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Abstract
As science and technology create an ecosystem that is becoming increasingly more 
knowledge-intensive, complex, and interconnected, the next generation science standards 
include systems thinking and systems modeling among 21st skills that should be fostered. 
We examined the effect of an online cross-disciplinary learning process on the develop-
ment of systems thinking and modeling skills among engineering students and engineering 
and science teachers. The study, which used quantitative and qualitative tools, included 
55 participants who performed four food-related learning assignments and created concep-
tual models in Object-Process Methodology. Their responses to online assignments were 
analyzed along with their perceptions, captured via a reflection questionnaire. The online 
learning process in this study effectively enhanced systems thinking and modeling skills 
of all learners, including those with no relevant background. One main conclusion that 
extends beyond the online learning was that imparting the basics of systems thinking and 
conceptual modeling skills can be achieved even within a short period of time—less than 
one semester. The contribution of the study is the formation of theoretical and practical 
frameworks for the integration of an cross-disciplinary model-based systems engineering 
online assignments into engineering and science curricula.

Keywords Object-Process Methodology—OPM · Systems thinking · Conceptual 
modeling · Engineering education · Science education

Introduction

Since the beginning of the twenty-first century, the world has been changing much faster 
than ever before in human history. This accelerated change must be considered in several 
fields, including the economic, social, and educational ones (Comfort & Timms, 2018). In 
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the wake of the digital era, educational systems, as an integral and influential part of mod-
ern life, must be adapted to the changing reality (Schleicher, 2019). This has become more 
critical since the COVID-19 pandemic erupted, forcing an overnight transition to remote 
teaching and learning and highlighting technology-based digital environments and tools 
(Daniel, 2020).

Digital educational environments seek, at least theoretically, to develop students’ com-
petencies and skills instead of just delivering data from teachers to their students, as was 
quite common in the not-too-distant past (Care, 2018). Towards the very end of the twen-
tieth century, a considerable number of initiatives started catering to the growing need for 
a profound change in teaching and learning processes, focusing on the shift from teacher-
centered to student- and competencies-oriented education. The National Research Council 
framework (NRC, 2012a) for the so-called 21st-century skills strongly emphasizes systems 
thinking as a skill that is central to science and engineering (Comfort & Timms, 2018). 
Based on the NRC framework, the Next Generation Science Standards (NGSS) (NGSS 
Lead States, 2013) were formulated. These standards are divided into three groups: (1) 
scientific and engineering practices, (2) crosscutting concepts, and (3) disciplinary core 
ideas. One of these crosscutting concepts, i.e., concepts that have applications across all 
scientific domains, is “Systems and system models. […] specifying […] boundaries and 
making explicit a model of that system—provides tools for understanding and testing ideas 
that are applicable throughout science and engineering” [6, p. 84]. The focus of this con-
cept is systems thinking and systems modeling: which this research sets out to explore in the 
context of engineering and science online education. As systems are becoming more com-
plex and knowledge-intensive (Wade & Heydari, 2014), the demand for systems thinking 
is on the rise (Cabrera et al., 2021; Koral-Kordova et al., 2018; Lavi et al., 2019; Mahaffy 
et al., 2018). Systems thinking is the basis for modeling skills, which are necessary for rep-
resenting, understanding, and planning natural and human-made complex systems, serving 
both science and engineering (Akiri et al., 2020; Gilissen et al., 2020; Verhoeff et al., 2008; 
Wilensky & Resnick, 1999).

The current study aims at examining the effect of a cross-disciplinary online learning 
process on the development of systems thinking and conceptual modeling skills among 
engineering students and engineering and science teachers.

Theoretical background

In this section, the background of this research is presented with an emphasis on theories 
and concepts related to systems thinking, conceptual modeling, and engineering and sci-
ence teaching and learning.

Systems thinking

Systems thinking is relevant to both engineered systems and natural phenomena. In both 
cases, the term system can be defined as an entity that maintains itself and functions as a 
whole through its interacting parts. A more recent definition of a system is an arrangement 
of parts or elements that together exhibit behavior or meaning that the individual constitu-
ents do not (Dori et al, 2020). This definition emphasizes the element of emergence and 
accommodates conceptual systems along with natural and engineered ones. 
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An engineered system is supposed to provide value to its beneficiary by performing a 
function in which a process transforms (generates, consumes, or changes the state of) one 
or more objects. Natural phenomena, in contrast, are not meant to deliver any predeter-
mined benefit, but they may have an outcome, whether detrimental or beneficial (Assaraf & 
Orion, 2005; Dori & Sillitto, 2017).

Many disparate definitions have been proposed for systems thinking over the years 
(Arnold & Wade, 2015, 2017; Booth-Sweeney & Sterman, 2000; Grohs et al., 2018; Monat 
& Gannon, 2015). Assaraf and Orion (2005) identified common points in these definitions 
of systems thinking: (1) developing the ability to think dynamically, i.e., to understand 
how a complex system changes over time through its interacting parts, (2) understanding 
how the interacting parts of the system affect its behavior, and consequently, its function, 
(3) identifying positive and negative feedback processes within the system, and (4) rais-
ing hypotheses and examining them via models. Booth-Sweeney and Sterman (2000) sug-
gested that whatever the definition of systems thinking may be, each of the systems think-
ing components is based upon rudimentary high school skills and knowledge that include 
(1) interpreting graphical representations of the data, as well as creating such represen-
tations, (2) having basic knowledge and understanding of algebra, statistics, and units of 
measure, and (3) telling a story based on quantitative data, and vice versa—eliciting such 
data based on its textual representation. The equivalent of storytelling is materialized in 
OPM (Lavi & Dori, 2019; Stenger et al., 2021), discussed later, where the formal graphical 
representation of a system with its structure and behavior is converted automatically to a 
textual representation in a simple subset of natural language.

To transcend disciplinary boundaries, General Systems Theory (GST) (von Bertalanffy, 
1968) was established based on the notion that systems studied in various disciplines and 
branches share certain common principles and features, and therefore can and should form 
the basis of the science of systems as a unified foundation for all sciences (Dori, 2005; Fil-
lieule, 2001). In its pursuit of generalizations, GST moves toward a state of science known 
today as ‘trans-disciplinarity’ (Hofkirchner & Schafranek, 2011), in which all hierarchical 
levels in the system are coordinated, requiring a “different manner of seeing the world, 
more systemic and more holistic.” (Max-Neef, 2005, p. 15).

A type of thinking that revolves around complex entities of various kinds, systems think-
ing is common to all disciplines that involve human cognition. It enables people to make 
causal inferences about a wide range of biological, ecological, engineering, and social phe-
nomena, regardless of their complexity or interconnectedness levels (Cabrera et al., 2008; 
Dori, 2005; Wilensky & Resnick, 1999).

Trying to formulate a cross-disciplinary definition, Whitehead and colleagues (White-
head et  al., 2015) suggested that systems thinking is “a thought process through which 
assumptions are examined about a set of interconnected elements that drive toward a com-
mon goal with the objective of discerning hidden values and evaluating evidence in order 
to assess conclusions” [p. 10]. To put it simpler and even more inclusive, based on Dori 
and colleagues (2020), systems thinking is defined as a thought process in which assump-
tions about interactions among interconnected elements of a system or a phenomenon are 
examined to predict behavior, outcomes, and in the case of human-made artifacts, a value 
to beneficiaries.

Over the past two decades, a significant number of studies have looked into the develop-
ment and assessment of systems thinking in various disciplines, topics, and populations, 
including engineering in higher education (Frank, 2006) and high school (Gero & Zach, 
2014), pre- and in-service elementary teachers in the science context (Lee et  al., 2019), 
postsecondary science courses (Golick et al., 2018), graduate students’ skills in economy 
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as a component of sustainability education (Summerton et al., 2019), graduate engineering 
and computer science students (Schraw, 2007), student teachers of biology and geogra-
phy (Schuler et al., 2018), and graduate engineering and science education students (Akiri 
et al., 2020).

