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Abstract 

 

Computational thinking has become a core element in many countries' attempts to integrate 

computing into curricula at various levels of education. Computational modeling should be 

conceived of as part of computational thinking in K-12 education. Computational modeling 

has been shown to improve students’ content knowledge in existing subjects in K-12 

education. However, there is a research knowledge gap in terms of how computational 

modeling and coding is improving students’ content knowledge of existing subjects in high 

school. 



 The aim of the present dissertation is to investigate how computational modeling 

integrated into an existing subject in high school can foster students’ skills and competences 

in computing. 

 Computer models and teaching activities were developed and applied in different high 

school classes in Denmark. More than 350 students and 100 teachers participated in the 

studies which were designed as both intervention and processual studies. 

 The PhD study contributes to research in the field of computing education. More 

specifically it touches the areas of students and teachers, schools, and society and addresses 

aspects of computing education research such as: what is and how can computing education 

be established in high school education, and what do students’ gain from participating in 

computing education in high school.  

 This PhD study offers five contributions to the research field. First, an applicable 

framework for designing and teaching computational modeling and for students’ to tinker 

with learning computational thinking. Second, a template for evaluating teaching activities in 

computational modeling has been developed as a viable way for predicting the efficacy of 

teacher-designed activities. Third, a taxonomy of computational thinking and gestures for 

students’  learning of computational thinking have been developed and successfully applied 

in a case study. Fourth, an assessment of students’ learning in both computational modeling, 

coding, and subject matter have been performed and potential synergetic effects investigated. 

Statistically significant improvements in students’ learning have been identified. Finally, a 

literature survey of the use of empowerment as a term in relation to computational thinking in 

education have been conducted and shortcomings made visible. 

 

 

 

Danish resumé 

 

’Computational thinking’ er blevet et centralt element i mange landes forsøg på at integrere 

computerundervisning, kaldet ’computing’, i læseplanerne på forskellige 

uddannelsesniveauer. Computermodellering bør opfattes som en del af computational 

thinking i K-12-undervisningen. Det er blevet påvist, at computermodellering forbedrer 

elevernes viden om indholdet i eksisterende fag i K-12-undervisningen. Der er imidlertid et 

område i forskningen der ikke er fuldt belyst med hensyn til, hvordan computermodellering 

og programmering forbedrer elevernes viden om indholdet af eksisterende fag i gymnasiet. 



 Formålet med denne afhandling var at undersøge, hvordan computermodellering 

integreret i et eksisterende gymnasiefag kan fremme elevernes færdigheder og kompetencer 

inden for computing. 

 Computermodeller og undervisningsaktiviteter blev udviklet og anvendt i forskellige 

gymnasieklasser i Danmark. Mere end 350 elever og 100 lærere deltog i undersøgelserne, der 

var udformet som både interventions- og procesundersøgelser. 

 Denne afhandling bidrager til forskning indenfor undervisning i computing. Mere 

specifikt berører den områder aktuelle for elever og lærere, skoler og samfund. Den belyser 

aspekter der omhandler forskning i computing såsom: hvad er og hvordan kan computing 

uddannelse etableres i gymnasiet, og hvad får eleverne ud af at deltage i computing i 

gymnasiet. 

 Denne afhandling tilbyder fem bidrag til forskningsfeltet, idet den først har udviklet 

en ramme for udformning og undervisning i computermodellering og for elevernes arbejde 

med at lære computational thinking. For det andet er der udviklet en skabelon til evaluering 

af undervisningsaktiviteter i computationel modellering som en brugbar måde at forudsige 

effektiviteten af lærerudformede aktiviteter på. For det tredje er der udviklet en taksonomi af 

computational thinking og gestus for elevernes læring af computational thinking, som med 

succes er blevet anvendt i et casestudie. For det fjerde er der foretaget en vurdering af 

elevernes læring inden for både computermodellering, kodning og faglige emner, og 

eventuelle synergieffekter. I den forbindelse er der identificeret statistisk signifikante 

forbedringer i elevernes læring. Endelig er der foretaget en litteraturundersøgelse af brugen af 

empowerment som et begreb i forbindelse med computational thinking i undervisningen, og 

mangler er blevet synliggjort. 

 

1 Introduction 

 

Computing education is gaining momentum, and is being implemented into school curricula 

worldwide. Since computing was introduced in education there have been discussions of how 

to assure a high quality and a democratic control of the digitalization of the world, and the 

importance of general empowerment was already discussed by Turing Laureate Peter Naur in 

1967 "This [computing in general education] is a necessary condition for humankind's 

supremacy over computers and for ensuring that their use do not become a matter for a small 

group of experts, but become a usual democratic matter, and thus through the democratic 

system will lie where it should, with all of us" (Naur, 1967). However, computing education 



research is still needed in order to ensure a high quality and democratic perspective of 

computing education. Hence, to address the questions of how and what to teach in computing 

education and when to teach what.  

The ability to think computationally is an important element of computing education. 

Computational modeling concerns the ability to develop, use, and modify computer models 

and is a fundament for computational thinking (CT). Computational modeling is often related 

to computer models representing real world problems and connected to domain specific 

knowledge traditionally taught in existing subjects in education. Hence, computational 

modeling in education is a process where students model a domain specific phenomenon and 

should be a part of CT in K-12 education (Lee et al., 2020a). However, previous research has 

not explicated the links between students’ content knowledge in existing subjects in K-12 

education and computational modeling and a research knowledge gab of if and how the part 

of computational modeling concerning programming and coding is improving students’ 

content knowledge of existing subjects exist. 

 The PhD study is the product of an interdisciplinary approach drawing on content 

knowledge from biology and biotechnology, integrated with computing and interaction 

design in order to best address the questions of how and what computational modeling can 

contribute to computing and existing education. The dissertation presents a first step toward 

filling the research gaps related to these questions. The approach has been to first develop an 

applicable framework for designing and integrating learning activities in CT and 

computational modeling, as an important addition to existing subjects in high school. Second, 

to apply the framework for designing sustainable professional development courses for in-

service high school teachers on CT  and computational modeling, and to develop a template 

for evaluating teaching activities developed by teachers participating in the courses. Third, 

the approach was then to apply the framework and template to design learning activities for 

students in existing high school biotechnology education. This was followed by interventions 

and assessments of students’ learning of CT, computational modeling, and of biotechnology 

subject matter when participating in the learning activities. Students’ learning of CT was 

assessed by two mixed methods studies, providing insights into students embodied learning 

and CT. Fourth, the  PhD study then focused on how to classify aspects of potential 

empowerment by CT in education. This resulted in the final study of the PhD study. Hence, 

the PhD study is situated in computing education research and address how computing can be 

established in high school education, and why computing education should be offered to 



students as part of their education. Specifically, the PhD study focuses on the integration of 

computing education into biotechnology.  

 

1.1 Overall research question and contributions 
 

1.1.1 Research question 
The PhD study focusses on integrating coding and computational modeling, as core elements 

of CT, into existing subjects in Danish high schools by design-based interventions using 

predesigned computational models and learning activities. Hence, the PhD study has 

educational and scientific relevance by studying important aspects of computing education.  

This leads to the following overarching research question:   

 

 

 

 

1.1.2 Contributions 

The main impetus for the PhD study was to research how computational modeling can be 

combined with coding and specific content knowledge in meaningful learning activities for 

high school students and teachers. The computing aspect of the PhD study is highly inspired 

by, and focused on, computational modeling as a central part of CT (Nowack & Caspersen, 

2014; Weintrop et al., 2016; Guzdial et al., 2019)  using an agent-based modeling and 

programming environment. The research focused on what and how students learn in regards 

to both computing, in the form of coding and computational modeling, and biotechnology by 

this approach. Finally, the PhD study researched the affordances of integrating CT in 

education.  

 The contributions of the five studies are described in five papers. The contributions 

are related to how to integrate computational modeling in existing curricula in the form of a 

framework for integrating coding and computational modeling with content knowledge 

(CMC), and a template for developing learning activities in computational modeling relating 

to subject matter in a curriculum in paper 1 and 2, respectively. The contributions are also 

related to what students learn by integrating computational modeling into education, and to 

what elements of computational modeling can successfully be integrated. These contributions 

What and how do students learn by integrating computational modeling and 

coding into Biotechnology? 



are in the form of assessments of students’ learning of both computational modeling, coding 

and content knowledge in paper 3. Students’ learning is investigated by traditional tools, such 

as a content inventory, but investigations into the embodied learning of computing by 

students are also described in paper 4. Building on the contributions described above, the 

fifth study investigates the term empowerment in relation to CT education in research 

literature. The study present contributions related to why computing should be integrated into 

education in a broader perspective in the form of a literature survey. By applying an existing  

characterization tool, the distribution of the use of ‘empowerment’ in connection to 

computing education is investigated and differences in the use and focus of empowerment 

identified.  

 The contributions from the five studies fall into two main categories: 1. CT and 

computational modeling in education and 2. Students’ learning of CT and subject matter. 

These are summarized in the following (See Table 1). 

 

Paper                                                   

(see also appendix  

A, B, C, D, E) 

 

 

 

 

 

 

 

 

Contribution 

1: 

Computational 

Thinking in the 

Danish High 

School 

(Published, 

SIGCSE2019). 

2:  

A Template for 

Teaching 

Computational 

Modelling: A 

Design Based 

Research 

Study in High 

School 

(Submitted, 

Journal of 

Education and 

Information 

Technologies). 

3:  

Learning 

Computing and 

Biology from 

Computational 

Modeling: An 

Intervention 

Study in High 

School 

(Submitted, 

Journal of 

Biological 

Education).  

4:  

Computing and 

Gestures in High 

School Biology 

Education 

(Published, 

ITICSE2021). 

5:  

Empowerment 

through  

Computational 

Thinking: A 

Literature Survey 

(Submitted, 

Journal of Acta 

Didactica 

Nordic). 

