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Abstract 

In this evidence-based practice research brief, we expand on previous work developing SAFO - a 
framework for teaching introductory systems thinking in first-year STEM education. We refine a 
rubric useful for assessing systems thinking, and present initial results from applying this rubric 
to structured case work involving collaborative problem-solving. Finally, we discuss the 
potential of applying SAFO as a research tool to compare variations of interdisciplinarity and 
complexity in collaborative problem-solving in STEM. 

Introduction 

Systems thinking is a higher order thinking skill important for addressing complex, real-world 
problems in STEM [1-3]. Systems thinking can be assessed in a multitude of ways, including 
rubrics, open- and close-ended tools, scenarios, mapping and coding schemes, and more, 
depending on the focus and field of study [3-6]. We have previously shown that an introductory 
systems thinking (IST) framework, System Architecture-Function-Outcome (SAFO), can be 
used to teach and assess first-year STEM students’ systems thinking, and validated a rubric 
suitable for this purpose [7]. While the previous study focused on students’ individual IST, we 
hypothesize that SAFO and the associated rubric are applicable to a variety of STEM education 
settings, including those that involve collaborative problem-solving.  

In STEM, collaborative problem-solving is often facilitated through problem-oriented case- or 
project work, and, depending on the structuredness and complexity of the problem, may involve 
several iterations of problem design and analysis [8]. In this process, students inquire and explore 
the problem field and negotiate different perspectives and approaches to finally agree on a 
suitable solution. Thus, for systems thinking to be utilized in collaborative problem-solving, it 
needs to be integrated into and assessed formatively throughout these processes, to support 
communication and argumentation in the scoping and analysis of problems [7].  

The purpose of our research is two-fold; to elaborate and employ SAFO to refine a rubric useful 
for teaching and assessing introductory systems thinking in collaborative problem-solving in 
STEM, and, to investigate its applicability as a research tool to compare IST across variations of 
collaborative problem-solving in STEM. In this research brief we focus primarily on how we 
refined the rubric and present initial results from applying the rubric to structured case-work 
involving collaborative problem-solving. We discuss the implications of this approach to 
teaching and assessing IST skills in collaborative settings and discuss the potential of applying 
the framework to compare variations of collaborative problem solving, i.e. structured, discipline-
specific case-work compared to open-ended, student-led and interdisciplinary project work. 



Systems thinking in STEM 

The concept of systems thinking has been independently developed in various disciplines, such 
as natural science and social science, and is increasingly recognized as a crucial skill across 
STEM disciplines too due to its critical role in addressing complex, multifaceted problems [3, 6]. 
In STEM, systems thinking enables students to identify, understand, predict, and suggest 
improvements of every aspect of an engineered (artificial) system, including the way these 
aspects inter-relate within the system and with other natural or socio-technical systems [6, 9]. 
Introducing systems thinking to STEM novices can be challenging, primarily due to limited 
disciplinary knowledge and lack of prior exposure to complex systems analysis. Thus, in 
previous studies, IST constructs have been utilized to create structured assignments as mediums 
for teaching systems thinking in the initial learning of problem-solving [9-11]. The SAFO 
framework is one such construct, which, through its inclusion of ‘Outcome’ directs attention 
towards the problem that the system is intended to solve, as well as its benefits and detriments to 
stakeholders [7].  

Teaching thinking skills and problem-solving in STEM is often guided to some degree through 
cases and case-based learning (CBL) with well-defined problems to scaffold the development of 
problem-solving competencies [12]. These can later be further developed through increasingly 
open-ended and ill-defined problem- and student-led project-based project work (PBL) that may 
eventually involve multi- or interdisciplinary communication and collaboration [8, 13]. As such, 
PBL can be considered a type of CBL with high learner autonomy, leaving more of the 
preparation stage of problem-solving to students. This may point to simpler CBL types being 
suitable for the very first introduction of systems thinking, e.g. to first-year students, and with a 
potential to scaffold progression in systems thinking by gradually increasing complexity. Thus, a 
rubric for assessing IST would need to be flexible enough to be applicable in first-year STEM 
while also allowing for a gradual increase of complexity in the problem-solving process. 