Forming a systems thinking framework in curriculum planning is critical for prepar-
ing students to tackle complex problems (Bracher, 2021; Eilam & Reisfeld, 2017; Gilis-
sen et  al., 2020; Hmelo-Silver et  al., 2017; Rosenkränzer et  al., 2017; Talanquer, 2019). 
Promoting systems thinking through cross-disciplinary curricula may be effective in engi-
neering- and science-oriented courses (Gero & Zach, 2014) and in education in general 
(Lattuca et  al., 2004), by following the Piagetian principles formulated in the Theory of 
Cognitive Development. According to Piaget, cross-disciplinary education is supposed to 
foster higher-order thinking skills and a deeper understanding of complex topics (Gero & 
Shlomo, 2021). Since most education systems curricula rarely rely upon cross-disciplinar-
ity (Klaassen, 2018), fostering modeling and systems thinking skills in other disciplines 
should be explicitly promoted (Bracher, 2021). Engineers, as well as their educators, usu-
ally engage in, or are at least trained in, paying attention to details, understanding how 
things work, and solving problems by dismantling and reassembling (physically or met-
aphorically) different systems (Brophy et  al., 2008; Pleasants & Olson, 2019; Winberg, 
2008). Moreover, while in the field of engineering and engineering education, systems 
thinking has been practiced and studied extensively (Assaraf & Orion, 2005), science and 
engineering teachers (and teachers in general) usually lack this training or educational 
background (Arnold & Wade, 2017). Yoon and colleagues (2017) discussed the important 
role of professional development for teachers, in order to be successful in instruction about 
complex systems and by increasing teachers’ awareness of using models in science edu-
cation. In this regard, Pedagogical Content Knowledge–PCK (Shulman, 1987) describes 
the ability to teach systems using appropriate teaching and learning methods, and not only 
define them (Rosenkränzer et al., 2016, 2017; Schuler et al., 2018; Streiling et al., 2021). 
As part of PCK in pre-service teacher preparation, teachers should be able to represent 
complex systems of various kinds with various models (Lavi & Dori, 2019).

Regarding modeling, Barak (2022) has characterized systems thinking as related to 
learning electronics in school, and how these characteristics are reflected in home elec-
trical appliances. Four fundamental areas that are crucial to teaching and fostering sys-
tems thinking were identified: science and engineering view, innovation, the role of the 
engineer, and modeling. Utilizing conceptual modeling for the development of thinking 
skills and their assessment has been proven useful in other recent studies, as it helps sim-
plify complex thinking processes (Akiri et al., 2020; Lavi & Dori, 2019) besides being a 
stand-alone skill in its own right (Buchmann et al., 2019). While several systems thinking 
frameworks explicitly mention conceptual modeling (and modeling in general) as a skill 
under the systems thinking skill set (e.g., Fanta et al., 2019; Riess & Mischo, 2010; Stave 
& Hopper, 2007), others view it as a related, yet different, skill (e.g., Assaraf & Orion, 
2005; Grohs et  al., 2018; Lavi et  al., 2019). Verhoeff and colleagues (2018) mentioned 
that a notable difference between different systems thinking frameworks is the extent, if 
any, to which they consider modeling in general, and conceptual modeling in particular, as 
an explicit part of systems thinking. To the best of our knowledge, it has not been proven 
to date whether the two skills are separate or not in terms of the required abilities, and 
we hypothesize that each skill requires quite different abilities. Therefore, in the current 
study, we consider conceptual modeling as a cognitive process that is different from sys-
tems thinking, and we use complementary research tools to identify and measure each of 
the two skills.
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Although there is more agreement on the importance of systems thinking than on its 
operational definition (Dugan et al., 2021; Gharajedaghi, 2011), certain operational simi-
larities, as well as differences, can be identified across various disciplines, as presented in 
Table 1. While some definitions, such as systems engineering, are highly domain-specific 
(Frank, 2006, 2010), others are more general, as is evident by their noticeable mention 
in other fields and domains (e.g., Assaraf & Orion, 2005; Stave & Hopper, 2007). In this 
regard, Gharajedaghi (2011) argued that structure, function, and process (also referred to as 
‘behavior’ by others) within their context suffice to define the whole and enable its under-
standing on both operational and theoretical grounds.

This study aims to measure systems thinking and conceptual modeling skills, specifi-
cally the ability to identify in a model the structure, function, and behavior of a system. 
We examined the application of this ability in several food-related contexts, including 
chocolate making and cod fish processing. The learning process used for this purpose 
was designed to be cross-disciplinary. In addition to research purposes, this model-based 
approach can be applied to teaching and learning various science and engineering subjects.

To achieve this level of generality, we formulated an operational definition of systems 
thinking that extends that of Gharajedaghi (2011). Drawing on assertions presented in 
Table 1, the operational definition of systems thinking below covers a host of disciplines 
and includes measurable aspects of declarative knowledge alongside procedural-practical 
knowledge ones.

Operationally defined, systems thinking refers to an individual’s ability to perform the 
following processes:

1. Acquiring a clear understanding of key system terms and concepts,
2. Predicting expected outcomes (in science) or characterizing the intended purpose of a 

system (in engineering),
3. Identifying the main function of the system, including the main process, the affected 

objects, and the process enablers, both human agents and inanimate instruments,
4. Identifying interactions of static and dynamic nature through structural and procedural 

links, respectively,
5. Describing the system at different, increasingly refined levels of detail, and
6. Placing the system within its context as a functioning whole and interconnecting differ-

ent systems.

These processes that make-up systems thinking are reflected in the learning process we 
developed, which will be presented in detail in “Methodology”.

Conceptual modeling

To cope with the soaring systems complexity, a prevalent didactic method of a constructiv-
ist nature is conceptual mapping: drawing a diagram in which each node describes a con-
cept, and each link, typically a line or an arrow, represents some relationship between the 
concepts (Dori, 2016; Novak & Gowin, 1984). Although conceptual mapping may reflect 
students’ systems thinking and improve their understanding of complex systems (Tripto 
et  al., 2013), this method is relatively subjective, slow, and complicated for assessment 
(Freeman & Urbaczewski, 2020).

Unlike concept mapping, conceptual modeling uses a formal graphical language and 
unambiguously distinguishes between different types of concepts and interrelationships to 
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Table 1  Systems thinking operational definitions across various disciplines, which provide the basis for this 
work’s operational systems thinking definition

Authors (Year) & Discipline(s) Systems thinking skill set operationalization

Assaraf and Orion (2005)
Earth Science

1. Identifying the static and dynamic components of the system
2. Identifying static and dynamic relationships among components
3. Organizing all components within the framework of interactions
4. Making generalizations
5. Understanding the system’s hidden dimensions and values
6. Understanding the cyclic nature of systems
7. Understanding temporality: making predictions and retrospections

York & Orgill (2020)
Chemistry

1. Identifying the parts of the system, and how they are arranged to form 
a system

2. Identifying interconnections between parts of the system, and how they 
affect system behavior

3. Understanding nonlinear relationships between parts of the system 
(feedback loops, cyclic behavior, micro–macro-level relations, etc.)

4. Recognizing and modeling behaviors change over time, namely—Sys-
tems dynamics

5. Recognizing and describing system boundaries
Dugan et al. (2021)
Engineering

1. Attending to system elements: identifying objects, processes, structures, 
key variables, and terms

2. Identifying and analyzing relationships between elements
3. Recognizing feedback processes
4. Recognizing different the levels at which a system can be described—

refinement level
5. Making temporal considerations
6. Taking into consideration multiple aspects of the system or problem—

the contextual aspect
7. Recognizing stakeholders in the system

Frank (2006, 2010)
Systems Engineering

1. Conceptual level:
 1.1 Correctly analyzing the needs
   1.2 Operational characterization of what the system should do and what 

it will do
 1.3 Developing system concepts based on an analysis of requirements
2. Solution design level:
 2.1 Formulating conceptual solution prior to any detailed design
 2.2 Generating and synthesizing logical and physical solutions
3. Predicting future outcomes
4. Using simulations and modeling tools
5. Optimizing design
6. Using systems design consideration
7. Selecting a solution objectively from two or more alternatives

Lavi et al. (2019)
Science & Engineering

1. Identifying the system’s purpose with its beneficiaries, or in the case of 
natural systems—the expected outcome

2. Identifying the main function of the system: its main process, trans-
formed objects, and enablers

3. Refining the system’s main process into sub-levels
4. Identifying the objects transformed by the main process
5. Making correct procedural (dynamic) and structural (static) links among 

objects and processes; identifying such links
6. Identifying linear, iterative, and conditional procedural sequences
7. Identifying decision nodes and temporary objects (objects created and 

consumed immediately in the process)
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effectively organize big data and complex systems (Chen, 1976; Dori, 2002, 2016; Lavi 
et al., 2019). In information and systems engineering, conceptual modeling is a common 
method for representing and managing data derived therefrom and system specifications 
(Wand & Weber, 2002). Conceptual modeling involves the simultaneous expression of 
one’s ideas verbally and visually (Dori, 2008), a process in which system-related knowledge 
is represented in both science and engineering (Dori, 2016). As Mylopoulos (1992) put it, 
conceptual modeling is a formal process of unequivocally describing certain physical and 
social aspects of the world around us in an attempt to comprehend and communicate it.

