and networking
Modelling, architecting and analysis of heterogeneous and dynamic
systems, integrating control, computing and communication

Systems analysis using formal methods and model-based verification
Design theory. Cross-disciplinary design

Non-functional
characteristics of CPS
(TNF)

Security and privacy
Dependability issues
Human factors and usability
Risk and safety analysis

Systems Engineering (TSE) Systems-level thinking – abstraction and system interaction
System integration and composition

Others (TO) Physics
Key (generic)
competencies

Social Competence (SoC) Collaboration (especially in heterogeneous interdisciplinary multicultural
teams); collaboration with customers

Communication (especially within heterogeneous interdisciplinary
multicultural teams and with customers)

Presentation
Personal competence (PC) Creativity

Entrepreneurship, successful transferring plans into reality
Lifelong learning
Critical thinking and critical attitude towards technological
developments

Cross-disciplinary thinking
Systematic competence (SC) Critical thinking and critical attitude towards technological

developments
Cross-disciplinary thinking

General competence (GC) Project management
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Table A3. Competencies of CPS engineering graduates and pedagogical approaches that can promote their development PjBL –
project-based learning, PBL – problem-based learning, RBL – research-based learning, F2F – face-to-face teaching.

Competencies of CPS engineers PjBL PBL RBL F2F
Disciplinary
Competencies

General (TG) A holistic, broad view of CPS to be engineered (TG-1)
Sound knowledge of disciplinary fundamentals.
Theoretical understanding (TG-2)

X X

Critical awareness of the multidisciplinary context of
engineering (TG-3)

X X X

Higher-order cognitive skills (TG-4) X X X X*
Engineering practice and application of knowledge
(TG-5)

X X

Key competencies Social Competence
(SoC)

Collaboration (especially in heterogeneous
interdisciplinary multicultural teams); collaboration
with customers (SoC-1)

X X

Communication (especially within heterogeneous
interdisciplinary multicultural teams and with
customers) (SoC-2)

X X

Technical writing (SoC-3) X X
Presentation (SoC-4) X X X*

Personal
competence (PC)

Creativity (PC -1) X X*
Entrepreneurship, successful transferring plans into
reality (PC -2)

X

Flexibility to manage rapidly evolving technologies
(PC -3)

X

Leadership (PC -4) X X
Lifelong learning (PC -5) X X
Innovation (PC -6) X
Working and thinking independently (PC -7) X X
Taking responsibility and making decisions (PC -8) X X X

Systematic
competence (SC)

Analytical skills (SC -1) X X X
Critical thinking and critical attitude (SC -2) X X X
Definition and solving problems (SC -3) X X
Cross-disciplinary thinking (SC -4) X X
Interdisciplinary thinking (SC -5) X X

General
competence (GC)

Project management (GC-1) X
Business and management (GC-2) X
Cultural and social awareness (GC-3) X X X*

* - valid for constructivist teaching approaches of F2F.

Evaluation instrument

Question
ID Statement Competence to be assessed
Disciplinary competence
Q1 Due to this module, I understand the basic definitions of the renewable

energy systems.
Bloom’s level 2 (Understand)

Q2 Due to this module, I understand the fundamental problems in the field of
sustainable energy systems.

Bloom’s level 2 (Understand)

Q3 Due to this module, I am able to choose the adequate methods to the
problems of this field.

Bloom’s level 3 (Apply)

Q4 I am able to use basic theoretical knowledge and practical skills in the
subject.

Bloom’s level 3 (Apply)

Q5 I am able to analyse solutions and processes of the subject. Bloom’s level 4 (Analyze)
Q6 I am able to argue and evaluate the given problems and solutions of the

topic.
Bloom’s level 5 (Evaluate)

Q7 I am able to compare and find significant connections and correlations in the
field.

Bloom’s level 5 (Evaluate)

Q8 I am able to formulate solutions using the methods, techniques and tools of
the subject.

Bloom’s level 6 (Create)

(Continued )
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Continued.