Assessing introductory systems thinking in collaborative problem-solving 

When developing the initial rubric for assessing IST based on SAFO, we focused specifically on 
enabling formative assessment by separating the two criteria, i.e. ‘adherence’ (framework 
understanding) and ‘correctness’ (content knowledge according to case description). Having a 
high level of systems thinking skill requires both, but separating them makes it possible to detect 
issues in the students’ IST more precisely and thus provide targeted feedback. The assessment 
rubric included scoring guidelines for both criteria, which were refined iteratively and finally 
tested for inter-rater agreement. The original rubric can be found in [7].  

The previous study focused on individual assessment and took point of departure in a lecture-
based and highly structured assignment with a written case description serving as a pre-defined 
‘source of truth’. However, follow-up discussions with students revealed a promising potential 
for the framework to be applied in other ways too, e.g. to support collaborative problem-solving 
processes within teams or interdisciplinary communication between teams. Thus, in the current 
study we wanted to expand on these initial findings, applying the framework in a collaborative 
problem-solving setting in STEM with a more open-ended case description and no pre-defined 
‘source of truth’, and through this explore possible scenarios for future applications and research. 



Study design 

In this study, discipline-specific student teams were given a case and a structured approach 
through which to collaboratively identify a system of interest from the perspective of their 
discipline and map it according to the SAFO framework. A total of 93 students (17 teams of 5-7 
students) participated in the study, in the fall of 2023 as part of an introductory course on PBL 
for students from biology, biotechnology, chemistry, chemical engineering and environmental 
science. Over the course of four weeks, the students were introduced to a deep seabed mining 
case, systems thinking and SAFO as a structured approach through which to identify, analyze 
and describe a system of interest (SoI) and associated problem through the lens of their specific 
discipline. Team responses and individual reflections were collected using SurveyXact.    

Five evaluators, of which two are experts on IST and three are content knowledge experts in 
deep seabed mining, assessed the student team responses. Each response received a score of 3 
(strong – no changes required), 2 (moderate – few and/or minor changes required), 1 (weak – 
many and/or major changes required) or 0 (must be redone). This process served to both provide 
formative feedback to student teams on their IST, and to further develop and refine the rubric 
itself with detailed assessment guidelines for adherence (framework understanding) and 
correctness (content knowledge) within the context of collaborative problem-solving.  

Results and discussion 

Student teams were generally able to understand and apply SAFO to the deep seabed mining 
case and identify associated problems related to a chosen SoI. Based on the assessment results 
(Table 1 and 2 below) it is clear, that students needed more feedback on system function, i.e., its 
interaction with other boundary systems through input and output) as opposed to its architecture 
(structure and behavior between parts) and outcome (problem, stakeholders, benefit/detriment), 
which received higher scores across all disciplines. Describing the benefit of a system seemed 
easier compared to describing its detriment. The relative lower score on system output compared 
to system input, could indicate a potential confusion of ‘output’ and ‘benefit’, i.e. describing a 
key positive intended benefit of the system of interest rather than its interaction with a boundary 
system which receives output (material, energy or information) from said SoI.  

Table 1. Median Team scores for adherence. 

Discipline Structure Behavior Input Output Stake-
holders 

Problem Benefit Detriment 

All (17) 3 2 2 1 2 2 2 1 

Biology (4) 3 2 2 0.5 1 2 2.5 1.5 

Biotechnology (3) 3 3 2 0 2 2 3 1 

Chemistry and chemical 
engineering (6) 3 2.5 2.5 1.5 2.5 2 2 1 

Environmental  
science (2) 3 2 2 0.5 2 1.5 1.5 2 



 
Table 2. Median Team scores for correctness. 

Discipline Structure Behavior Input Output Stake-
holders 

Problem Benefit Detriment 

All (17) 2 3 2 0 2 2 2 2 

Biology (4) 2.5 3 1 0 1 0 1 2 

Biotechnology (3) 2 3 2 0 2 2 2 2 

Chemistry and chemical 
engineering (6) 2 2 1 0 2 2 2.5 1 

Environmental  
science (2) 2 3 2.5 1 2 2.5 2.5 2.5 

 
In the qualitative assessment of responses, we noticed that most student teams described the 
architecture and function of the deep seabed mining system in general and non-discipline 
specific terms, e.g. choosing the subsea collector (the mining vehicle collecting the nodules), or 
the ship transporting the collector as the system of interest (SoI).  