Developing and using conceptual models—the main artifacts of Model-Based Systems 
Engineering (MBSE)—involves creating representations of what the structure of a com-
plex system is and how it operates or behaves over time. The conceptual model enables 
readers to understand, analyze, design, and present complex systems or the subject they 
represent (Dori, 2016; Lavi & Dori, 2019; Stenger et al., 2021). Other researchers empha-
sized the need for ontological scaffoldings (i.e., explicitly teaching students about complex 
system concepts) in order to help students understand difficult aspects when learning about 
complex systems and modeling them (Jacobson et al., 2011; Rates et al., 2022). In the cur-
rent study, we used OPM—Object-Process Methodology (Dori, 2016), elaborated in  the 
Methodology section, as the conceptual modeling language and methodology.

In a recent study that involved 12th-grade students who majored in electronics, Gero 
and colleagues (2021) examined the relations between systems thinking and abstract think-
ing, i.e., the ability to perceptually shift between different detail levels (Kramer, 2007). The 
authors reported a significant correlation between the two types of thinking, concluding 
that these relations may have practical implications across different education levels. In 
this context, Dhukaram and colleagues (2018) argued that systems thinking can encourage 

Table 1  (continued)

Authors (Year) & Discipline(s) Systems thinking skill set operationalization

Fanta et al (2019)
Biology

1. Gaining declarative and conceptual systems knowledge, such as the 
basics of systems theory, system hierarchies (from cell to biosphere), and 
complex systems properties (e.g., non-linearity and emergence)

2. Modeling systems:
 2.1 Determining the system purpose, elements, interrelations, and 

boundaries
 2.2 Gaining a critical understanding of complex systems with the help of 

models
 2.3 Creating new models and reading existing ones
3. Dealing with complex problems by using models:
 3.1 Assessing the need for using models for the given problem
 3.2 Determining the type of the needed model
 3.3 Making predictions and designing solutions based on models
4. Evaluating the system model: determining its validity

Stave and Hopper (2007)
Cross disciplinary

1. Recognizing interconnections
2. Identifying feedback processes
3. Understanding dynamic behavior
4. Differentiating types of flows and variables: understanding the way dif-

ferent variables work in a system
5. Using conceptual models to explain system behavior
6. Describing system connections in mathematical terms—creating simu-

lation models
7. Testing hypotheses for decision-making based on simulation models
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the abstraction of new knowledge, thereby enhancing conceptual understanding. OPM 
facilitates complexity management, including shifting between abstraction levels, by using 
various abstracting-refining mechanisms and therefore can add value to the development of 
systems thinking (Dori, 2016).

Conceptual modelers can significantly benefit from certain skills and backgrounds, such 
as technical skills and well-suited, timely training (Davies et al., 2006), along with domain-
specific knowledge and the ability to understand, analyze, and make predictions based on 
the modeling of this knowledge (Mayr & Thalheim, 2021). However, according to Kayama 
and colleagues (2016), conceptual modeling can and should be taught to inexperienced 
students with no relevant previously acquired skills or background. They did not observe 
consistent differences in reading and creating conceptual models between first-year and 
second-year computer science undergraduates.

A recent systematic literature review (Rosenthal et al., 2019) identified only 121 pub-
lished papers between 1986 and 2017 that addressed learning and teaching of conceptual 
modeling. An order of magnitude fewer studies, 13, dealt with learning and teaching of 
conceptual modeling as a general theme in and of itself rather than its use in a specific 
aspect, such as object-oriented programming or data modeling. More theoretical, empiri-
cal, and design science research is needed to significantly advance our knowledge in 
various aspects of learning and teaching of conceptual modeling (Kayama et  al., 2016; 
Rosenthal et al., 2019) not only as a tool used by information and systems engineers but 
as a discipline in its own right that is relevant to and instrumental for many other domains 
(Buchmann et al., 2019).

Asynchronous online learning

Over the past two decades, education systems around the world have been struggling to 
remain relevant and effective in face of tremendous global technological changes (Iivari 
et  al., 2020). The outbreak of COVID-19 has further changed people’s lives (Aristovnik 
et al., 2020; OECD, 2012), including K-12 and academic education (Accreditation Board 
for Engineering and Technology,   2020). Remote learning has become the default in 
schools and higher education, forcing an almost overnight switch to online teaching and 
learning (Aristovnik et al., 2020; Daniel, 2020; Guo, 2020; Iivari et al., 2020), which has 
intensified processes that had already begun at the dawn of the new millennium (e.g., Lee 
et al., 2001).

Online learning can be synchronous or asynchronous. The former mandates the simul-
taneous presence of the learner and the teacher in the same virtual space, while in the lat-
ter the learner can choose the appropriate time and pace of learning (Parrish et al., 2021). 
Some studies suggest that synchronous or asynchronous online learning may enhance 
engagement in the learning process, whereas others indicate the opposite. According to 
Henrie and colleagues (2015), this ambiguity is due to the lack of uniformity around defini-
tions regarding the nature of students’ engagement in online learning and its measurement.

A salient feature of asynchronous online learning is the opportunity it provides students 
to delve deeper into and reflect upon the learning process, especially when complex top-
ics that require considerable mental resources are involved (Hrastinski, 2008; Lin & Gao, 
2020; Robinson & Hullinger, 2008). Mastering systems thinking may thus benefit from 
being applied in such cases. The same is true for conceptual modeling of complex systems 
(Rosenthal et al., 2019).
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The main takeaway from the above literature survey that is most relevant to the 
focus of this study is that systems thinking should and can be fostered among school 
and higher education and students in all STEM domains (Assaraf & Orion, 2005; Lavi 
& Dori, 2019; Lavi et  al., 2019; Riess & Mischo, 2010; Talanquer, 2019). This will 
become possible only after their teachers themselves acquire knowledge and under-
standing of systems thinking and effective ways of teaching it, namely the acquisition 
of relevant PCK (Arnold & Wade, 2017; Rosenkränzer et al., 2016, 2017; Szozda et al., 
2022; Yoon et al., 2017). In addition, according to several studies, (e.g., Eilam & Reis-
feld, 2017; Fanta et al., 2019; Hmelo-Silver et al., 2017; Monat & Gannon, 2015; Stave 
& Hopper, 2007 Verhoeff et al., 2008) conceptual modeling is an integral part of sys-
tems thinking that represents higher order systems thinking and should thus be explic-
itly included in the systems thinking skill set (Verhoeff et al., 2018). Where modeling 
is not an explicit and integral part of systems thinking (e.g., Dugan et al., 2021; Frank, 
2006, 2010; Grohs et al., 2018), it is still considered as being related to the development 
and evaluation of systems thinking. More research in conceptual modeling is needed 
to establish knowledge about learner needs and barriers. Such knowledge will, in turn, 
better inform the design of conceptual modeling learning tools (Rosenthal et al., 2019). 
The finding of Kayama and colleagues (2016) reinforced the argument that success in 
conceptual modeling reflects a high level of systems thinking, and therefore teachers 
and students may require more time, effort, and experience to master it.

Research objective and questions

The overarching objective of this research was to evaluate the effect of a food-related, 
modeling-oriented, online cross-disciplinary learning process on the systems think-
ing and modeling skills of engineering students and pre- and in-service science and 
engineering teachers. In this study, we separated the two skills in both theoretical and 
assessment aspects, as explained  earlier in the Systems thinking Subsection.

Four asynchronous online assignments were developed to form the learning process, 
and two research questions (RQs) were investigated:

RQ1 What is the effect, if any, of a cross-disciplinary online learning process on the par-
ticipants’ systems thinking and modeling skill levels?

RQ2 What are the participants’ perceptions regarding the effect of the learning process on 
their systems thinking and modeling skills, and what are the challenges they faced while 
studying?

Methodology

This research was based on the convergent design of the mixed methods approach. In 
convergent design, researchers intend to combine the results of the qualitative and quan-
titative data analyses so they can be compared and merged (Creswell & Clark, 2018). 
This chapter describes the research setting, participants, tools, and data analysis.
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Research participants and setting

This research was performed as part of the EIT Food project TRACOD—Model-Based 
Tracking of Cod and Other Fish Value Chain for Consumer Confidence Boosting and Food 
Engineers Education (https:// tracod. eu/). EIT Food is Europe’s leading food innovation 
initiative, working to make food production and distribution more sustainable, healthy, 
and credible (https:// www. eitfo od. eu/). Topics related to this cross-disciplinary subject 
are taught in various courses at our academic engineering university. Three of them were 
included in this research, as detailed in Table 3.