CT and computational modeling in education: the how and why in Figure 1:           

Framework (CMC) X     

Template (learning 

activities) 

 X    

Design of professional 

development for 

teachers 

X X    

Characterization of 

empowerment 

(literature survey) 

    X 

Students’ learning of CT and subject matter: the what in Figure 1:             

Assessment (CT 

integrated into subject) 

X  X X  

Synergy effect (CT  

and subject) 

  X   

Taxonomy (of CT and 

gestures) 

   X  

Students’ embodied 

learning of computing 

   X  

Table 1. Contributions to the overall research question from the five papers included in this dissertation 

in relation to Figure 1. 

https://scholar.google.com/scholar_url?url=https://dl.acm.org/doi/abs/10.1145/3287324.3287452&hl=en&sa=T&oi=gsb&ct=res&cd=0&d=3063059083167517414&ei=SdE8X4b9AcKwmAG544e4BQ&scisig=AAGBfm2r0-fHL5na2Qz-JuZo3DmFl7ZKqQ
https://scholar.google.com/scholar_url?url=https://dl.acm.org/doi/abs/10.1145/3287324.3287452&hl=en&sa=T&oi=gsb&ct=res&cd=0&d=3063059083167517414&ei=SdE8X4b9AcKwmAG544e4BQ&scisig=AAGBfm2r0-fHL5na2Qz-JuZo3DmFl7ZKqQ
https://scholar.google.com/scholar_url?url=https://dl.acm.org/doi/abs/10.1145/3287324.3287452&hl=en&sa=T&oi=gsb&ct=res&cd=0&d=3063059083167517414&ei=SdE8X4b9AcKwmAG544e4BQ&scisig=AAGBfm2r0-fHL5na2Qz-JuZo3DmFl7ZKqQ
https://scholar.google.com/scholar_url?url=https://dl.acm.org/doi/abs/10.1145/3287324.3287452&hl=en&sa=T&oi=gsb&ct=res&cd=0&d=3063059083167517414&ei=SdE8X4b9AcKwmAG544e4BQ&scisig=AAGBfm2r0-fHL5na2Qz-JuZo3DmFl7ZKqQ
https://scholar.google.com/scholar_url?url=https://dl.acm.org/doi/abs/10.1145/3287324.3287452&hl=en&sa=T&oi=gsb&ct=res&cd=0&d=3063059083167517414&ei=SdE8X4b9AcKwmAG544e4BQ&scisig=AAGBfm2r0-fHL5na2Qz-JuZo3DmFl7ZKqQ


 

 

1.1.3 Additional hypotheses and research questions 

From the research question posed in section 1.1.1, other hypotheses (H) and research 

questions (RQ) can be derived. Hence, below four hypotheses (H) and research questions 

(RQ) are presented. These are by no means all the research questions that can be derived 

from the overarching research question in section 1.1.1. The research questions posed below 

will be discussed in section 5 after the findings of this PhD study have been presented.  

 The first two (A and B) relates to how in the overall research question, while C and D 

relates to what in the overall research question. These will be discussed later in the 

dissertation.  

  

H(A):   

Students understand and discuss the relevant phenomenon at a higher level of 

abstraction when participating in learning activities designed for study I through IV.  

RQ(A):  

How do integrating computational modeling into existing subjects change the 

progression of what can be taught to students when in regard to existing subjects? 

H(B):  

The framework, taxonomy, and template developed during this PhD study are not 

developed specifically to the subject of biotechnology and can be applied within other 

subjects in high school education, as findings from study two indicates. 

RQ(B):  

Where is it valuable to integrate computational modeling into which subject in high 

school education?  

H(C):  

Thinking computationally can be applied by students in other subjects and outside 

school, and empower students to understand and meaningfully participate in 

computational practices in different settings. 

RQ(C):  

Do students obtain competences in computational modeling that transfer to other 

subjects or even to situations outside the classroom? 

H(D):  



Integrating CT into an existing curriculum can be accomplished by relative short 

interventions, as indicated in study I through IV, and do not have to sacrifice or 

reduce elements of the existing curriculum.  

RQ(D):  

How can teaching computational modeling in existing subjects in high school take 

place within an existing curriculum? 

 

 Hypothesis A and B are related to paper 1 in which a fruitful framework for how to 

integrate computational modeling is presented and to paper 2 which contributes with the 

development of a template for designing learning activities within the framework presented 

in paper 1. Hypothesis C and D are related to paper 3 and 4 which assess students’ learning of 

computational modeling and thinking and of subject matter. Hypothesis D is also related to 

paper 1 in which short interventions were designed and shown to be fruitful for students 

learning of computational modeling. Hypothesis C is concerned with what competences 

students gain by participating in learning activities integrating computational modeling into 

existing subjects in education and with how these competences might transfer to other 

subjects and situations of students’ life leading to students’ computational empowerment. 

Hence, hypothesis C is also related to paper 5 which contributes with a survey of the term 

empowerment as it is used in research literature concerning CT in education.  

 

1.2 Papers 

 

Figure 1 illustrates the area of research for this PhD study, by positioning students, schools 

(including teachers), and society as three main elements of the research trajectories of this 

PhD study. 

 Figure 1 also illustrates how the contributions are distributed as described in the five 

papers (number 1 through 5) and in relation to students, teachers, schools, and society (see 

Figure 1). The contributions are within the field of computing education.  The work is 

described in five papers (Table 1). The papers represent the research process of unraveling 

some of the underpinnings regarding how and what elements of CT and modeling can be 

introduced into existing high school education.  

 

  



 

Figure 1. Positions of and contributions from the five papers of this dissertation. 

 

  

 Figure 1 illustrates the research trajectories of the PhD study and how the papers 

included in the dissertation are positioned within these trajectories. Paper 1 address the 

question of ‘what’ computing education can be in a high school setting and ‘how’ to integrate 

it into high school education. The paper is positioned at the top of Figure 1. Paper 2 is 

concerned with how to foster teachers’ understanding of computational modeling in relation 

to their own teaching and as such is positioned between school and society on the ‘how’ axis 

in Figure 1. Papers 3 and 4 describe work on investigating students’ learning of 

computational modeling in the classroom. Both traditional and more novel methods are use, 

as are both qualitative and quantitative methods. Both papers are positioned between students 

and school on the ‘what’ axis in Figure 1. Paper 5 presents a survey on existing literature 

about CT in education and its relation to computational empowerment. The paper concerns 

the ‘why’ (see Figure 1), i.e. the societal rationale for studying CT in education.  

 Paper 1 address both the question of what students learn by participating in coding 

and computational modeling activities and how to integrate these activities into existing 

subjects in high school curricula. The paper establishes a framework for these challenges 

which place the paper between the ‘what’ and ‘how’ in Figure 1.  

 There is a growing interest in society in general of how to educate future students in 

computing. Paper 2 is concerned with exploring further how the integration of coding and 

computational modeling can be integrated into existing high school curricula, and find the 

education of teachers fundamental for this question. Hence, the paper addresses how to 



educate in-service high school teachers in coding and computational modeling by designing 

PD courses and is positioned accordingly in Figure 1. 

 Paper 3 and 4 relate to the ‘what’ (see Figure 1). The papers address what students 

learn of both computing and biotechnology while participating in learning activities of coding 

and computational modeling. The methods of assessments of students’ learning are different 

in the two papers in order to accommodate different perspectives on learning. Paper 3 uses 

traditional assessment tools for assessing learning in both CT and modeling and in 

biotechnology. Paper 4 takes an embodied learning perspective and explores the gestures 

students produce while coding and modeling computationally. 

 The final paper (Paper 5) addresses the question of why students and teachers should 

be educated in computing. It investigates if and how computing education researchers, as a 

community, uses the term empowerment in the literature. The paper is positioned 

accordingly, between student and society and in relation to ‘why’, in Figure 1. 

 

Paper 1. Computational Thinking in the Danish High School: Learning Coding, Modeling, and 
Content Knowledge with NetLogo.  
Paper 1 is reporting on the development of a framework for integrating coding, modeling and 

content into existing subjects in high school education. This framework is called the CMC 

framework and have been evaluated successfully by teachers and students in high schools in 

Denmark. The paper poses the hypotheses: 

H1.1 Students’ acquisition of CT and content knowledge can be facilitated by the 

CMC framework. 

H1.2 Students acquire new tools for exploring the phenomenon within the existing 

subject by participating in learning activities design by the CMC framework. 

Integrating modeling and content has been addressed before (Schwarz & White, 2005; 

Passmore et al., 2009; 2017). But integrating coding, modeling, and content is new. The NSF 

funded project C+STEM (Gautam et al., 2020) is one of the relatively few studies exploring 

ways of working with code in relation to subject matter. However, the study presents only 

pieces of code to the students and not a complete program. Also, the study addresses primary 

school children and not high school students as is the case in this PhD study.  

The research question in paper 1 is:  

RQ1.1 



 Can the CMC (coding, modeling, and content) approach aid researchers, developers, 

and teachers to produce learning environments for students’ acquisition of CT and 

content knowledge? 

The paper evaluates the findings from an open-ended questionnaire with all participating 

students (n=210) and semi-structured interviews with all teachers (n=15). Thematic analysis 

was applied to categorize the qualitative data. The framework was successfully tested in high 

schools in Denmark and the paper concludes that students gained knowledge in CT and 

content knowledge in the existing subject through working with computer models of 

phenomena in different subjects.  The study also showed that by letting students tinker with 

computer models they were able to integrate both coding, modeling and content knowledge.  

 

Paper 2. A Template for Teaching Computational Modeling: A Design Based Research Study in 
High School.  
Given that a successful framework for implementing coding and computational modeling and 

content knowledge in high  school education (described in paper 1) have been established, 

paper 2 addresses the question of what computational modeling looks like in a high school 

setting. An evaluation template for evaluating teaching activities was developed by 

formulating parameters of computational modeling. The paper poses the hypotheses: 

H2.1 A template can evaluate teaching activities in computational modeling 

developed by high school teachers. 

H2.2 By teaching core elements of computational modeling, including programming, 

high school teachers can produce high quality teaching activities within the CMC 

framework. 

Again, modeling in  science education has been addressed before, and even the use of 

computational models (Tisue & Wilensky, 2004; Sengupta et al., 2018; Basu, 2014; 2016a; 

2016b) but given that the coding aspect of computational modeling is new to this research 

area, so is the professional education (PD) of teachers in this field. The computational 

modeling parameters were used to evaluate learning activities produced by high school 

teachers in PD courses on computational modeling, producing the following research 

question:  

RQ 2.1  

How can questions stimulate teaching activities for high school students in agent-

based computational?  