Discipline-specific aspects of the SoI were more explicitly present in responses related to the 
outcome (the problem that the system addressed, its benefits, detriment and related stakeholders). 
For instance, a team of biology students focused on the impact of the deep seabed mining system 
on a particular endangered species of squid, whereas a team of biotechnology students focused 
on improving the coating of the drill to minimize maintenance costs. In one cross-disciplinary 
feedback session, we observed the communication between these two teams, through which the 
students seemed to become aware of these differences as well. The students discussed their 
choices regarding system perspectives and whether these choices reflected aspects of, and 
perhaps embedded values within, their own discipline and other disciplines close to, but 
different, from their own. At the same time, the flexibility of the SAFO framework allowed for 
the students to “increase” or “decrease” complexity of the system by ‘zooming in and out’, 
realizing the multi-faceted interactions within or between problems, benefits and detriments of 
engineered systems as well as their interconnectedness with other socio-technical and natural 
systems. We intend to explore these potentials further in future studies.  

With regards to the development of IST assessment rubric, we were able to refine the rubric 
further through five iterations (two iterations for adherence, three for correctness), adding more 
detail to the assessment guidelines to make the distinction between adherence and correctness 
clearer. Furthermore, we added another level to the scoring to make the assessment finer grained 
to provide better and more targeted feedback (example provided in Table 3 below). 

While we did reach inter-rater agreement regarding both ‘adherence’ and ‘correctness’, we found 
that when scoring correctness, the concept of ‘precise’ was particularly challenging, as some 
student teams tended to ‘overdo’ their responses (e.g. providing multiple problems, benefits and 
detriments) at the expense of precision. Thus, teams who had engaged in discussions and 
identified multiple valid responses could potentially receive a lower score compared to less 



engaged teams who provided very brief (but precise) responses. However, this could potentially 
be addressed in future iterations by clarifying the instructions for students further, such as 
requesting full sentence responses and adjusting certain prompts, e.g. requesting “one key 
problem” instead of “a key problem”, or “the group of people most affected by the problem” 
rather than “a group of people affected by the problem”.    

Table 3. Scoring guidelines for ‘Problem’ (Adherence) 

 Original guidelines Final iteration of guidelines* 

Level 1 
(weak) 

Multiple problems/ 
needs/lacks/demands 
of stakeholders 

Multiple non-distinct problems/needs/lacks/demands (phrased as such) not 
caused by the system’s function 

Level 2 
(moderate)  

One distinct problem/need/lack/demand (phrased as such) not related to 
any group of stakeholders AND not caused by the system’s function OR 
One non-distinct problem/need/lack/demand (phrased as such) not caused 
by the system’s function OR 
Multiple distinct problems/needs/lacks/demands (phrased as such) not 
caused by the system’s function 

Level 3 
(strong) 

One problem/need/ 
lack/demand of 
stakeholders 

One distinct problem/need/lack/demand (phrased as such) related to at 
least one group of stakeholders mentioned AND not caused by the 
system’s function. 

* The full rubric in its final version is available in the Appendix.   

Conclusions and future work 

This research brief provides initial evidence-based insights into teaching introductory systems 
thinking in collaborative problem-solving in STEM using the SAFO framework, for which we 
were able to refine an assessment rubric and apply it in a collaborative CBL-setting. While 
student teams in the study generally described the ‘architecture’ (structure and behavior) of the 
system of interest and its ‘function’ (interactions with boundary systems) in similar ways 
regardless of discipline, they often approached the system ‘outcome’ (problem, benefits and 
detriments to stakeholders) from the perspective of their specific field of study, which facilitated 
interdisciplinary awareness in subsequent cross-disciplinary feedback sessions.  

In future work, we aim to research this further by comparing findings from collaborative 
problem-solving in CBL and PBL, respectively, to explore the potential of SAFO for scoping 
and analyzing more open-ended and ill-defined problems within one discipline and using it to 
communicate and possibly connect problems across disciplines in a systems perspective. 
Furthermore, we will explore the application of the assessment rubric as a tool to foster peer-
feedback and potentially AI-augmented feedback.  

Finally, future research will further continue to explore the framework’s applicability as a 
research tool to investigate the impact of variations in collaborative problem-solving (e.g. 
interdisciplinary project work) on students’ systems thinking, as well as progression in systems 
thinking across educational levels, with the purpose of continuously and effectively preparing 
future STEM professionals and assessing their ability to tackle real-world and interconnected 
complex challenges. 
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Appendix: Assessment rubric for SAFO  

Terms and Descriptions 

● Behavior: ‘Interaction’ must be a causal relation, not a structural one. Interactions can involve matter, energy, or information. 
Behavioral interactions are time-dependent and dynamic. 