The study, approved by the institution’s Behavioral Sciences Research Ethics Com-
mittee (Approval #2020-165, July 16, 2020), included 40 undergraduate and 15 graduate 
students (N = 55), of whom 34 were females and 21 males. Based on faculty affiliation 
(Table 3), we divided the participants into two research groups: (1) the engineering student 
group, and (2) the engineering and science pre- and in-service teacher group. Given each 
group’s different training and educational background, we assumed that certain group-
dependent differences in systems thinking and conceptual modeling performance will be 
found, as argued in the Systems thinking subsection. Both groups had no previous back-
ground in OPM modeling or systems thinking before performing the online assignments, 
during which they were exposed to OPM while getting acquainted with food production 
value chain issues related to cod fish supply and chocolate production processes. Each of 
the online cross-disciplinary assignments included a questionnaire and a quiz, encompass-
ing a variety of assessment methods and question types.

In a recent systematic literature review, Dugan and colleagues (2021), who classified 
systems thinking assessments in engineering research, found a wide array of assessments 
in terms of type, format, and content. Eight prevalent formats were identified—concept 
mapping, scenario, open-ended, oral, fill-in-the-blank, multiple-choice, virtual reality, and 
brain activity monitoring. Half of these formats were applied in the learning process pre-
sented in this study, including concept mapping (OPM), open-ended, fill-in-the-blank, and 
multiple-choice. This variety, alongside the contextual element that is also prominent in the 
learning process presented in this study, can be beneficial in systems thinking assessments 
(Dugan et al., 2021; Eilam & Reisfeld, 2017; Talanquer, 2019). Table 2 presents a detailed 
description of Assignment 4, including sample questions, the content of the assignment, 
and an explanation of the difficulty level of the assignment relative to the previous ones. A 
similar description for the first three assignments is shown in Appendix 1.

Food-related issues are both cross-disciplinary and complex in nature (Allen & Prosperi, 
2016; Jagustović et al., 2019; Spiertz, 2012), and almost everyone can relate to food as a 
life essential. Hence, accompanying food topics with conceptual models makes them espe-
cially suitable for developing and evaluating systems thinking and conceptual modeling.

The three courses, in which the online assignments were incorporated as part of the 
study (Table 3), were taught remotely during the 2020 academic year due to COVID-19 
restrictions. It took the participants between 1 and 2 weeks to complete each assignment, a 
total of about 1 to 2 months for all four assignments that constituted the learning process.

Research tools

The research tools included the four online cross-disciplinary assignments, each of 
which comprised short videos, photos, text segments, and OPM models (see Table 2 and 

https://tracod.eu/
https://www.eitfood.eu/
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Table 2  A detailed description of Assignment 4 with examples

Assignment & its main 
themes
Content description

Examples from the assignments
Gradual increase in difficulty

Assignment 4: Process refinement: 
Synchronous vs. asynchronous 
processes

Questionnaire:

1- Diving into details: SD1 - the 

first

detail level of an OPM system 

model, which can describe a 

synchronous process (e.g., Baking in

production line), or an asynchronous

one (e.g., Distributing to customers)

2- Creating a first detail level OPD, 

given 

its SD to start with.

Quiz:

Integrating everything that has 

been learned from assignment 1 to 4 

into two OPDs that the participants 

had to create.

Questionnaire: The fourth and last assignment 

included a new topic - refining 

processes. Quiz 4 was an integration of 

everything learned so far, including 

Questionnaire 4. The quiz included 

two relatively advanced modeling 

requirements, without additional 

questions of any kind, unlike all 

questionnaires and quizzes included in 

the learning process.

Completing this task successfully 

required the participants to integrate all 

the concepts and terms learned up to 

this stage together with the idea of 

refining processes to a higher level of 

detail. It required more attention to 

detail and a more careful textual and 

conceptual formulation of the diagram 

elements.

Following are links to two video 

tutorials that were embedded in the 

questionnaire:

1- The first detail level

Quiz:

2- Refining synchronous processes (in-

zooming)
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Appendix 1 for a detailed description). In OPM models, the structure and behavior of a 
system interact with each other to achieve the desired function, or in the case of natural 
phenomena—the expected outcome. Each assignment included a set of questions at a 
gradually increasing difficulty level. Gradual increase in difficulty level is particularly 
important in online learning (Gillett-Swan, 2017) and learning complex systems using 
modeling (Hung, 2008; Turnham et al., 2012). Figure 1 presents the composition of the 
questionnaires and quizzes in terms of the question type (open-ended, multiple choice, 
or fill-in-the-blank questions) and the modeling requirements in each one of them. The 
questionnaires contained between nine and 16 questions, which is more than the corre-
sponding quizzes, which contained between eight and two questions.

The participants completed the assignments asynchronously, at their own time and 
pace, and responded to a questionnaire and a quiz in each assignment. We hypothesized 
that the online assignments would provide a basis for assessing the participants’ systems 
thinking level because they deal with complex processes that integrate different disci-
plines and aspects, whereas the OPM diagrams created by them during the assignments 
would reflect their conceptual modeling level.

Table 3  Participants by faculties and courses

# Participants Faculty Course Title

28 Data and Decision Sciences Full stack web development
15 Education in Science and Technology Assessment of Educational Projects
12 Education in Science and Technology Teaching Methods of Science and 

Technology for All for High-School 
Teachers

Fig. 1  An overview of the question types and modeling requirements found in the questionnaires and quiz-
zes
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Object‑process methodology–OPM

Object-Process Methodology (OPM, ISO 19450:2015) is a formal MBSE language and 
methodology that is simple and bimodal (Crawley, 2001), and is the most researched 
MBSE modeling method (Dong et al., 2022). Its simplicity stems from using only three 
types of entities: objects—things that exist, processes—things that happen to and transform 
objects, and states—specific situations of objects during their lifecycles. OPM is expressed 
bimodally in both graphics and text. Each graphical representation (Object-Process Dia-
gram—OPD) created in OPCloud, an OPM collaborative, cloud-based modeling environ-
ment (Dori et al., 2018), automatically generates a textual representation (Object-Process 
Language—OPL) (Dori, 2016), a subset of English or another natural language. Due to 
its simplicity and bimodality, OPM is most suitable for educational uses in addition to its 
applications in systems and information engineering (Dori, 1995; Lavi et al., 2019).

At the end of the learning process, the students were requested to answer a reflection 
questionnaire (Gibson et al., 2016) containing Likert 1–5 scale type and open-ended ques-
tions. The questionnaire was designed to capture the students’ perceptions regarding the 
challenges they encountered and how the learning process affected them. It included 10 
Likert-type items, which were divided between two questions:

(1) What was the degree of difficulty you experienced during the study of this [the fol-
lowing] OPM module? For this question, the response options were: 1—Very low, 
2—Below Average, 3—Average, 4—Above Average, and 5—Very High.

(2) What is the extent to which learning OPM has contributed to your understanding of 
the following topics? For this question, the options were: 1—Not at All, 2—Slightly, 
3—Average, 4—To a Considerable Extent, and 5—To a Great Extent.

Table 4 presents the tools, the data collected, and their analyses.
The engineering students and engineering and science teachers were also tasked with a 

final assignment that included two components: (1) OPM models to assess their advanced 
modeling skills, assessed by the modified version of STAR (Lavi et  al., 2019) and (2) 
textual and visual content to assess their scientific literacy via the Scientific Understand-
ing Rubric—SUR, presented by the authors (Akiri et al., 2020). The analysis of the data 

Table 4  Research plan

Tool Data Collected Data analysis

Four assignment sets  Average score of each of the 
assignments 1–4 for each group

 OPM diagrams

 Descriptive and inferential statistics
 Modeling scoring based on modified 

STAR 
Final assignment  Scientific literacy

 OPM model
 SUR
 Modified STAR 

Reflection questionnaire  Participants’ feedback  Top-down and bottom-up content 
analysis
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generated using this tool is not included in this article, but it will serve as a basis for fur-
ther studies that will focus on teachers’ ability to engage in complex systems teaching. An 
example of such an assignment is presented in Fig. 2, with a score of 9/10 in both concep-
tual modeling and scientific literacy.

Data analysis

Each of the four online assignments was scored for systems thinking level according to 
a predetermined scheme for the open- and closed-ended questions. In the case of closed-
ended questions, the scoring scheme was incorporated into Google Forms which the stu-
dents used to respond to the assignments. Each correct answer received a score of one 
point, and the final score was calculated as a percentage of correct answers out of the 
total possible score. For example, a participant who correctly answered six questions out 
of eight received a score of 75. Answers to open-ended questions were reviewed manu-
ally and scored by one of the authors. A complete answer received 100%, an incomplete 
answer received 50%, and a missing, completely incorrect, or highly uninformative answer 
received no score at all. The total score of each questionnaire or quiz that included open-
ended questions was then determined in the same way. For example, in Quiz 1, which 
included only seven open-ended questions, if one incomplete answer received 0.5 points 
while the other six received a full score, the total score was calculated as 6.5/7 × 100 = 93 
points.