Question
ID Statement Competence to be assessed
Social competence
Q9 Due to this module it is easier for me to express my own opinions. Communication
Q10 Due to this module I make my verbal contributions in more comprehensible

language.
Communication

Q11 Due to this module it is easier for me to ask when I have not understood
something.

Communication

Q12 I participated in the work planning within the team during this module. Collaboration
Q13 I contributed to the assignment of tasks within the team during this module. Collaboration
Q14 Due to this module I can better hold a presentation. Presentation
Q15 Due to this module I can better write technical texts. Technical writing
Systematic competence
Q16 Due to this module I can better critically question and evaluate new ideas/

things.
Critical thinking

Q17 Due to this module I can better think across technical and non-technical
considerations, can better see things from different perspectives.

Cross-disciplinary thinking

Q18 Due to this module I can work more systematically and logically, can better
collect, visualize and analyse information.

Analytical skills

Q19 Due to this module I can better identify and develop new things at my
workplace/in my own projects.

Successful transferring plans into
reality, creativity

Q20 Due to this module I can better solve problems of different nature that I
encounter at my workplace/in my own projects.

Problem-solving skills

General competence
Q21 Due to this module I can better manage my future projects as well as projects

at my workplace.
Project management

Personal competence
Q22 Due to this module I can better find and apply information about methods,

techniques and tools needed to solve an issue.
Lifelong learning, self-directed
learning

Learning process
Q23 The objectives are clear.
Q24 The content is appropriate.
Q25 The content is interesting.
Q26 The information in this module is appropriate for me / my company/

workplace.
Q27 Staff are good at explaining things.
Q28 Staff make the subject interesting.
Q29 Staff are enthusiastic about what they taught.
Q30 The module is intellectually stimulating.
Q31 I am happy with the pace of learning.
Motivation
Q32 I am motivated to participate in this module.
Q33 In this module I have been encouraged to develop my own learning skills.
Q34 In this module the learning is easy.
Q35 I feel satisfied with this module.
Q36 I would recommend this module to other students.

Questions of semi-structured interviews with students in “Programming” module.

Theme 1. What was your learning experience? Different teaching methods having different learning activities were used
during the module, e.g. lecture, project work, solving small tasks/problems. If we look at two characteristics of learning:
effective learning that means “learning what is aimed by the module" and efficient learning that means "learning what
is aimed without wasting time or energy".

. When or during which learning activity did you learn efficiently?

. Which learning activities did you not find useful?

. Which learning activities best supported your learning?

. How often have you used the opportunity to ask open questions to lecturers? What do you think about the possi-
bility of giving feedback at the end of each lecture?

Theme 2. What did you learn in this module?
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. What did you learn in this module? Name the most important things you learned in this module.

. When you did the project work, did you feel that you were technically well prepared? If not, what was missing?

. Which key, or soft, competences have you developed during the module?

. Have your expectations been met?

. Do you believe that with the knowledge and experience gained in the module you will be able to implement soft-
ware development projects in Java.

Theme 3. What was your motivation?

. Did you enjoy the work (e.g. project work)?

. Which learning activities have motivated you?

. Which learning activities have negatively influenced your motivation?

Theme 4. Overall impression

. What is the most important thing you took from the module?

. What would you change about the module?

. What was good about the module?

. What was challenging for you and what was easy for you?

. How do you feel at the end of the module?

Questions of semi-structured interviews with students in “Engineering of Industrial Cyber-
Physical Systems” module

Theme 1. What was your learning experience?

. How many teaching sessions did you attend?

. When or during which learning activity did you learn efficiently?

. Which learning activities best supported your learning?

. What do you think about the online format of teaching?

Theme 2. What did you learn in this module?

. What did you learn in this module? Name the most important things you learned in this module.

. When you did the project work, did you feel that you were technically well prepared? If not, what was missing?

. How easily did you apply the acquired knowledge to your project?

. Have your expectations been met?

Theme 3. What was your motivation?

. How motivated were you in the sub-module?

. Which learning activities have motivated you?

. Which learning activities have negatively influenced your motivation?

Theme 4. Overall impression

. What would you change about the sub-module?

. What was good about the module?
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