The paper reports on evaluation of two professional development courses on computational 

modeling - one emphasizes programming, one does not. The study covers 12 high school 

subjects, 44 high schools, 51 learning activities, and 86 teachers. The paper concludes that 

the developed template proved useful as shown by findings of independent researchers’ 

coding of teaching activities produced by high school teachers. The evaluation template 

highlights similarities and differences in teaching activities related to parameters of 

computational modeling. 

 

Paper 3. Learning Computing and Biology from Computational Modeling: An Intervention 
Study in High School. 
Paper 3 researches if students learn both CT and content knowledge in an existing subject 

when participating in learning activities designed by the CMC framework, and if they do, do 

the students learn the existing subject matter better? The design was a two-group randomized 

intervention study using mixed methods. The purpose was to integrate computational 

modeling in high school biology. A two-group intervention study of computer models in 

biology was designed. Participants were 118 students (17 to 19 years of age) enrolled in first 

and second year of Danish High School. The intervention group (n = 81) received teaching in 

both biology and computational modeling while the comparison group (n = 37) received 

teaching in biology using textbook models. Both groups received two sessions, each of 

approximately 120 minutes with 15 minutes of instruction about either computational models 

or biology textbook models. 

The paper poses the hypothesis: 

H3.1 Students learn threshold concepts within an existing subject better by 

computational modeling learning activities designed by the CMC framework than 

when conventional learning activities are applied. 

Previous studies have attempted to assess if students learned coding and CT skills in primary 

education mostly (Brennan & Resnick, 2012; Werner et al., 2012). This paper looks at if 

students draw on their ability to think computationally when  learning another subject, e.g. 

biotechnology? The research question being:  

RQ3.1  

To what extent do learning activities around computational modeling foster students’ 

understanding of biology and vice versa? 

Implementing coding with computational modeling and content knowledge is new, as 

elaborated  earlier. This study used active control groups and experiment groups, and findings 



showed that the experiment groups performed better when measured by ‘Biology Content 

Inventory’ questions. The paper argues that students use CT concepts when describing a 

biotechnological phenomenon and furthermore, they perform better in assessments of 

biotechnological knowledge measured by validated questions from a Biology Content 

Inventory. Students and even uses knowledge of biotechnology to understand computational 

modeling. 

 

Paper 4. Computing and Gestures in High School Biology Education. 
Paper 4 addresses the role of gestures produced by students while participating in CMC 

learning activities regarding CT. Learning is an embodied experience, which have been 

gaining more attention in education areas recently. Especially in the STEM (science, 

technology, engineering, mathematics) subjects in both primary, secondary, and tertiary 

education (Abrahamson et al, 2020; Roth, 2020; Macrine & Fugate, 2020). Given the 

synergetic effect, described in paper 3, of learning CT and learning biotechnology 

simultaneously among students in a classroom indicates that perhaps we, as computing 

education researchers, should embrace alternative signs of learning when it comes to CT. The 

design was a concurrent mixed-methods study. The study was situated in a constructivist and 

embodied cognitive perspective. This video-study explored  the types of gesture s  used by 

students  as  they engage  in learning activities of  CT and  modeling in Biology.  Participants 

were  twenty-eight students (twenty female, eight male) randomly sampled from five 

different High School Biology classes. 

The paper poses the hypothesis: 

H4.1 Embodied learning appear when students work with computational modeling of 

a phenomenon in a high school subject, i.e. Biology. 

The traditional methods of measuring CT and programming skills may not be appropriate for 

measuring learning among all students, as students can have diverse backgrounds and many 

different learning strategies. Hence, in paper 4 a more embodied approach to measuring 

learning and to answer the research question was used:  

RQ4.1  

How are different types of student gestures distributed across core elements of CT? 

The area of embodied cognition is emerging in STEM education and in math education in 

particular (Abrahamson et al., 2020; Flood el al., 2020; Alibali & Nathan, 2012), but the area 

of gestures in CT education is under-researched (Solomon et al., 2018; 2020). The 

overarching research objective of this paper was to develop and evaluate a taxonomy table as 



a way of classifying and coding gestures versus CT. The paper concludes that the study is the 

first to propose a taxonomy table of high-school students’ use of gestures when engaging in 

learning activities in computing and that students use gestures adaptively in order to learn 

core elements of CT. 

 

Paper 5. Empowerment through Computational Thinking: A Literature Survey. 
CT potentially contains empowering elements for all learners, and paper 5 takes a broader 

perspective on CT in education and investigates the field of computational empowerment 

described in the literature in relation to CT in education. The paper accounts for a literature 

survey categorizing different strands of empowerment as it unfolds in computing education 

research concerning CT from 2012 onto and including 2020. A total of 210 papers were 

included in the final survey. 

The paper poses the hypotheses: 

H5.1 The community of computing education researchers focus increasingly on 

empowerment but the community don’t have a uniform definition of what 

empowerment means in relation to CT in education. 

H5.2 The use of the term empowerment varies within the computing education 

research community with respect to geography. 

The paper seeks to elicit the landscape of current literature on computing education in 

relation to the term empowerment. This leads to the research question:  

RQ5.1  

How does current literature on computing education articulate empowerment in 

relation to CT? 

By applying an existing categorization tool, defining the use of empowerment in relation to 

five interpretations categorization guidelines were developed. The guidelines served to 

investigate the landscape of current research on CT in computing education. The paper 

reports on the understanding of empowerment which varies substantially based on 

geographical origin meaning that empowerment as an end-goal in CT related education might 

differ significantly from region to region. Also, the study found that the critical and 

mainstream empowerment categories were under-represented in the overall international CT 

literature, but more prevalent in research deriving from the Nordic countries. 

 

1.3 Positioning the work of this PhD study  

 



The work described in this dissertation falls within the scope of computing education 

research and has taken inspiration from the argument that computing can be perceived as an 

educational basic skill alongside the educational ‘three Rs’: reading, writing, and arithmetic. 

Computing is seen as the fourth language following spoken, written, and mathematical 

languages, and as a useful and fundamental language within all other subjects.  

 The CMC approach (integrating learning activities in coding, modeling, and content 

matter in learning activities) presented in paper 1, integrates computational modeling into a 

STEM and social science context. The rationale is that it is important for students to be able 

to apply and think critically about computational models to understand their capabilities and 

limitations. Hence, the CMC approach contributes to students’ computational literacy and 

empowerment. Paper 2 relate to computational modeling being a key aspect of CT  with 

adjacent competences, skills, and knowledge drawn from computer science. Paper 3 explores 

the effect of the CMC approach on students’ learning in both computing and biology 

education. Paper 4 focusses on students’ learning of  CT, but takes a new approach to 

investigate this aspect of CER. By identifying core elements of CT, in a computational 

modeling context, a taxonomy of CT elements and gestures is presented in the paper. Finally, 

computational empowerment in computing education is investigated as a central focus by 

conducting a literature survey in paper 5. The paper identifies a knowledge deficit in 

computing education research papers concerning the potential of computational 

empowerment. 

 The five papers explore the essence of CT and computational modeling in education. 

The findings and contributions from the papers fall into two main research areas: 1. students’ 

learning and 2. educational development in a broad perspective. These are summarized in the 

following (See Table 2).  

 Together the papers present an answer to the overall research question presented in 

section 1.1.1 “What and how do students learn by integrating computational modeling and 

coding into Biotechnology?” by proposing a strategy for integrating computing into existing 

subjects in high school education and presenting both a fruitful practical approach based on a 

framework and an evaluation template and investigations into the affordances of this 

approach in relation to both students’ learning and computational competences and 

empowerment. 

 

Paper Students’ learning: of CT and 

subject matter 

Educational development: CT and 

computational modeling in education 



1 Computational Thinking 

in the Danish High School: 

Learning Coding, 

Modeling, and Content 

Knowledge with NetLogo.   

- Students learn both subject matter, 

in the form of biotechnology, and 

computational modeling when 

engaged in learning activities 

design by the CMC approach. 

- The CMC framework represents a 

fruitful way for teachers to design and 

teach and for students to tinker with 

learning CT. 

2 A Template for Teaching 

Computational Modeling: 

A Design Based Research 

Study in High School. 

 - Development of  a template to 

evaluate the quality of teaching activi-

ties for students developed by high 

school teachers in 12 different subjects. 

3 Learning Computing and 

Biology from 

Computational Modeling: 

An Intervention Study in 

High School. 

- There is a synergitical effect of 

learning both subject matter and 

computational modeling in 

biotechnology. 

 

4 Computing and Gestures 

in High School Biology 

Education. 

 

- Students use gestures adaptively 

in order to learn concepts of CT. 

- Development of a taxonomy table 

of gestures versus elements of CT. 

 

5 Empowerment through 

Computational Thinking: 

A Literature Survey. 

 - The understanding of computational 

empowerment varies substantially based 

on geographical origin. 

- Computational empowerment with a 

critical and mainstream management 

perspective is under-represented in the 

CT literature. 

Table 2. Findings and contributions, from the five papers included in this dissertation. 

 

 

2 Background 

 

The following provides an overview of existing literature on CT or computational modeling 

in relation to education. This section present by no means an exhaustive review of CT 

education nor of computer science education, but serves merely as a background for 

positioning the research findings and contributions presented in this dissertation.  

 The concept of computational modeling is presented as an important element of CT 

and computer science education is described as a related but separate concept to CT. 

Computing education research is outlined as the field of research to which CT, computational 

modeling, and computing are related. Finally, rationale and strategies for computing 

education are presented as a perspective on the importance of computing education research. 

 

2.1 Computational Thinking  

 

The term computational thinking (CT) was developed by Jeanette Wing after Seymour Papert 

(1980). In her influential paper from 2006 she argues that CT represents a universally attitude 

and skill set everyone would be eager to learn and use (Wing, 2006). This paper led to a 



virtual boom in research into computing into education at all levels e.g. Computer Science 

Teachers Association (CSTA, 12) and Standards for Computer Science Educators (ISTE, 

2014).  

 However, while CT has been very influential, related terms have been proposed. The 

term ‘computational literacy’ has served as a particular inspiration for this PhD study. 

Computational literacy was described by diSessa (2001; 2018) as key conceptual ideas  (e.g. 

representing cell growth or protein synthesis in programs) and associated activities and 

learning goals. Computational literacy is an important end goal of computing education and 

dependent on both the representational form (computer programs) and the affordances and 

limitations this form provide, and a complex of social and cultural matter within the 

education system. I, as well as diSessa (2018), have during this work experienced what can 

be done with computers in education with almost no preparation and how computational 

models can function to achieve surprising learning.  