Following is an example from Quiz 1, in which two different answers from two different 
participants are presented, one complete and the other incomplete.

The question was: Describe in your own words the system presented in the diagram (the 
OPM diagram and the introduction to this quiz are presented in Appendix 3).

• A full score answer of participant #3241201: The system describes a process in which 
cod fish is monitored, thereby improving our knowledge of its nutritional value.

Fig. 2  Excerpts from the final assignment of participant # 1111121 with its respective OPD
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• A half-score answer of participant #3101201: Tracking cod fish and improving the 
knowledge.

While the first answer was comprehensive, covered all the parts of the diagram, and 
hence also described the system well, the second answer did not include enough relevant 
causal information and was quite laconic.

The OPDs created as part of the third and fourth assignments (as detailed in Fig.  1) 
were scored for the purpose of evaluating the conceptual modeling performance, which 
was measured separately. Following is a detailed description of the conceptual modeling 
performance analysis.

The modeling scores were determined based on a modified version of STAR (Akiri 
et  al., 2020; see Appendix 2)–Systems Thinking Assessment Rubric, developed by Lavi 
and colleagues (2019). STAR was originally designed to assess OPM models of a given 
engineered system or natural phenomenon as a whole. However, in the assignments 
included in this research, the requirements were mostly to model certain parts or aspects of 
the system under consideration rather than creating a complete model from scratch. There-
fore, only the basic part of STAR was used to assess systems thinking through OPDs in 
this research. This part pertains to the function, structure, and behavior system aspects. 
Table 5 illustrates how we used the modified STAR to score a modeling requirement that 
appeared in the third assignment (as part of quiz 3), dealing with the distribution of fresh 
cod fish. The rest of the modeling requirements were scored using the same rubric, with 
slight nuances depending on the requirements of each question (minimum number of 
objects or subprocesses, defining the main process, etc.) The modeling scores rated by the 
three experts based on the modified version of STAR received 84% interrater reliability 
(Hallgren, 2012).

The first modeling requirement appeared in assignment U2 (U for ‘unit’) after partici-
pants had performed the preliminary assignment, U-pre, and U1, which gave them a solid 
basis to start modeling on their own with help of scaffolding in the form of instructions and 
directions. Figures 3 and 4 present two examples of OPDs created by two different partici-
pants as part of U3.

One minor correction required in the OPD in Fig.  3 is technical: according to OPM 
syntax, the phrasing of any process should end in a present tense verb, i.e., Land Deliver-
ing instead of Land Delivery. In Fig. 4, the clarity of the OPD is not optimal, with lines 
crossing each other. In addition, not all links are correct. E.g., Land Transporting and 
the state (a state: a situation at which an object can be) fulfilled were linked by an effect 
link, whereas a result link should have been used (text in bold font denotes OPM enti-
ties–objects, processes, and states).

To answer RQ2, students’ feedback was analyzed, including the Likert-scale ranking 
(1–5) in different aspects, and the identification of main themes in the open-ended ques-
tions, both top-down and bottom-up (Creswell & Clark, 2018).

Findings

To answer RQ1, participants’ systems thinking and modeling performance were scored for 
the four assignments: the first introductory assignment, U-pre, and the next three assign-
ments, U1 to U3, which constituted the learning process itself.
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Table 5  An example of OPD scoring based on the Modified Systems Thinking Assessment Rubric (modi-
fied STAR)

Attribute Scoring Examples in the model

A1-

Intended 

Purpose

2/3. The beneficiary Customer is linked to the 

benefit, Order at state supplied, but it is 

wrongly defined as informatical

A2-

Main 

Function

2/2. The main process, Fish Distributing,
transforms (in this case- changes) the object 

Order of Customer from unsupplied to supplied

A3-

Structural 

Relations

0/1. Three link types were used.

One link is incorrect, and the other

two are linked to the same object (Customer) 

that was not defined correctly as physical 

A4-

Level of 

Detail

1/1. Four objects were linked to the main process

A5-

Procedural 

relations

1/1. Input-Output link-pairs, instrument link, and 

agent link.

A6-

Model 

readability

1/1. n/a

A7-

OPL main 

process 

procedural 

sentences

1/1.

Total Scoring: 8/10 points

* Text in bold denotes OPM entities that were modeled: processes, objects or states. 
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Systems thinking performance

The systems thinking scores for the closed questions were determined automatically at the 
end of each assignment through the Google Forms output. Open-ended questions were 
checked and scored manually. The engineering students group’s mean score of the intro-
ductory U-pre (M = 94, SD = 7.85) was significantly higher than that of the engineering and 
science teacher group (M = 70, SD = 14.84), t(53) = 7.56, p < 0.001. Figure 5 presents the 

Fig. 3  High-scoring example (9/10)—first detail-level OPD of Transporting & Delivering (of cod fish) 
process, taken from the last assignment (U3) of participant #3281201, which represents the most advanced 
modeling requirement included in the learning process. Any spelling or grammar errors were made by the 
modeler

Fig. 4  Medium-scoring example (7/10) of the same modeling requirement as in the previous OPD, partici-
pant #3271201
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systems thinking mean scores of the two groups for assignments U1 to U3. An independ-
ent samples t-test was conducted, showing a significant difference in mean score for each 
assignment in favor of the engineering student group, albeit smaller than that of U-pre.

To evaluate each group’s learning gain in systems thinking, Hake’s normalized gain 
(Hake, 1998) was calculated as the ratio of the actual individual gain to the maximum pos-
sible individual gain, following the next equation:g =< (%Sf − %Si)∕(100 − %Si) >where 
Sf = Final individual score and Si = Initial individual score. The values range from 0 to 1. 
The “ < > ” enclosing the equation denotes the average of individual gains, instead of a 
gain of averages (< g >< %Sf > − < %Si >)∕(100− < %Si >) . We preferred this form of 
calculation because this way individuals can be compared and not only one average value 
per group.

The relative improvement of the engineering students, as expressed by hake’s normal-
ized gain, was higher than that of engineering and science teachers in systems thinking: 
0.61 (SD = 0.39) compared to 0.43 (SD = 0.36), respectively. To further investigate whether 
this difference is significant or not, we then used an independent samples t-test to compare 
normalized gains. Application of inferential statistics on normalized gain values has been 
done in several other educational studies (e.g., de Back et al., 2021; Dori & Belcher, 2005; 
Molin et al., 2021), as is also customary in the case of difference score (i.e., unnormalized 
gain) in other pretest–posttest designs (Wright, 2006). The results demonstrated that this 
difference in normalized gain between the two groups is indeed significant, t(53) = 1.83, 
p < 0.05.

A one-way repeated measures analysis of variance (ANOVA) to detect changes in mean 
scores over different time points (i.e., the four assignments) revealed significant progress 
for both the systems engineering student and the engineering and science teacher groups, 
F(3, 81) = 18.52, p < 0.001, and F(3, 78) = 11.03, p < 0.001, respectively. Using post 
hoc tests with Bonferroni correction revealed a significant mean score increase for both 
research groups from ST1 to ST2, and from ST1 to ST3 (p < 0.001 for both pairwise com-
parisons for both groups).

Conceptual modeling performance

All OPDs the participants had produced were assessed based on the modified version of 
STAR, scored on a 1 to 10 scale. Four modeling requirements were incorporated into the 

Fig. 5  Systems thinking scores of the two research groups. ST1 stands for the systems thinking score of 
assignment U1 and so on
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learning process: the first and the second as part of questionnaire 2 and quiz 2 (OPM1 and 
OPM2, respectively), whereas the third requirement was part of questionnaire 3 (OPM3), 
and the last one a part of quiz 3 (OPM4), which marked the end of the learning process.

The first and last modeling requirements showed a significant difference between the 
groups. For OPM1 modeling, the mean score was 77.12 (SD = 14.36) for the engineer-
ing student group and 64.58 (SD = 21.07) for the engineering and science teacher group, 
t(40.16) = 2.437, p < 0.05. For OPM4, the mean score was 83.08 (SD = 17.78) for the engi-
neering student group and 70.13 (SD = 18.69) for the education student group, t(47) = 2.85, 
p < 0.01. The difference between the two groups in modeling performance was smaller than 
the difference in their systems thinking. Nevertheless, as shown above, significant mean 
score differences in favor of the engineering student group were found for the first mode-
ling requirements and for the last one, which was the most advanced in terms of both OPM 
and the complexity of the food-related process.

A one-way repeated measure ANOVA was conducted separately for each group to detect 
changes in mean scores over different time points. For the engineering student group, 
there was a statistically significant difference between at least two modeling scores, F(3, 
63) = 9.26, p < 0.001. Using post hoc tests with Bonferroni correction revealed a significant 
mean score increase from OPM3 to OPM4. For the engineering and science teacher group, 
the test was not statistically significant, although the last modeling requirement, OPM4, 
received a higher mean score than the three previous modeling requirements.