● Function: a boundary system shares one or more parts with the target system (explicitly or implicitly). If it does not, then it is 
not a boundary system. 
 

Instruction prompts 

System architecture 
● structure: name five key parts of the system. 
● behavior: name four causal interactions between the parts you mentioned in the previous question. An interaction should be 

between two or more parts. 
System function 
● input: describe a system that exists on the boundary of our system of interest and which provides our system with input. What 

is this 'input system'? What is its input into our system of interest? 
● output: describe a system that exists on the boundary of our system of interest and which receives output from our system. 

What is this 'output system'? What is the output it receives? 
System outcome (provide responses as full sentences) 
● key stakeholders: what group of people is most affected by the problem which the system function solves or improves? 
● problem: what is one key problem the system is designed to solve for its key stakeholders? If multiple choose just one. 
● key benefit: Describe one key positive intended outcome of the system when it functions as intended. The outcome should 

affect the key stakeholders of the system. 
● key detriment: Describe a key negative expected outcome of the system when it functions as intended. The outcome should 

affect key stakeholders of the system, either the group already mentioned or another key stakeholder. 

Score key 
● 3 - Strong: No changes required 
● 2 - Moderate: Few and/or minor changes required 
● 1 - Weak: Many and/or major changes required 
● 0 - Unacceptable: Cannot be improved, need to redo 

Adherence x Correctness = Introductory Systems Thinking (Potential total scores: 0, 1, 2, 3, 4, 6, 9) 



 

Adherence of system description to assignment instructions: Knowledge of the framework 
 
The adherence of a response should be based on the instructions provided to students as well as on inferences that can reasonably be 
made based on the totality of students’ responses and on the content of those sources. 
 

SAFO aspect 3 - Strong 2 - Moderate 1 - Weak 

A
rc

hi
te

ct
ur

e 

Structure [number in instructions] 
different parts AND 
majority are technological 

[number in instructions] different parts AND majority are not technological 
OR 
[+ or - 1 number in instructions] different parts AND majority are 
technological 

[+ or - 2+ number in 
instructions] different 
parts where at least one 
is technological 

Behavior Explicit interactions (cause-
and-effect relationships) that 
together cover every part 
mentioned under ‘Structure’ 

Explicit interactions that together cover at least two parts but not every part 
mentioned under ‘Structure’ 
OR 
Implicit interactions that together cover every part mentioned under 
‘Structure’ 

Implicit interactions 
that together cover at 
least two parts but not 
every part mentioned 
under ‘Structure’ 

Fu
nc

tio
n 

Input* One/Two Boundary 
System/s AND one 
interaction between Target 
System and Boundary 
System, for each system.  
 
The direction of the 
interaction is from Boundary 
System to Target System. 
Input and output systems can 
be the same. Target system 
or its parts can be implied. 

One/Two Boundary System/s AND multiple interactions between Target 
System and Boundary System, for each system. The direction of all the 
interactions is from Boundary System to Target System. 
OR 
One/Two Boundary System/s AND one interaction between Target System 
and Boundary System for one of the systems AND no interaction between 
Target System and Boundary system for the other system. The direction of 
all the interactions is from Boundary System to Target System. 
OR 
One/Two non-Boundary System AND one interaction between Target 
System and non-Boundary System, for each system. The direction of the 
interaction is from the non-Boundary System to the Target System. 

Any number of 
boundary System/s 
without interactions 

Output* One/Two Boundary 
System/s AND one 
interaction (cause-and-effect 
relationship) between Target 
System and Boundary 
System, for each system. 
The direction of the 
interaction is from Target 
system to Boundary System. 
Input and output systems can 
be the same.  Target system 
or its parts can be implied. 

One/Two Boundary System/s AND multiple interactions (cause-and-effect 
relationships) between Target System and Boundary System, for each 
system. The direction of all the interactions is from Target system to 
Boundary System 
OR 
One/Two non-Boundary System AND one interaction (cause-and-effect 
relationship) between Target System and non-Boundary System, for each 
system. The direction of the interaction is from Target System to non-
Boundary System. 
OR 

Any number of 
boundary System/s 
without interactions 



 

One/Two non-Boundary System AND one interaction between Target 
System and non-Boundary System, for each system. The direction of the 
interaction is from the Target System to the non-Boundary System. 