 CT, computing education, and computational literacy are all 21st century skills often 

mentioned as important for our students (Lee et al., 2020a; diSessa, 2018; Yadav et al., 2016; 

Wing, 2009). However, there are no clear answers as to how these phenomena relate to how 

we, as researchers, can provide and reflect upon the pedagogies and tools needed for students 

to obtain these skills. 

 In educating students to learn biotechnology, or any other existing subject, concepts, 

relations and practices within the subject are described as well as learning goals for students’ 

learning of both content and identity of the subject. This should also be the case in computing 

education. It is not enough to obtain a casual acquaintance with computers and computational 

tools. Instead educators have to present concepts, relations, and practices of computing to 

students and relate them to explicit learning goals. And we, as computing education 

researchers, have to provide insights into how best to do this, as well as tools for doing so.  

 When Papert described CT, he referred to the affordances, as implied by Gibson 

(1979) as something that refers to both the computational representations and the ability to 

express powerful ideas (Papert, 1980). Papert recognized the far reaching benefits of the 

skills learned through programming, he argued that “computer presence could contribute to 

mental processes not only instrumentally but in more essential conceptual ways, influencing 

how people think even when they are far removed from physical contact with a computer”  

(Papert, 1980,  p. 4).  

 Wing (2006)  has proposed an alternative and more recent definition of CT in which 

she emphasizes  the contribution of computer science to human endeavor and describes CT as 



“ involving problem solving, designing systems, and understanding human behavior, by 

drawing on the concepts fundamental to computer science” (Wing, 2006, p. 33). Although a 

number of definitions for CT have been proposed since Wing’s definition, no consensus has 

yet emerged (Grover & Pea, 2013; 2018, Denning, 2017; Aho, 2012; Guzdial, 2019a, 2019b). 

Wing’s initial description of CT was very much aligned with computer science education and 

the concepts and practices within this field. But in later publications Wing broadened the 

definition of CT and proposed possibly the most commonly used definition today: 

“Informally, CT describes the mental activity in formulating a problem to admit a 

computational solution. The solution can be carried out by a human or machine, or more 

generally, by combinations of humans and machines.” (Wing, 2011).  

 Hence, CT is not a skill primarily relevant to computer scientists or confined to 

computer science education as nearly every field of research has seen the growth of a 

computational counterpart in the last few decades. CT is a cognitive skill rooted in the human 

ability to conceive of meaningful, information-based representations that can be effectively 

manipulated by a computer and is becoming a cross-disciplinary notion spanning both the 

humanities (e.g. disciplines around studying computer models as signs, human-computer 

interaction studying human thinking related to CT, and computational methods such as data 

mining to discover patterns, links, and trends) and the natural sciences (e.g. computer 

simulations related to physical processes in nature) as J. Wing points out when she described 

CT as influencing research in these disciplines (Wing, 2008). There is no need to demarcate 

these research fields, CT influences all research fields and hence, one might add the social 

sciences and health to these fields of research. By doing so, it becomes clear that CT is multi-

faceted and goes beyond computer science (Li, et al., 2020a; 2020b; Grover and Pea, 2013; 

Shute et al., 2017). To many scientists, the use of computing is not only a tool, but also a way 

of making discoveries, involving problem solving, design, and model building, as for 

example, computational modeling used in biology research (Brodland, 2015). Also, as 

Denning  pointed out, CT has long been used and commonly talked about in many 

professional fields, such as physics, chemistry,  and biology, even without the participation of 

computer scientists (Denning, 2009). In other words, CT is a natural part of much STEM 

research, however, the significance of CT in STEM fields have not automatically translated 

into school instructions (Li et al., 2020a).  

 Many researchers now see CT as part of an even wider call for ‘computing 

education’, e.g. in 2017 The Royal Society proposed that CT should be offered to all students 

in all schools at all levels (The Royal Society, 2017). The concept ‘computing education’ is 



gaining momentum and represent much of what can be understood as input to, and outcome 

of CT (Guzdial, 2015). Amy Ko formulates it like this while describing her own research: 

“Computing education it not just about programming, or even just about computer science, 

but also about all the phenomena surrounding computing, including data, modeling, and 

society’s view on computing. So computing education covers far more than just learning to 

code.” (Ko, 2020). 

 Andrea diSessa has been instrumental in combining computational tools and STEM 

education by introducing the concept of computational literacy in 2001 (diSessa, 2001). Di 

Sessa emphasizes the affordances and limits of computing in STEM education, and the 

concept of computational literacy describes the improved ability of humans to understand and 

solve problems that would otherwise be impossible to solve, with specifically designed 

technology for education. (diSessa, 2001; 2018; Li et al., 2020a).  

 The relationship between subject matter and CT is intricate and expand the learning of 

content matter and the context in which CT can be applied (Wilensky & Reisman, 2006; 

Wilensky & Stroup, 2002; Weintrop et al., 2016; Grover & Pea, 2018; Burke & Kafai, 2010). 

This relationship is essential for the motivation to bring CT and subject matter together. 

Another motivation is to engage a more diverse group of students in computing education. 

Research activities in computing education increasingly engage the entire K-12 range. 

However, little is known about validated practices, but the importance of CT have been 

recognized (Parker et al., 2016; Cooper et al., 2014; Grover & Pea, 2018).  

 There is a lack of research on students’ learning of content matter and CT 

simultaneously in high school, i.e. the synergetic effect of bringing these together. Bortz et al. 

(2019) have shown how argument driven scientific practices can act as a synergetic tool for 

students’ learning of CT  and chemistry ‘in tandem’. The research involved eight grade 

students, and required chemistry knowledge by the students of a low complexity.  

 Research of a possible synergetic effect requires integrated assessments of both 

students development of CT and subject knowledge. However, CT assessments are often 

focused on specific CT skills such as programming and computing (see section 2.2) , and 

assessments for high school students are scarce (Tang et al., 2020). Brennan & Resnick 

(2012) have proposed a practical framework for studying and assessing students development 

of CT concepts, practices, and perspectives while working with a block-based programming 

environment. The framework uses both qualitative and quantitative methods for assessing 

students development of CT. But the framework is based on young children creating projects 

outside of a formal educational setting and not related to specific subjects or content matter. 



Hence, there is a lack of research on investigating the synergetic effect of students learning 

both CT, computational modeling, and subject matter simultaneously.   

 Peter Denning (2017) highlights how computing education researchers and educators 

struggle defining CT. In a critique of the appeal for CT in other fields outside CS, in which 

the description of CT can sometimes be vague and confusing, Denning argues that questions 

like: What is CT? How can CT be assessed? Is it good for everyone? are still somewhat 

unanswered (Denning, 2017). The work in this PhD study aims at providing answers, or 

pieces of answers, to questions like those suggested by Denning (2017). 

 A working definition of CT as the concept “thinking with machines” was the starting 

point for this PhD study. It includes a set of practices used in other contexts than computer 

science and draws on content, real-world applicability, and authenticity of CT (diSessa, 2018; 

Weintrop et al., 2016; Blikstein, 2013). The concept includes looking at symbolic interactions 

including gestures. It borrows from Aho’s  description of the concept of CT as becoming a 

research activity that includes inventing appropriate new models of computation (Aho, 2012). 

In relation to applicability in and outside of school it echoes claims about CT being a 

thinking tool for understanding our technology-infused world (Denning & Tedre, 2019). In 

terms of authenticity Weintrop et al.’s description of CT as grounded in authentic meaningful 

computational practices essential for students to master have been an inspiration (Weintrop et 

al., 2016). 

  

2.2 Computer Science Education 

 

There is more to computer science education than computer programming, as Wing (2011) 

identified. She goes on to identify fundamental concepts of computer science that is included 

as perspectives on computational thinking in a National Academy’s workshop report (Wing, 

2011; NRC10, 2010). In this PhD study, I conceive computer science education as part of a 

broader education in computing, in which CT is also included, hence the two concepts are 

closely related.  

 Computer science education has seen a significant growth in interest worldwide, and 

has been introduced into education at all levels. Perhaps not surprisingly, there are some 

unclarity in terminology concerning computer science education. Courses within this area for 

K-12 students are being called both “Computer Science”, “Informatics” or “Computing” in 

the US, EU, and in the UK, respectively (Computer Science Education, 2020; Informatics 

Education, 2021; Computing at School, 2021). The term “Informatics” is perhaps the best 



title for the part of computing education overlapping with computer science education in K-

12 education. 

 The positioning of computer science education in schools can be challenging, and an 

obvious interest has been on programming or coding as a main ingredient in the computer 

science curricula. Researchers have highlighted the contradictions in describing computer 

science education as, on one hand, CT supposed to be the essence of computer science, and 

on the other hand, as the mere action of coding and programming, an extraction of computers 

science that is represented in computer science education research. Many of the assessments 

designed for assessing CT competences among students, are mostly addressing students’ 

programming and coding competences which are competences often associated with  

computer science education (Armoni, 2016; Caspersen et al., 2018a). 

 But computer science education is about more than teaching programming. It includes 

understanding the fundamental principles of computer science and at K-12 levels engaging 

children and students in being creative with technology and developing a computational 

literacy (Sentance, 2018; Caspersen et al., 2018a; Caspersen, 2021a). From the above 

perspective on computer science education stems a link to the work of the computing 

education research community in aspects of expanding and diversifying the population that 

takes computer science courses and of improving teacher training, teaching methods, and 

teaching technologies. Finally, although computer science is important in many, almost 

every, discipline, very little is known about what computer science material to teach and 

when, in K-12 education, as well as how to teach computer science for K-12. Computing 

education research addresses these questions too (Ko et al., 2020; Nelson & Ko, 2019). 

 Informatics for grades 9-12 has been characterized as a scientific practice where five 

methods are at play: formal, experimental, construction, process and modeling (Caspersen & 

Nowack, 2013a; 2013b). Building on the fact that modeling is a central method to, and even a 

tradition in, computer science, several researcher have identified computational modeling as 

an important part of computing education as a hole (Guzdial et al., 2019; Denning, 2018; Lee 

et al., 2020b; Grover & Pea, 2013; 2018; Denning & Tedre, 2019; Weintrop et al, 2016).  