Lastly, the difference in the modeling relative improvement, < g >, between the engi-
neering student group (M = 0.42, SD = 0.43) and the engineering and science teacher group 
(M = 0.27, SD = 0.34) was insignificant in independent samples t-test.

The results demonstrate that prior knowledge (as reflected in U-pre scores) in systems 
thinking and modeling contributes to the effectiveness of the learning process, as indicated 
by both the differences between the two groups at the beginning of the learning process 
and the improvement over time of each group.

Participants’ perceptions

The second research question related to the participants’ perceptions regarding the contri-
bution of the learning process and the challenges they encountered during it. To this end, 
the participants were asked to respond to a reflection questionnaire. Of the 55 research 
participants, 52 answered the open-ended questions in the reflection questionnaire, whereas 
the closed-ended questions had lower response rates, ranging from 39 to 40 participants per 
question.

When asked “To what extent has learning OPM contributed to your understand-
ing of modeling and systems thinking?”, 85% (N = 39) of the participants had chosen 5 
(To a Great Extent) or 4 (Considerably). None of them chose 1-Not at all. The least dif-
ficult aspect participants faced was ‘Practical—understanding OPL sentences’, with 78% 
(N = 40) ranking this aspect as 1 (very low difficulty) or 2 (Low difficulty). The reflec-
tion questionnaire included two open-ended questions: (1) Describe in about five sen-
tences what you learned in this course and how this may benefit you in the future, and (2) 
Describe in about five sentences the difficulties you encountered, if any.

Analyzing the responses to the first question, two main benefits were identified: (1) 
improving modeling skills, and (2) developing systems thinking.

As for modeling skills, those who were already familiar with modeling in general, 
using languages other than OPM, indicated mainly improvement, while for those without 
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a background in modeling, the main gain was the awareness that the field existed at all. 
“I have learned how to model everything in the world which will benefit me in my future 
career.”, and [I have learned that] “every system can be modeled, and a model is kind 
of a common language for different departments.” (Participant # 3132201. brackets added 
for clarification). Participant #2072111 stated that she has “learned about representing a 
problem and the logic behind it. […] There is no [only one] right model! (as was proven 
in practice). The OPM world is intriguing, as the units integrate, revealing more data 
and complicated examples.” As much as 60% of the respondents expressed the benefit of 
improving modeling skills in their reflections.

The following examples of statements demonstrate the perceived benefits related to sys-
tems thinking: “I have learned how to do systems thinking which I believe could benefit me 
in every field that I will choose to work in.” (Participant #3222201). Participant #3261201 
stated that he gained a “Better understanding of how big real-world complex systems work, 
structure and behave.” Participant #2112111 wrote: “I have learned in this course a new 
method to organize my thinking about complex systems. From now on, when I face a new 
situation, I’ll try to understand the system components—physical and theoretical, pro-
cesses and objects, agents and instruments, and so on.” This motif of organizing thinking 
about complex systems and developing awareness of the importance of systems thinking 
was repeated among one-quarter of the respondents.

In the responses to the second question, two main challenges were identified: techni-
cal issues and OPM-related ones. Using the modeling environment, OPCloud, some par-
ticipants had difficulties at the beginning. Participant #5052256 wrote: “I was supposed to 
build models from zero without any directions or explanations except for the video tutorial. 
It was difficult to understand the program at first.” She also added that “understanding 
how to build an OPM model was a challenge at first.” This issue was raised by 29% of the 
respondents.

The difficulties involved in getting acquainted with OPM as a new methodology and 
language, along with the development of a new way of thinking, were expressed by par-
ticipants in a variety of aspects. Participant # 2072111 noted: “It was difficult for me to 
choose the right links to build the model based on a textual description. The theoretical 
part sounds clear but translating [it] into a model requires deep explanation and under-
standing, choosing the right connections, arranging, translating a problem.” Participant 
#3021201 wrote that his biggest difficulty was “implementing ideas and concepts of OPM 
via OPD designs.” This challenge was mentioned in various manners by other participants 
from both research groups, a total of 31% of the respondents.

Discussion

Systems thinking and modeling are recognized by leading educational standards-setting 
organizations as two prominent twenty-first century skills that future citizens should pos-
sess. Forming sustainable systems thinking and modeling skills is key to handling complex 
systems-related issues. Talanquer (2019), among others, claimed that achieving the change 
in habits and skills related to systems thinking is not possible through short-term one-time 
intervention, but through a lengthy, continuous process. However, assessing the systems 
thinking level of various engineering and science education communities, along with eval-
uating the effectiveness of various educational tools in the acquisition of systems thinking 
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basics is achievable, as demonstrated in this study and several other studies, (Grohs et al., 
2018; Lavi & Dori, 2019; Rosenkränzer et al., 2017; Talanquer, 2019).

This research, part of the EIT Food project TRACOD—Model-Based Tracking of Cod 
and Other Fish Value Chain for Consumer Confidence Boosting and Food Engineers Edu-
cation, aimed at examining the effect of an online learning process in the form of cross-
disciplinary online assignments, on the development of systems thinking and modeling 
skills among engineering students and engineering and science teachers. Their perceptions 
regarding the contribution of the online learning process to advancing these skills, and the 
challenges they faced, were also examined. Analysis of participants’ responses revealed the 
following conclusions.

First, the engineering students’ performance in both systems thinking and modeling was 
better than that of their fellow engineering and science teachers, who presumably had been 
less exposed to courses and learning materials that could have contributed to developing 
their systems thinking level. Hence, this study indicates that science and engineering teach-
ers, for the most part, have not been trained to teach systems thinking, since the threshold 
condition for teaching is the educators’ knowledge and understanding of the field or topic 
they are supposed to teach (Loewenberg Ball et al., 2008). Therefore, an online course like 
the one presented in our study, whether synchronous or asynchronous, is needed. Such a 
course should focus on developing systems thinking among teachers, and in turn, among 
their students.

Imparting systems thinking is a challenging process that takes time and multiple oppor-
tunities to practice, accompanied by appropriate formative assessment (Rosenkränzer et al., 
2017; Talanquer, 2019 In addition, a significant part of the learning process presented in 
this study was dedicated to imparting a conceptual and terminological basis in systems and 
modeling. Therefore, it may be beneficial to add 2–3 advanced assignments (at least at the 
level of Assignment 4 presented in the current study) either as an additional course or as an 
extracurricular project. Such advanced assignments can provide crucially needed continu-
ity to the acquired skills and render them more sustainable, with extra focus on procedural 
knowledge, applying what has been learned in previous assignments. The lack of basic sys-
tems-related knowledge among teachers, as suggested in this study, is in line with what has 
been reported in other studies, such as Szozda and colleagues (2022) in chemistry educa-
tion, and Rosenkränzer and colleagues (2017) in biology and geography education. Assaraf 
and Orion (2005) recommended introducing the basics of systems thinking already at the 
elementary school level, so that middle school students (and even more so in high school) 
could reach a higher level of systems thinking. This way, they will not have to experience 
encountering systems-related ideas and terms for the first time only when they reach higher 
education (Riess & Mischo, 2010). The current research supports this vision, as it exposes 
the significant gaps between university students with a basic background in systems and 
those without and demonstrates the higher effectiveness of the learning process for those 
with the relevant background.

Second, both groups demonstrated a significant improvement in their systems thinking 
over time. However, the systems thinking relative improvement of the systems engineer-
ing students was significantly higher than that of the science and engineering teachers. 
Although the teachers who participated in the study made noticeable gains considering 
their relatively low starting point, the improvement among the engineering students, who 
had background knowledge in systems and hence also had a higher starting point, was still 
relatively greater. Skills and knowledge are intertwined to form domain-specific competen-
cies, as well as more general and cross-disciplinary ones, such as systems thinking (NRC, 
2012b). Lack of relevant prior knowledge may form a major barrier to understanding 
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complex systems through systems thinking. Several systems thinking frameworks and 
researchers (e.g., Dugan et  al., 2021; Fanta et  al., 2019; Rosenkränzer, 2017), further 
emphasized the importance of prior knowledge for the acquisition of systems thinking. The 
teaching of modeling as a precursor and scaffolding for systems thinking should start from 
at least middle school and continue through secondary education to higher education.