O
ut

co
m

e 

Stake-
holders One distinct group 

One non-distinct group 
OR 
Multiple distinct groups 

Multiple non-distinct 
groups 

Problem One distinct 
problem/need/lack/demand 
(phrased as such) related to 
at least one group of 
stakeholders mentioned 
AND not caused by the 
system’s function** 

One distinct problem/need/lack/demand (phrased as such) not related to any 
group of stakeholders AND not caused by the system’s function** 
OR  
One non-distinct problem/need/lack/demand (phrased as such) not caused by 
the system’s function** 
OR 
Multiple distinct problems/needs/lacks/demands (phrased as such) not 
caused by the system’s function** 

Multiple non-distinct 
problems/needs/lacks/d
emands (phrased as 
such) not caused by the 
system’s function** 

Benefit One direct positive outcome 
related to at least one group 
of the stakeholders 
mentioned 

One direct positive outcome not related to any group of stakeholders 
OR 
Multiple direct positive outcomes 
OR 
One indirect positive outcome 

Any number of indirect 
positive outcome on 
non-distinct 
stakeholders 

Detriment 

One direct negative outcome 
on distinct stakeholders. No 
causal explanation required 

Multiple direct negative outcomes on distinct stakeholders. No causal 
explanation required 
OR 
One indirect negative outcome on distinct stakeholders. No causal 
explanation required 
OR 
One direct negative outcome on non-distinct stakeholders. No causal 
explanation required 

Any number of indirect 
negative outcome on 
non-distinct 
stakeholders 

* People, natural phenomena, etc., can also be considered as systems. 
** Based on students’ responses to the “architecture” and “function” elements. 
 
 
Correctness of system description - domain knowledge 
 
Each aspect should be scored independently of all other aspects. Do not score responses that received ‘0’ for adherence. 
 
The correctness of a response should be based on the sources of truth provided to students and that students reported as having used, 
as well as on inferences that can reasonably be made based on the totality of students’ responses and on the content of those sources. 
 



 

 
SAFO aspect 3 - Strong 2 - Moderate 1 - Weak 

A
rc

hi
te

ct
ur

e Structure All parts are correct and precise Half or more of parts are correct and precise, but not all At least one part but less than half 
are correct and precise 

Behavior1 
All behavioral interactions are correct 
and precise 

Half or more of behavioral interactions are correct and 
precise, but not all 

At least one behavioral interaction 
but less than half are correct and 
precise 

Fu
nc

tio
n 

Input Boundary system/s (if mentioned) are 
correct and precise and Interaction/s 
between boundary system/s and SoI (if 
mentioned) are correct and precise 

If multiple boundary systems and/or interactions are 
mentioned: half or more of are correct and precise 
 
If one boundary system and/or interaction is 
mentioned: correct but imprecise 

If multiple boundary systems and/or 
interactions are mentioned: at least 
one boundary system but less than 
half are correct and precise 

Output Boundary system/s (if mentioned) are 
correct and precise and Interaction/s 
between boundary system/s and SoI (if 
mentioned) are correct and precise 

If multiple boundary systems and/or interactions are 
mentioned: half or more of are correct and precise 
 
If one boundary system and/or interaction is 
mentioned: correct but imprecise 

If multiple boundary systems and/or 
interactions are mentioned: at least 
one boundary system but less than 
half are correct and precise 

O
ut

co
m

e 

Stake-
holders Every response is correct and precise 

If multiple responses: half or more are correct and 
precise, but not all 
 
If one response: correct but imprecise 

If multiple responses: at least one 
response but less than half are 
correct and precise 

Problem 

Every response is correct and precise 

If multiple responses: half or more are correct and 
precise, but not all 
 
If one response: correct but imprecise 

If multiple responses: at least one 
response but less than half are 
correct and precise 

Benefit 

Every response is correct and precise 

If multiple responses: half or more are correct and 
precise, but not all 
 
If one response: correct but imprecise 

If multiple responses: at least one 
response but less than half are 
correct and precise 

Detriment 

Every response is correct and precise 

If multiple responses: half or more are correct and 
precise, but not all 
 
If one response: correct but imprecise 

If multiple responses: at least one 
response but less than half are 
correct and precise 

1Ignore non-behavioral relations, if any are mentioned 
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