 

2.3 Computational Modeling  

 

As described in the introduction (section 1) computational modeling is an important part of 

CT. Computational modeling is also a central part of all STEM education and essential in 

representing an authentic version of STEM subjects (Nersessian, 2008; Schwarz & White, 



2005; Jacobson et al., 2015; Chandrasekharan & Nersessian, 2015; Gouvea & Passmore, 

2017). In biotechnology computational modeling is used as a tool for cutting edge research to 

gain further insight into phenomena such as evolution, bioinformatics, the spread of viruses, 

molecular behavior , population growth etc. The integration of computational modeling in 

biotechnology has resulted in a ‘third leg’ of biotechnology called ‘In silico biology’ aligned 

with ‘in vitro’ and ‘in vivo’ biology (Di Ventura et al, 2006). However, little is known of 

how to integrate computational modeling into the subject of biotechnology and research into 

new and effective pedagogical and didactical approaches in relation to computational 

modeling are needed (Li et al., 2020a; Yadav et al., 2014; ISTE, 2014; National Research 

Council, 2011).  

 Researchers have pleaded for embedding computational modeling into existing STEM 

education, including biotechnology, as a way of increasing the interest and appeal of CT and 

modeling among students, hereby attracting and retaining students in computational sciences 

(Jona et al., 2014; Sengupta et al., 2018; Shute et al., 2017; Bortz et al., 2019). Computational 

modeling supports a pedagogical approach of students exploring existing models, but also in 

enabling students to assess their own modified models within a subject (Brady et al. 2015; 

Gilbert, 2004; Penner, 2000; Wilensky, 2003; Wilensky and Reisman, 2006; Wilkerson-Jerde 

et al., 2015). Computational models enable students to investigate problems that would 

otherwise be too dangerous, difficult, or expensive to carry out (National Research Council, 

2011; Weintrop et al., 2016). Nowack & Caspersen (2014) presented a practice for 

computational modeling in education as a top-down approach for CT and modeling. The 

researchers defined computational modeling as the activity of building or modifying a model 

system based on a referent system (Nowack & Caspersen, 2014, pp. 148). They motivated  

the approach by emphasizing how it benefits from a strong tradition in computing and build 

bridges to a wide range of other disciplines. 

 Although the above mentioned research in concerned with how to bring 

computational modeling into existing subjects in education at primary and secondary levels, 

there is a lack of research on how to integrate coding with computational modeling in 

existing subjects, and a lack of research on which elements of computational modeling is 

relevant for teachers to integrate with coding and subject matter in high school.   

 

2.3.1 A constructionist didactical approach  
A constructionist approach to learning that involved students tinkering with the computer 

models’ interface and code have been used in this PhD study (Papert & Harel, 1991; 



Vygotsky, 1980). This involved students playfully manipulating the code of a computational 

model to generate and pursue questions in relation to the model, much as described in Wagh 

et al. (2017). This is especially important for students who are novices in computing and 

programming, as are the participants of the studies described in this dissertation (Nowack & 

Caspersen, 2014). Students were encouraged to use, modify, and create the models and code 

by giving them specific tasks to perform. Thus, the computer models are what Vygotsky 

conceived of as a semiotic sign meaning a representation for someone that could become a 

mediated activity for the student. Hereby the models, when appropriated by the student, 

results in a regulatory change in the students’ behavior, understanding etc. (Vygotsky, 1980). 

Computational modeling being an important part of CT, was the primary focus for the 

learning activities in the studies. The learning activities used computer models to address a 

domain specific phenomenon starting from outside the modelled phenomenon, looking at a 

simulation and an interface, and moving inside, looking at a computer program producing the 

simulation (Nowack & Caspersen, 2014).  

 

2.3.2 Educational psychology and pedagogical approach  
The inspiration for the pedagogy and didactic approach in this PhD study comes from 

important educational psychologists, primarily Jean Piaget, Jerome S. Bruner, and Lev S. 

Vygotsky. Piaget has contributed with his formal descriptions of the nature of the knowledge 

children exhibit at each stage of development, are especially important and beneficial 

contributions for many educational research studies and also for this research project. The 

learning activities and student assessments designed for the studies in this PhD work are all 

based on the notion of balance between what students can do through the activities and what 

the activities can do to the students. This balance is described by Piaget (1972) as a condition 

for adaptation by which the student becomes cable of acquiring and understanding the 

relevant subject matter. Bruner describe it as ‘patterns of growth’, how much of humans 

perception involves going beyond the information given through reliance on a model of the 

world of events that makes possible interpolation, extrapolation, and prediction (Bruner, 

1966, page 2). In Bruner’s early work he talks about how a learner conserves past experience 

in a model of the world, and what the rules are that govern storage and retrieval of 

information from this model (Bruner, 1966). He introduced three ways that humans 

accomplish this, by: action, visual or sensory (perceptual) organization, and in words or 

language. Hence, by enactive, iconic, and symbolic representations. The learning activities 

designed for this research all strive to activate these three ways of learning by acquiring the 



students to actively explore the computer models, present visual representations of the 

domain specific phenomena, and by asking the students to verbally and in writing, explain 

both computational and domain specific phenomena. 

 The approach of computational modeling, integrated into specific content knowledge 

by coding, offers an opportunity to elicit students mental models of a phenomenon before 

they are able to represent the phenomenon symbolically and verbally. The learning activities 

are based on the developed of the CMC framework, which integrates learning activities in 

coding, modeling, and content knowledge of a subject, in this case biotechnology. 

 By offering students the opportunity to act and visualize the phenomenon through the 

learning activities, the students primitive representations of the phenomenon are elicit 

(Bruner, 1990). This is true for the two domain specific phenomena (‘cell growth’ and 

‘protein synthesis’) chosen for this PhD study. And especially true for the computational 

phenomena (‘agents’, ‘procedures’ etc.), since students are expected to have even less 

symbolic representations for the computational phenomena, being novice programmers. The 

learning activities designed for these studies should lead to a computational empowerment 

enabling students to approach computing activities critically in their own education and in 

their lives in general by activating an ability to symbolic represent their computational wishes 

and beliefs. 

 The didactic approach included principles of tinkering (Maloney & Resnick, 2010) 

and of ‘use-modify-create’ (Lee et al., 2011). Phases like use, modify, create, and tinkering 

can represent different phases of students’ cognitive and practical activities in CT (Lee et al., 

2011).  Jacobson et al.’s (2015) description of how the progression from low structured 

learning activities to learning activity with a high degree of structure is a fruitful didactical 

approach in relation to students’ learning. These principles have been an inspiration for the 

design of the learning activities used in the two interventions.  

 The learning activities included tasks in which the students related to both the referent 

system, e.g. a biotechnological phenomenon, and the computer model system. They also 

included tasks related to students’ concept formation and abstraction processes 

(classification, aggregation, generalization, finding proper representations) and to students 

having discussions about the referent system in terms of the model system, especially as part 

of students’ computational modeling process (Nowack & Caspersen, 2014). 

 



2.4 Computing Education Research 

 

Computing education include both CT and computational modeling. The field of ‘computing 

education research’ is relatively newly established (Daniels & Pears, 2012). A look at the rise 

of the supporting organizations, movements, and national programs of the field , e.g. the 

Computer Science Teachers Association (CSTA), FabLabs, and CS4All in the US and 

Informatics for All in EU, shows that these are also all relatively newly established (CSTA in 

2004, Fablabs in 2013, CS4All in 2016. and Informatics for all, 2018) ( Blikstein & 

Moghadam, 2019; Caspersen et al., 2019). As another example, CSEdGrad (CS Education 

Graduates, 2021), a new initiative exploring the pathways of future computing education 

researchers and their current needs as a community, have been supported by the NSF, and is 

currently led by Michigan State University and Purdue University. A survey conducted 

among the members of the CSEdGrad community in early 2021 received a strong response 

and revealed an interest among the members in face-to-face gatherings, special interest 

groups, and access to rich resources. These activities all indicate a need for new researchers 

in the field to establish a foundation for the further work of the research field.   

 Computing Education Research seeks to build a theoretical understanding of how 

students learn computing concepts and processes and draws on both educational psychology 

and learning sciences. The computing education research community have been described as 

commonly devising new constructs by use of grounded theory, phenomenography, and 

various statistical models (Malmi et al., 2019), and with a research focus on improving 

practices, improving the understanding of practices, and improving the situation in which the 

practices takes place (Daniels & Pears, 2012).  

 Computing education researchers might often create educational technologies to 

support the learning and teaching of computing (Fincher et al., 2019). But computing 

education research is not explicitly concerned with the broader use of technology in learning, 

teaching, and education. It's specifically concerned with the learning and teaching of 

computing in particular. Computing education research is also not just about programming, 

or even just about computer science education, but also about all of the phenomena 

surrounding computing, including CT and modeling, computational literacy, data, 

information, empowerment, ethics, and sociocultural and sociopolitical views of computing 

in society (Nelson & Ko, 2019). Hence, computing education research is positioned to 

address questions about how to integrate computing into other disciplines. Furthermore, how 



to broaden and retain students in computing education, deliver computing education, and 

offer computational literacy equally to all (Cooper et al., 2014; 2016). Research related to 

teachers professional development, evaluation of students’ learning using mixed methods, 

and literature reviews that can identify areas for future research are of particular interest 

(Fincher et al., 2019). The contributions from the papers of this dissertation is in line with 

both the research call on students’ learning of computing, in particular computational 

modeling and subject matter, and on teachers professional development by providing a 

template for developing and evaluating teaching activities. Paper 5 presents a literature 

survey on how research papers on CT in education articulates empowerment as an end-goal 

for CT in education. As Weintrop et al. (2020) point out, it is time to begin considering how 

computing education can have alternative endpoints, as not necessarily an education of future 

professional software developers, for learners that better reflect the ways computing is 

impacting their lives.  

 

2.5 Computing in Education 

 

There are several rationales for justifying computing education as proposed by Blikstein & 

Moghadam (2019). These include, but are not limited to, the CT rationale, the computational 

literacy rationale, and the empowerment and equity of participation rationale. As described in 

section 2.1 Wing argued that CT “represents a universally applicable attitude and skill set 

everyone, not just computer scientists, would be eager to learn and use.” (Wing, 2006, p.33). 