Third, although the difficulty level of the online assignments increased considerably 
from the introductory U-pre assignment to the fourth one, U3, the gaps between the two 
participant groups narrowed, indicating that the engineering and science teachers were 
capable of catching up with their engineering student peers in a relatively short period. 
The reference point for the improvement of the engineering and science teachers was two-
fold: the corresponding performance of their engineering student peers and their own per-
formance at the beginning of the process. Thus, although this study is quasi-experimental 
without a non-intervention control group, we could attribute the improvement to the learn-
ing process rather than to unknown variables.

Systems thinking skills improvement has been demonstrated in a number of other stud-
ies in both secondary and higher education that included relatively short interventions–up 
to one semester (Lavi & Dori, 2019; Eilam & Reisfeld, 2017; Hmelo-Silver et al., 2017; 
Riess & Mischo, 2010; Rosenkränzer, 2017). Yet, our study differs in that two populations 
with quite different academic backgrounds were studied, thus allowing insights that would 
not be possible with a single homogeneous research group.

The learning process presented in this study can be adapted to a variety of other con-
tent areas with relative ease, mainly due to its online asynchronous delivery and its basic 
structure (i.e., OPM modeling of complex systems). The course is not content-dependent 
but rather conceptual modeling and systems thinking skills oriented. The learning process 
we developed features high modularity and flexibility which are important for ICT-based 
learning (Lee et al., 2001). Based on the qualitative and quantitative findings of the current 
study, as well as those of a previous one (Akiri et al., 2020), the course effectively elevates 
the learners’ conceptual modeling and systems thinking skill levels.

Finally, the score differences between the two groups were less prominent in modeling 
than in systems thinking. This may indicate that one skill is more complex for a particu-
lar population and less for another population depending on the background and skills to 
which they were exposed before starting the learning process. Alternatively, it may imply 
that conceptual modeling is a more complex capability that involves higher-order systems 
thinking. Therefore, the two research groups, which did not include systems thinking pro-
fessionals, may be closer in their modeling performance despite the different academic 
backgrounds of each group.

The finding of Kayama and colleagues (2016) that relevant prior knowledge did not 
show a consistent trend in participants’ performance on conceptual modeling does not 
contradict our findings. The former study compared first- and second-year students of the 
same subject, while in our study the comparison was between two groups with different 
backgrounds.

Do systems thinking and conceptual modeling require different abilities?

In the current study, we separated the systems thinking and conceptual modeling skills 
in part because of the use of different platforms for the two skills: systems thinking was 
assessed by analyzing answers to questions on Google Forms, while conceptual mod-
eling was assessed by analyzing OPM diagrams that participants had created using the 
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OPM web-based modeling platform OPCloud. As discussed in the  Theoretical back-
ground  section, several systems thinking-related studies and frameworks explicitly 
include modeling skills (Verhoeff et al., 2018) and conceptual modeling in particular 
as an integral part of the systems thinking skill set (e.g., Arnold & Wade, 2015, 2017; 
Monat & Gannon, 2015; Rosenkränzer et  al., 2017). In such frameworks, modeling 
activities are positioned high in the skills hierarchy. This is in line with our hypothesis 
that conceptual modeling is a high-level form of systems thinking, which requires mas-
tery of abilities beyond those needed to achieve proficiency in basic systems thinking. 
Among the key skills of systems thinking, Verhoeff and colleagues (2018) emphasized 
the importance of conceptual modeling practices to promote a deep conceptual under-
standing of complex phenomena, arguing that conceptual modeling should be regarded 
as a component of higher order systems thinking. This claim is supported by our study 
and others (Eilam & Reisfeld, 2017; Hmelo-Silver et al., 2017; Verhoeff et al., 2008).

Arnold and Wade (2017) considered systems thinking as encompassing two facets 
that may operate in parallel or series—gaining systemic insight and using systemic 
insight. This perspective may be appropriate in describing the difference between the 
systems thinking component and the conceptual modeling one in this study, as the lat-
ter seems to reflect a deeper and more comprehensive understanding of the system, 
while the former describes the acquisition of a more basic understanding of the sys-
tem’s features, one that is achieved even before acquiring a specific understanding of 
all the details of how the system operates (Wade & Heydari, 2014).

Our findings regarding conceptual modeling coincide with those of Rosenthal and 
colleagues (2019). They suggested that the next step in conceptual modeling teach-
ing and learning is to thoroughly investigate the difficulties and barriers learners of 
conceptual modeling face. The outcome will inform future designs of conceptual mod-
eling learning tools. This investigation might prove crucial to the advancement of sus-
tainable systems thinking, accepting that conceptual modeling is indeed a manifesta-
tion of higher order systems thinking (Rosenthal et al., 2019).

Perceived challenges and contributions

The second research question probed the participants’ perceptions regarding the con-
tribution of the online learning process to their systems thinking and modeling skills 
and the challenges they faced while performing the online cross-disciplinary assign-
ments. Analyzing the written responses to the online open-ended questionnaire admin-
istered at the end of the course, two main benefits emerged. One was the participants’ 
realization that they had become acquainted with the concept of systems thinking and 
that their systems thinking developed along the course. The other benefit was that for 
some of the participants, the notion of conceptual modeling was new, and the mod-
eling skills of all the participants, both those who were aware of conceptual modeling 
and those for whom this was new, improved significantly. Challenges raised by the par-
ticipants were of two kinds: methodological and technical. The methodological chal-
lenges focused around internalizing the idea underlying OPM, namely, the ability to 
tell objects from processes and how to link them both in a concise, expressive concep-
tual model to elicit ideas clearly and unambiguously. Technical problems related to the 
use of the OPCloud software, which, despite being user-friendly, requires proficiency 
to operate it productively.
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Limitations and further research

One limitation of the research is that the improvement in systems thinking and modeling 
skills was explored during one semester. Long-term effects require more comprehensive, 
longitudinal research. This is especially true for thinking skills, which require the adop-
tion of a new mindset as a habit and not just as a capability (Cottrell, 2017). Another 
limitation is that the study was conducted only among students from our academic insti-
tute, a top-tier research university. Further studies that will include more diverse and 
broad populations will enrich the body of knowledge on the research subjects and may 
refine or reinforce the current findings. To the best of our knowledge, at least for the last 
20 years, Assaraf and Orion (2010) are the only ones to have presented a prospective 
longitudinal study dealing with systems thinking. They found that students remembered 
the learned systems-related material 6 years after, but in their case, it was not a short 
intervention as in our study, but a year-long learning process.

Since using OPM for conceptual modeling in the context of systems thinking in engi-
neering and science education started to be explored methodically only in recent years 
(Lavi & Dori, 2019; Lavi et al., 2019), more background research remains to be done. 
For example, the exact nature of the relationship between systems thinking and con-
ceptual modeling requires additional clarification: Does conceptual modeling necessar-
ily require systems thinking, or vice versa? Is the relationship bidirectional? The exact 
nature of the relationship between these two skills should and would be examined in 
a wider follow-up study. The relative improvement of both groups in systems think-
ing may imply that regardless of prior knowledge in systems thinking or modeling, the 
OPM-based online assignments of the type presented in this research are effective in 
enhancing systems thinking. The effect of those assignments on conceptual modeling 
abilities mandates more research to gain insights that are more decisive and generaliz-
able. One possible research direction is the use of keystroke data in computerized con-
ceptual modeling instruction. While scoring focuses on the final product, by analyzing 
keystroke data we might be able to trace the process of constructing the product—the 
model. This approach may lead to a deeper understanding of the acquisition of concep-
tual modeling skills and that of OPM modeling, such as focusing on processes first, then 
on related objects.

Regarding the practical implications for science and engineering teachers, one step for-
ward would be to integrate aspects of PCK (Shulman, 1987) into a course similar to the one 
presented in this study, for training pre- and in-service teachers not only in understanding 
systems but also improve their PCK for teaching systems thinking in school. Therefore, one 
of the future research directions is to examine the use of an OPM-based learning process in 
the development of PCK and not only content knowledge (CK) or pedagogical knowledge 
(PK) among science and engineering teachers. After a longer and more comprehensive 
professional development, we hope and assume that the teachers who understood systems 
but were unable to engage in systems teaching will be able to promote systems thinking 
among their students. In further research, we might be able to link PCK to systems thinking 
and conceptual modeling, which are needed in different fields and with different methods. 
Since this study was conducted, three additional OPM modeling-based assignments have 
been developed and validated based on the four assignments presented here, and they were 
applied to over 150 engineering students. The topics of these new assignments are sustain-
able olive oil production, sustainable wine production, and the COVID-19 pandemic. We 
plan to use these assignments along with the first four ones in future research projects.
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Contribution

This research has both theoretical and practical contributions. The theoretical contri-
bution is twofold. One is the insight into the complex relationships between systems 
thinking and conceptual modeling. The other is the testimony that four online cross-
disciplinary assignments that integrate a variety of food-related topics based on OPM 
can successfully facilitate the development of learners’ systems thinking and mod-
eling skills. Since these are two essential twenty-first century skills that twenty-first 
century citizens must be proficient with, the theoretical contribution is morphed also 
into the practical contribution. The development of the assignments that make up the 
online experience, after their validation and expansion during this study, can serve 
engineering and science educators in their teaching and assessment of their students. 
The systems thinking- and modeling-oriented online assignments that have been con-
ceived, developed, and evaluated through this study can be used in various contexts 
and situations, as a stand-alone learning process or as a part of online or frontal, face-
to-face courses. Regardless of the ways it is delivered, these students’ cross-discipli-
nary, online experiences may serve as a prime example of how a cross-disciplinary 
topic—food, in this case, can be presented in the framework of the systems approach to 
develop students’ systems thinking and modeling capabilities. Using this template as 
a prototype, any topic other than food, such as transportation, medicine, and industry, 
can be presented in the context of the systems approach and contribute to the develop-
ment of learners’ systems thinking and modeling.