Although most people will probably agree that CT is a desirable skill or competence worth 

learning, it is an over-ambitious statement. One could ask why e.g. artists, politicians, and 

blue-workers would want to learn CT. The quote by Wing (2006) reflects a rapidly growing 

interest in learning to use computing in a broad array of professional activities, particular in 

fields such as biology, physics, social science, finance, and mathematics (Li et al., 2020a). 

Naturally, this growing interest is related to the design of educational systems, as not only 

professional activities, but the increasingly digital nature of our world in general requires that 

all learners feel empowered to understand and participate in computational activities and 

have access to computing education. Hence, researchers have focused on the effect of 

computing education and the alignment of computing education. In an attempt to align 

computing education, in a statewide setting in the US, a survey on computing education 

pathways was presented by Guzdial et al. (2012). Results, gathered from students 



participating in introductory computing classes, showed that having computing experience 

from high school may have played a role in students’ choice on participating in an 

introductory computing course in college. Kafura and Tatar (2011) investigated the effect of 

computing education and found that a course on CT and modeling had deepened and 

broadened college students’ reflection and  understanding of computer science. These studies 

indicate that courses on CT, in high school and college, can spark students’ interest in, and 

understanding of, computing. 

 Therefore, access to computing education for all students is important. This can be 

ensured by offering specific courses on CT and computer science, but also by integrating CT 

into existing subjects. By integrating CT into educational systems, a discussion of how to 

foster and align students’ CT competences, skills, and practices is necessary. But just as 

importantly, a discussion of what students will gain from achieving these CT competences, 

skill, and practices, leading to why CT should be introduced into the educational system is 

also necessary.   

 

2.5.1 Computing education: a two tier strategy 

In Europe, several countries have focused on implementing CT into existing school curricula 

or developing new curricula for CT (Caspersen et al., 2019; Caspersen, 2018c; Heintz et al., 

2015, Lamprou & Repenning et al., 2018). Slovakia was one of the first countries in Europe 

to implement CT into education by introducing ‘educational programming’ into primary 

schools in 2008 (Gujberova & Kalas, 2013). England was also among the first countries in 

Europe to build and implement CT into primary and secondary school systems, and have 

already harvested the first solid experiences in this field.  Since the publication of an 

evaluation report, aligning computing education across England, was published in 2017 

research into how to improve the opportunities for both researchers, developers, teachers and 

students have begun (Jones, 2013; The Royal Society, 2017). 

 In Denmark computing education became a major concern not only for educators, but 

also for curriculum developers and policy makers within the past decade. In 2017, Danmarks 

Vækstråd (The Danish Council for Growth), an advisory board for the Danish Government 

since 2006, recommended that CT should be integrated into, and compulsory at, all levels in 

the Danish educational system. The implementation of a new subject ”Technology 

Comprehension” into primary and lower secondary schools in Denmark was developed and 

is being tested and evaluated at the moment, from 2019 to 2021, as part of an initiative by the 



Danish Ministry of Education (Thukala et al., 2019; Caspersen, 2021b). Also, in 2017 a 

whole chapter of the textbook, used throughout Denmark for educating high school teachers 

in general pedagogy and didactics, was dedicated to CT in high school education (Caspersen, 

2017). Approaches to integrate CT into education also received attention from funding 

bodies, e.g. The Villum Foundation and Central Denmark Region. A brief was commissioned 

by The Villum Foundation to cast light on the research area of CT in education 

internationally and in Denmark particularly (Caspersen et al., 2018a), and The Central 

Region of Jutland funded one of the first projects to implement CT into high school education 

in Denmark as part of The Central Jutland Technology Pact  (The Central Jutland 

Technology Pact, 2018; Computational Thinking in Secondary Education, 2018) 

 This indicates that there is a two tier strategy as to how computing can be 

implemented into education: ‘CT as a subject’ or ‘CT in existing subjects’. These two 

strategies have been described in the research literature (Caspersen et al., 2018b; Caspersen et 

al., 2019), and phrased by Shuchi Grover in “A tale of two CTs” in 2018: ’CT as a thinking 

skill for computer science classrooms’ and ‘CT as a thinking skill/problem solving approach 

in non-CS settings’ (Grover, 2018). But as pointed out by Weintrop et al. (2020) many 

national efforts tend to focus on economic concerns and concerns related to personal 

creativity and empowerment. However, computing education programs focus on students 

learning the skills and practices of professional software developers. Weintrop et al. argue for 

taking the “For All” (in “CS For All”, https://www.csforall.org/) seriously and consider 

alternative endpoints for computing education by having computing education targeting all 

students regardless of school, age, and interests (Weintrop et al., 2020). In Denmark the 

subject in computing education for primary and lower secondary education, named 

“Technology Comprehension” (Caspersen, 2021b), is perhaps one of the only and newest 

attempts to follow this advice. While computing curricula of many countries essentially have 

taken university curricula and adapted them for secondary and even primary school levels, 

the curriculum of the Danish subject stands out in the sense that the approach is much 

thorough, broader and considers the social aspects of computing, hereby rethinking the needs 

of the pupil population to infuse general digital competences for all pupils (Kölling, 2021; 

Guzdial, 2021). While the work in this PhD study is aligned with and welcomes the effort of 

Weintrop et al. (2020), there seems to be a need for further research into the empowerment 

aspect of both the national efforts and of the computing education programs (Iversen et al., 

2018). Computational empowerment has been suggested as a lever for building educational 

programs that include both the approach to engage students in developing personal 



meaningful applications that have an impact on the real world, and the approach to have 

students create impactful technology (Tissenbaum et al.; 2017).  

 However, more research is needed into how CT should be integrated into existing 

education, especially in primary and secondary education (Guzdial, 2015; Guzdial et al, 

2019; Lee et al., 2020a). And in particularly, relatively few research studies have been 

conducted towards creating frameworks and guidelines for integrating and assessing CT into 

existing high school education (Grover & Pea, 2013; Tang et al., 2020).  

 In the future, computing education research will strengthen the field of computing. 

Understanding how students think about computing and how computing activities can 

improve their learning will have impacts on how to design the interface between humans and 

computers. Teachers will have access to validated and established pedagogical instruments 

and assessment tools. The training of K-12 teachers will follow established guidelines, 

principles, and methods. Departments with faculty interested in computing education 

research or interested in hiring in this area, will realize that a number of models for successful 

appointments and collaborations exist (Voogt et al., 2015; Guzdial, 2015). 

 In summary, the concepts of CT and computing education have gained increasing 

interest in the research literature within this century, as a quick search of the ACM digital 

library database supports. The number of research papers containing ‘CT’ in the title 

increased nearly tenfold from 4 in year 2000 to 35 papers in 2020, as well as the number of 

papers including ‘computing education’ in the title tripled from 32 in year 2000 to 102 papers 

in 2020. In the same time interval the number of papers including ‘computer’ in the title 

doubled from 489 to 1127 papers. However, there are still under-researched areas of CT and 

computing education. The PhD study focusses especially on questions of how to introduce 

coding and computational modeling, as part of existing education in high school, and what 

students learn by participating in such teaching activities integrating coding, modeling and 

content matter. Given that these questions are answered they give rise to the question of what 

aspects of computational empowerment can students obtain from learning computational 

modeling and coding. 

 

3 Method 
 

 The overall research question for this PhD study was” What and how do students 

learn by integrating computational modeling and coding into Biotechnology?”. To answer 

this question the research project made use of both quantitative and qualitative methods to 



research aspects of computing education such as students’ learning and teachers assimilation 

of computing into existing subjects, which is relevant for both students, teachers, and high 

schools. 

 

3.1 Research design 

 

The research project used a concurrent mixed methods design. It was longitudinal and 

consisted of iterative cycles of design, enactment, analysis, and redesign of sharable design 

strategies (Design-Based Research Collective, 2003). The design-based research project 

consisted of five studies. The first took place in late 2018, the second during 2020 and 2021. 

The third study was initiated in 2019 and ran into 2020. The fourth study took place during 

autumn 2019 and spring 2020, and the fifth study was initiated in 2020 and finished in 2021 

(see Table 3).  

 The didactical framework, CMC, was developed in the first study (study I) and 

applied in the next three studies (study II, III, IV). The CMC framework integrates coding 

activities (C) with computational modeling (M) and specific content matter (C) related to the 

phenomenon represented in the computer model and to an existing subject. 

 In study I, six modules consisting of learning activities and computer models in 

participation with three high school teachers were designed. The phenomena represented in 

the computer models were taken from the subjects of biotechnology, chemistry, biology, and 

social science. Each of the six modules centered around one specific phenomenon in 

biotechnology, chemistry, biology, and social science respectively. Social science represented 

by three different modules and phenomena. The six modules were tested by 15 high school 

teachers from nine different high schools in their classroom, without researchers and 

developers being present. 210 students participated in the learning activities. All students 

answered an online questionnaire containing domain specific questions and identical 

questions throughout the six modules regarding CT and modeling. 

 For the second study, two nearly identical professional development courses were 

designed and offered to 86 randomly chosen in-service high school teachers from 44 high 

schools and representing 12 different subjects. The two courses differed on one parameter. 

One course included agent-based modeling in NetLogo the other course did not. Otherwise 

the two courses provided the participants with comparable training and lasted the same 

amount of time. 



 For study III and IV, a two-module curriculum was designed including both content, 

modeling, and coding activities and centered around cell growth and protein synthesis. The 

curriculum was progressing in complexity. For the third study the design was a two-group 

intervention study using mixed methods and comparison and intervention groups. The 

comparison group in the third study was given traditional biology teaching mainly consisting 

of blackboard teaching focusing on the biology models presented in the traditional textbook 

(Egebo et al., 2017). In contrast, the intervention group was exposed to the same biological 

concepts in the same amount of time as the comparison group but used computer models 

designed for the interventions. This was done both through similar learning activities to those 

in the comparison group and via interaction with a computational model developed in 

NetLogo (Wilensky, 1999). Students in the intervention group were offered a 120-minute 

intervention on cell growth, including 15 minutes of direct instruction about relevant biology 

and computing. Data were collected before, during and after the interventions, as well as two 

weeks after the intervention. Subsequently, after the third study, all students were pooled into 

one group. This group participated in the fourth study focused on the phenomenon of protein 

synthesis using a separate computational model and biological curriculum. The same 118 

students from four different high schools participated in study III and IV. 

 For study V 210 papers were analyzed and rated by independent researchers for the 

use of the term empowerment. 

 The activities of the PhD study took place as visualized in the timeline below (Table 

3). 

 

Timeline Autumn ‘18 Spring ‘19 Autumn 

‘19 

Spring 

‘20 

Autumn 

‘20 

Spring 

‘21 

Autumn 

‘21 

Study I III III, IV III, IV, V II, V II, V V 

Study: 

Research 

objective

s 

Study I: 

Integrate  CT  

and 

computationa

l modeling 

into existing 

subjects in 

high school 

education 

Study III: 

Assessing 

students’ 

learning of 

computationa

l modeling 

and subject 

matter 

Study IV: 

Assessing 

students’ 

embodied 

learning of 

CT + study 

IV 

Study V: 

Survey CT  

and 

empowerme

nt in 

computing 

education 

literature + 

study III, V 

Study II: 

Developing 

in-service 

high school 

teachers’ 

understandin

g of CT  and 

computation

al modeling 

+ study V 

Study 

II + 

study 

V 

Study 

V 

Table 3: Timeline, studies, and research objectives. 



 

 The PhD study presents a first step towards a generic approach to integrating CT into 

subjects, in which the specific subject is subordinate. Therefore, the research design took its 

onset in four different high school subjects represented in study I by 15 teachers and 210 

students, to investigate if the framework was fruitful for different subjects. The research 

design then increased the number of teachers participating in study II compared to study I, 

from 15 to 86 teachers, and the number of represented subject from four to 12 respectively, in 

order to investigate if the development of a template for evaluating teaching activities on 

computational modeling was applicable to high school teachers and subjects in general. 

Having established a fruitful framework and an applicable template for designing and 

evaluating teaching activities on CT and computational modeling, the research design was 

designed to focus on investigating how and what students learn by participating in learning 

activities on computational modeling in study III. The number of students were reduced 

compared to study I and included 118 students for study  III. Of the 118 students participating 

in study  III,  28 students were selected for study IV. Study IV represented a new approach to 

investigating students’ learning of CT and used videorecording for analyzing students’ 

gestures. Hence this study used a smaller number of students compared to study I and III, as 

each student produced a large number of data for analysis. Finally, the research design 

changed from intervention studies to a literature survey for study V. The study included 210 

papers from the  computing education research community on empowerment in relation to 

CT in education. This study was conducted as a narrative review in order to capture the 

overall tendencies in how empowerment is articulated in recent research literature. 

 Although the specific subject can be almost all subjects present in the Danish high 

schools, for the third and fourth study described in this dissertation the particular subject 

chosen was biotechnology. Biotechnology is a subject introduced into the Danish high school 

education approximately a decade ago in 2007 (Egebo et al., 2017), and only offered as an A-

level subject. Biotechnology combines biology and chemistry with an emphasis on authentic 

techniques and methods used in the field. The author holds a master degree in biology, a 

supplement in chemistry and biotechnology and knowledge of computer science from courses 

in “Introduction to programming”1, “Fundamentals of NetLogo”2, “ICER2019 Doctoral 

Consortium”3 and “Research in Computing Education”4. The author does not have an 

academic background in the learning sciences, but has over ten years of experience as a high 

school teacher in biotechnology, biology, and chemistry, and have played the leading role in 

introducing biotechnology as a new subject into the largest high school in Denmark, thus, the 



subject of Biotechnology was a natural choice for this PhD study. For the purpose of paper 1 

through 5, the term biotechnology has been replaced by the term biology. This is in order to 

frame the work described in the papers so that a computing education researcher from any 

geographical area can relate to the designation of the subject. The term Biotechnology is only 

being used as a term describing a subject in high schools (‘gymnasium’) in Germany and 

Denmark to the knowledge of the author. 

1 https://kursuskatalog.au.dk/da/course/91950/Introduktion-til-programmering (visited 15.10.2021) 

2 https://www.complexityexplorer.org/courses/84-fundamentals-of-netlogo (visited 15.10.2021) 

3 https://archive.icer.acm.org/icer-2019/doctoral-consortium/ (visited 15.10.2021) 

4 https://www.ntnu.edu/excited/call-for-participants-excited-summer-school-2019 (visited 15.10.2021) 

 

 

3.1.1 Participants 
The first study included 210 students and 15 teachers. the students and teachers came from 

nine different high schools throughout central Denmark. The students attended either 

biotechnology, chemistry, biology, or social science and were either first, second or third year 

students in high school. 

 The  participants in the second study were 86 in-service high school teachers, 26 

female and 60 male, from 44 different high schools throughout Denmark. The teachers taught 

12 different subjects including both the natural sciences, the social sciences, and the 

humanities. Less than 10% of all participating teachers identified themselves as having any 

experience with programming before participating in the study. 

 The third and fourth study included 118 students, 70 % female and 30 % male. The  

students came from five different biotechnology classes in four different high schools 

distributed in Jutland, Denmark. The students’ age range was between 16 and 19 years of 

age. More than 63% of the students identified them self as novice and only 3% as having 

comprehensive experience with programming. All students were taught by the same textbook 

(Egebo et al., 2017).  All students had chosen Biotechnology A as their main subject 

throughout the three years of their high school education. Apart from the main subject the 

students chose a smaller subject as an elective during the three years. Their choices, as 

reported by them self, were very diverse, ranging from music to astronomy, representing 16 

elective subjects in total. Five teachers participated in the interventions. One for each class of 

students. Four teachers were female and one male. The teachers age ranged from 38 to 61 

years of age. All teachers had more than 10 years of experience in teaching Biology and 

Biotechnology. Four school participated in the two studies. The schools had different 

https://kursuskatalog.au.dk/da/course/91950/Introduktion-til-programmering
https://www.complexityexplorer.org/courses/84-fundamentals-of-netlogo
https://archive.icer.acm.org/icer-2019/doctoral-consortium/
https://www.ntnu.edu/excited/call-for-participants-excited-summer-school-2019


socioeconomic range, but all were within the range of 90% of all high schools in Denmark 

(Secondary Educations, 2020). The high schools were located in three different regions of 

Jutland, Denmark. The total number of students attending each school ranged from 

approximately 700 to 1500 students. 

 The fifth study was a literature survey by coding 210 papers. Four researchers 

participated in conducting the survey and analyzing the results.  

 Table 4 presents an overview of the interventions and the participants. 

 

Study 

 

Domain specific 

theme 

Number of 

students or 

teachers 

Design Computer 

models 

Instruments 

I 

 

Biotechnology: Cell 

membrane 

Chemistry: Equilibrium 

Biology: Heart 

Social Science: 

Intervention, welfare, 

economic circuit 

210 students Design-based.  

Mixed methods. 

Quantitative and 

qualitative data. 

Six models Questionnaires 

Log files 

Semi-structured 

interviews 

II 

 

12 different high school 

subjects 

86 teachers Design-based. 

Mixed methods. 

Quantitative and 

qualitative data. 

51 models (see: 

https://library.ct-

denmark.org/ ) 

Questionnaire  

Teacher produced 

learning activities 

III 

 

Biotechnology: Cell 

growth 

N=81 students 

in intervention 

group 

N= 37 students 

in comparison 

group 

Intervention study. 

Mixed methods. 

Quantitative and 

qualitative data. 

Model 1(see 

appendix F) 

Concept maps 

Log files 

BCI 

Questionnaire 

 

 

IV 

 

Biotechnology: Protein 

synthesis: transcription 

and translation 

N=118 students 

in intervention 

group 

Intervention study. 

Mixed methods.  

Quantitative and 

qualitative data. 

Model 2a 

Model 2b 

(see appendix G 

and H) 

ScreenCast-O-

Matic 

Video recording 

 

V 

 

Papers concerned with 

CT  in an educational 

context and 

empowerment 

210 papers Extracting sentences 

and paragraphs 

containing the term 

“*mpower” 

Coding the 

sentences according 

to an existing 

taxonomy. 

 Python script for 

extracting 

sentences. 

Existing taxonomy 

of empowerment 

Table 4. Overview of the studies and participants included in this study. 

 

https://library.ct-denmark.org/
https://library.ct-denmark.org/


 

3.1.2 Learning objectives in CT and Biotechnology 
According to Denning (2017) only vague definitions of CT have been produced so far. But 

learning objectives have been suggested (Computing at School, 2021; Denning, 2017), 

although they are often abstractly described by terms such as: algorithms, programming, data, 

hardware, communication, and technology. In this PhD study the learning objectives in CT 

were inspired by early descriptions of CT competences by Brennan & Resnick (2012) and 

Wing (2011) such as model understanding, understanding the relation between subject and 

model, and between representation and code and being able to modify code. The overall goal 

was for students to understand how the design of a computational model relates to a 

biotechnological phenomenon and to understand the concept of “stepwise improvement” as a 

general approach to incremental development of computer models Caspersen &  Kölling, 

2009; Caspersen & Nowack, 2013c). This includes students understanding program syntax 

and realizing how a program can be decomposed into smaller parts. It also meant finding 

patterns in the small parts, realizing that small parts of the program can be reused in other 

programs and, by this, designing and adjusting algorithmic descriptions. 

 The learning objectives focused on students’ knowledge of the concept of variables 

and values, statements, loops, if-sentences, and program structure. More specifically, the 

students should learn to navigate, use, and modify a NetLogo program including changing 

values of variables, modifying a procedure, introducing new breeds of agents, and adding 

procedures by copying and modifying existing procedures. In order to perform the latter, 

students’ also need to understand the overall structure of a NetLogo program, e.g. understand 

when to add breeds of agents. Hence, students should be able to understand how 

biotechnological concepts and sub-phenomena are represented in a NetLogo program (see 

Figure 2). Figure 2 presents the learning objectives of CT that have been the foundation for 

designing learning activities in this work. The figure illustrates a progression from students 

being able to use and interact with a NetLogo model, over the ability to change small 

elements of code to modify the model for a specific purpose, to introducing new elements 

and even behaviors to the model by adding new procedures. 

 

Learning goals in CT 

Interact with a NetLogo model 

Change value of a variable 

Modify a procedure 



Introducing new breeds of agents 

Adding procedures 

Figure 2. Learning objectives for Computational Thinking (CT). 

 

 Protein synthesis was represented in the two studies each centered on a sub-

phenomenon, namely cell growth and protein production. The phenomena were connected by 

an overarching story about the Danish company Novo Nordisk and the company’s production 

of the protein Insulin for medical purposes by genetical engineered yeast cells and an overall 

driving question of how to increase the production of Insulin.  