Since systems thinking and systems modeling skills have been recognized world-
wide by key educational organizations as critical for K-12 and higher education stu-
dents (Accreditation Board for Engineering and Technology, 2020.; NGSS Lead States, 
2013), their teachers must master them as a precondition for their assimilation among 
students (Fanta et al., 2019; Hmelo-Silver et al., 2017; Rosenkränzer et al., 2017; Yoon 
et al., 2017). Through this research, we learned that science and engineering pre- and 
in-service teachers were not trained in systems thinking or conceptual modeling. There-
fore, such an online course is required, be it synchronous or asynchronous, to enable 
the development of systems thinking among their students. Professional development 
and pre-service training programs that will be based on the learning process presented 
in this work may become key promoters for achieving such assimilation (Yoon et  al., 
2017). The study is significant to the science and engineering education community 
because systems thinking and modeling constitute key skills whose importance for all 
citizens—teachers, K-12 students, and college graduates—continues to grow constantly. 
The fact that learning online asynchronously is gaining popularity and has accelerated 
drastically since COVID-19 erupted (Daniel, 2020) greatly increases the significance of 
this study.

The content knowledge of the online assignments used for this research was not typi-
cally the expertise area of the engineering students, yet their achievements were better 
than those of the engineering and science teachers. This may indicate that the learning 
process was successfully designed to develop and evaluate the learners’ systems think-
ing and conceptual modeling skills rather than knowledge of food-related processes, 
which was nevertheless a welcome by-product.
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Appendix 1: Description of mini‑course assignments 1‑3 with examples

Assignment & its main themes
Content description

Examples from the assignments Gradual increase in difficulty

Assignment 1: System basics & 
introduction to OPM
Questionnaire: 
1- Getting acquainted with Model-

Based Systems Engineering (MBSE) 

and conceptual modeling

2- Introduction to OPM: basic concepts

and general characterization

3- Identifying objects, processes, and 

states in

a system, in the context of chocolate 

production

Quiz: 
Integrating what has been learned in 

the questionnaire, in the context of the 

cod 

tracking system, accompanied by an 

OPD of that process. Emphasizing the 

practical part of modeling with OPM.

Questionnaire: In Questionnaire 1, the participants 

were mainly required to watch 

video tutorials and answer questions

that focused on factual knowledge.

In the quiz, the extra aspect of 

thinking was applying what was 

learned when the information was 

extracted from an OPD and not 

from video tutorials or text.

Following are links to three video 

tutorials (among others) that were 

embedded in the questionnaire:

1- Introduction to conceptual 

modeling and OPM

2- OPM objects

3- OPM states

Below are two screenshots from the

above video tutorials, featuring 

HopCat, a cat character that appears

Quiz:

- What is (are) the physical object(s) in the diagram?

- Describe in your own words the system presented in the 

diagram.

at the end of each 

topic and sums it up. 

the summary of the concepts and 

topics in each video by HopCat 

succinctly reflects the increasing 

difficulty level during the learning 

process, as depicted in the figure 

below and on the left column. 

Assignment 2: Systems relations 
& aspects, and OPM bimodality

Questionnaire: 
1- Understanding the nature of the 

interactions between objects and 

processes in the system: structural 

versus procedural links.

2- Identifying system aspects: 

function, structure, and behavior 

3- OPM modalities: OPD and OPL, 

Object-Process Diagram and Language

respectively.

Quiz:
The quiz included an OPD of the cod 

tracking process (similar to the one 

presented above, plus some additional 

objects), followed by questions that 

reflected what was learned in the 

questionnaire, such as the two on the

next column.

Questionnaire: 

Quiz:

Assignment 2 combined questions 

and tasks that require a deeper 

understanding and different thinking

skills than the basic ones expressed 

in the first assignment. 

The video tutorials that 

accompanied the assignment 

included topics that constituted the 

procedural aspect of the factual 

knowledge acquired in Assignment 

1.

For example, if in Assignment 1 a 

video (Link 3, above) explained tha

some objects may be stateful (i.e., 

include states), in Assignment 2 a 

more advanced video (Link 1, 

below) described the transition 

between the states, which requires a

deeper understanding and the 

integration of more elements in the 

diagram

1-Transition between states

2- System aspects
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Assignment 3: The System 
Diagram (SD): Function, 
structure, and behavior

The system diagram (SD): Creating
OPM diagrams that reflect the system 

purpose and present the beneficiaries, 

benefit, enablers, and function.

Questionnaire: The first modeling requirement 

appeared in Questionnaire 3. 

After the main terms and processes 

(both technical and conceptual) 

required to start modeling have been 

acquired in assignments 1 and 2. 

The participants had to "compress" 

all the material studied so far into 

one OPM diagram and

in it express the conceptual, 

technical, and context-dependent 

understanding.

Quiz: To create an OPD of the distribution process of fresh 

cod fish, participants applied what they learned up to Questionnaire 

3. 

Appendix 2: Modified Systems Thinking Assessment Rubric (STAR*) 
for top‑level OPM diagrams

Aspect Attribute Expected Implementation of the 
Attribute

Scoring (0–2 or 0–1)

System Aspect
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Aspect Attribute Expected Implementation of the 
Attribute

Scoring (0–2 or 0–1)

Function A1-Intended Purpose Beneficiary and benefit are 
linked with the correct link 
(Exhibition-Characterization), 
and both are phrased correctly 
according to the context

Both beneficiary and 
benefit are absent—zero 
points. Only one of them 
(beneficiary/benefit) is 
used or both without a 
correct link—one point. 
Both beneficiary and 
benefit are used and 
linked, but not accurately 
phrased—two points. 
Both beneficiary and 
benefit are correctly 
used, linked, and 
phrased—three points

A2-Main Function Exactly one main process, 
which transforms at least one 
object, all of them phrased 
correctly according to the con-
text. For SD1, At least three 
sub-processes, with the same 
specification as above

No main process, or the 
main process which 
is irrelevant to the 
context—zero points. 
The main process is cor-
rect but transforms

no object(s) or is wrongly 
phrased—one point. The 
main process transforms 
at least one object, 
phrased, and linked 
correctly—two points

Structure A3-Structural relations Correct use of at least two out 
of four kinds of links between 
objects or between processes

No links- zero points. One 
link or more—one point

A4-Level of detail At least four objects are directly 
linked to the main process to 
allow sufficient information

Less than four objects—
zero points. Four objects 
or more—one point

Behavior A5-Procedural relations Correct use of at least two pro-
cedural links between objects 
and processes

Less than two links—zero 
points. Two links or 
more—one point

Model Aspect
Clarity A6-Model readability The layout of all the model

diagrams is organized to 
facilitate

its understanding

1-links do not cross things, 
things do not occlude 
each other, 2- minimal 
links cross each other, 
and 3- entity (object, 
process, state) text is 
complete and words are 
not split

At least one violation—
zero points. All 
fulfilled—one point
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Aspect Attribute Expected Implementation of the 
Attribute

Scoring (0–2 or 0–1)

OPL A7-OPL main process 
procedural sentences

 The beneficiary is linked with 
an agent link, e.g., “Win-
emaker handles Harvesting.”

 The operand is linked with 
a correct result/effect link, 
e.g., “Bread Making yields 
Bread Loaf”, or: “Harvesting 
changes status of Grape from 
on tree to picked.”

 An instrument or consump-
tion link used correctly, e.g., 
“Bread Making requires 
Mixing Machine”, and "Bread 
Making consumes Flour and 
Water”

No more than one of the 
three sentences is present 
or no OPL is attached at 
all—zero points. Two or 
three sentences (out of 
three) are present—one 
point

Appendix 3: Quiz 1—The OPD that forms the background for the quiz 
questions, with its introductory text
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