 In study III and IV the learning objectives for biotechnology were related to the 

phenomenon of ‘The central dogma’ which is a concept describing the flow of genetic 

information within a biological system (See Figure 3). Figure 3 illustrates how genetic 

information is stored in DNA molecules and can be transcribed to RNA molecules used for 

producing protein by translating the RNA molecule to protein. Firstly, the focus was on cell 

growth and on the industrial production of the protein Insulin, using genetically engineered 

yeast cell as an example. Figure 4 (taken from students’ textbook) is a traditional way of 

illustrating the growth of cells to students in textbooks. The plot in figure 4 is reproduced in 

computer model 1 used for study III, as an output of running the simulation. This can be seen 

by comparing figure 3 with the interface of model 1 (Appendix F). 

Secondly, the focus of study III and IV was on the molecular production of Insulin and 

specifically of the subprocesses protein synthesis: transcription and translation (see Figure 5 

and 6, also taken from students’ textbook). Sub-concepts such as growth factors, gene 

regulation, and protein structure were addresses in student tasks as questions during the 

learning activities.  

 

 
Figure 3. Model of ‘the central dogma’ from students’ textbook (Egebo et al. 2017). 

 

 

 

 



 

 
Figure 4. Model of cell growth from students’ textbook (Egebo et al., 2017). 

 

 

 Figure 5 and 6 illustrates the concepts of transcription of DNA molecules to RNA 

molecules (Figure 5) and of translation of RNA molecules to protein (Figure 6). The 

representation of the DNA molecules as two strands of nucleotides, illustrated by the letters 

A, T, G, C, in figure 5 is repeated in model 2a, which can be seen by comparing figure 5 with 

the interface of model 2a (Appendix G). Likewise, the representation of RNA molecules as a 

one strand molecule of nucleotides in figure 5 can also be seen in model 2a. Figure 6, 

representing the concept of translation, illustrates the process of producing protein from RNA 

molecules. The RNA molecule is again illustrated by a single strand of nucleotides, which is 

also the representation chosen for model 2b, which can be seen by comparing figure 6 with 

the interface of model 2b (Appendix H). The protein being produced is illustrated by green 

‘pearls’ connected as a string in figure 6. The same way of representing the protein molecules 

can be seen in model 2b, in which the protein molecule is built of green ‘pearls’. The 

illustrations in figure 5 and 6 also contains elements, named ‘RNA-polymerase’ and 

‘ribosom’, that are also included in model 2a and 2b. 

 The representations for model 1, model 2a, and model 2b, of the concepts of cell 

growth, transcription, and translation were chosen to help students make connections to their 

own prior content knowledge of these concepts and hence, help students transfer knowledge 

from the subject domain of biotechnology to the domain of the computer model. 

 Students often exhibit misconceptions in learning central biotechnological generic 

concepts of randomness and variation, and feedback mechanisms and the genetic code 

(Klymkowsky et al., 2010; Anderson & McKenzie, 2010;  Duit, 2009; D’Avanzo, 2008; 

Garvin-Doxas & Klymkowsky, 2008; Klymkowsky & Garvin-Doxas, 2008). These concepts 

were represented in the code of the computer models (1, 2a, 2b) and addressed in specific 

tasks for the students to solve during the learning activities. Hence, common misconceptions 

in biotechnology were taken into consideration when designing computer models and 

learning activities. An example was asking students to describe “the life of a yeast cell” from 



their understanding of the code in model 1. This fostered an understanding among students of 

the development of a yeast cell as something influenced by randomness and variation.  

 

 

 
Figure 5. Model of transcription of DNA to mRNA from students’ textbook (Egebo et al., 2017). 

 

 

 

 

 
Figure 6. Model of translation of mRNA to protein from students’ textbook (Egebo et al., 2017). 

 

 

3.1.3 Learning activities 
The design of the learning activities for study I, II, III, and IV followed the CMC  approach 

(described in Paper 1) with an emphasis on the computational modeling parameters as 

described in Paper 2. See section 2.3.2 “Educational psychology and pedagogical approach” 

for a detailed description of the CMC approach. 

 The learning activities included three phases: a tinkering, an explorative, and a 

discussion phase (see section 2.3.1 ” A constructionist didactical approach ”) . The latter 

focusing on students’ perception of using computational models for learning Biotechnology. 

The activities took a constructionistic approach, taking their onset in a tinkering phase in 

which students examined, used, and tinkered with a predesigned computational model 

representing parts of the phenomenon of cell growth or protein synthesis. The tinkering phase 

was replaced by an explorative phase in which the students identified groups of agents, their 

appearance and behavior and tested the models for their range of application. Subsequently, 

students were asked to modify the models by changing the code. Activities in this phase 

ranged from changing values of a variable, to tasks such as creating code by creating a new 



procedure for the models and evaluating models. During the learning activities the students 

were also asked to answer validated questions from the Biology Concept Inventory (BCI), 

open-ended questions regarding the representation of the phenomenon in the model (both in 

the code and in the interface) and verbally explain specific procedures in the code and how 

the procedures relates to the biotechnological phenomena.  

 In all four studies, students used personal individual lab top computers for the 

computational modeling exercises and the comparison exercises.   

 In study I the teachers lead the session after having received a short two hours 

introduction to the designed activities and models beforehand.  

 In study II teachers produced their own teaching activities after having received an 

introduction to the CMC framework. 

 For study III and IV the author of this dissertation led the interventions with both the 

intervention groups and the comparison group in collaboration with the relevant classroom 

teacher. Every student was asked to create a concept map of cell growth or protein synthesis 

at the beginning of each intervention. Log files from students in both studies were kept on the 

students’ computers till the end of the interventions and then collected by the author. Open-

ended questions, asking students to describe the phenomenon represented in the model and 

the procedures in the code, were posed to all students of both studies. In study III students 

worked in groups to create video recordings of maximum of two minutes using the software 

ScreenCast-O-Matic (Priowijanto, 2013) of themselves explaining specific pieces of code.  

After instruction, all students filled out an online questionnaire measuring subject knowledge, 

in biotechnology, by use of questions from the Biology Content Inventory (Klymkowsky & 

Garvin-Doxas, 2008). At the end of each intervention students created concept maps once 

again.  The concept map exercise was repeated 9-15 days after the interventions.  

 

 3.1.3.1 Comparison Group 

The comparison groups in study III received an introduction to the biotechnological 

phenomenon by the author and thereafter performed tasks focused on models of the 

phenomenon as it was represented in the textbook. The learning activities for the students in 

the comparison groups were designed to align with the activities for the students in the 

intervention groups but using the traditional textbook, instead of the computer models. The 

learning activities of the comparison groups had a duration time similar to the duration of the 

learning activities of the intervention group. 

 



3.1.3.2 Intervention Group 

For the four studies I, II, III, and IV learning activities focused on the computing concepts of 

variables, values, and conditionals, with a gradual progression into introducing whole 

procedures and program structure. Domain specific phenomena were represented in a 

computer model visualizing both a simulation of the specific phenomenon and the code (See 

section 3.4 for a detailed description of the models used in study III and IV). The students 

received an introduction to the domain specific phenomenon by the teacher (in study I and II) 

and by the author (in study III and IV), but no explicit instruction introduced the 

computational environment. Instead learning was thought to arise from semi-structured 

interaction with the system. The first task in the learning activities acquired students to 

explore and tinker with the interface and describe, in as much detail as possible, the 

phenomenon that was represented by the simulation in the interface. Students were then 

asked to modify the characteristics of specific agents by introducing changes to the code and 

asked to argue why they chose to make the specific changes. During the computational 

interventions in study II and III, students were also asked to comment on specific procedures 

in the model system and finally asked to identify a major improvement to the model and 

create a new procedure in the program to accommodate this improvement (in study III). 

 

3.2 Agent-based modeling in education 

 

An agent-based modeling approach was used to design interventions for integrating CT into 

existing subjects in high school. Agent-based computational modeling uses individual 

computational entities with appearance and behavior described by simple rules in relation to 

the domain specific phenomenon they describe and enact. When the code in an agent-based 

computer model is executed, a simulation, in which the modelled biological phenomenon 

emerge, is visualized. 

 The concept behind ABM is the observation of simultaneous and multiple interactions 

of agents or programmed instructed entities through simulated environments. In developing 

these simulated environments, predictions of emergent phenomena can be evaluated. With an 

ABM, macro or high-level system properties can emerge from lower-level system 

interactions. Moreover, large scale state changes will emerge from micro-scale agent 

behaviors generated from system-level interactions (Wilensky & Rand, 2015). 



There is a significant potential for learning by integrating agent-based modeling in science 

education. While science education relies heavily on the complex language of mathematics to 

describe science phenomena, the language of programming simplifies and eliminate much of 

the complexity when describing the same phenomena. By using appropriate tools in 

education it becomes possible to focus on a new approach and method in all scientific 

domains where computing offers its own specific way of thinking to describe and explain 

scientific phenomena (Caspersen et al., 2018b). 

 The vision of using ABM in education stem from Papert’s seminal book 

‘Mindstorms’, in which he emphasized that the essence of the computer was its universality 

that gave power to the computational thinker to simulate real-world phenomena with the 

computer (Papert, 1980). He developed an educational programming language called Logo 

and a physical device, a ‘turtle’, to be programmed by it. Papert applied ‘Constructionism’ as 

a design and learning theory building on the ideas of Jean Piaget’s learning theory 

‘Constructivism’. However, constructionism is focused not only on learning processes, which 

is the main focus in constructionism, but also on the design processes leading to 

computational products as something meaningful for each student to show and share among 

fellow students. Hence, within constructionism the development of adequate computational 

learning tools for students to use, modify, create, and construct is important (Wilensky & 

Papert, 2010). 

 Papert’s two doctorial students, Mitchel Resnick and Uri Wilensky carried this vision 

further by developing agent-based programming environments for educational use in both 

primary and secondary education, i.e. Scratch and NetLogo, respectively (Resnick, 1992; 

Resnick, 1996a; Resnick, 1996b; Resnick, 1996c), (Wilensky & Resnick, 1999; Wilensky, 

2006; Wilensky & Rand, 2015; Weintrop et al, 2016). Also, Alex Repenning have developed 

agent-based programming environments for primary education, i.e. AgentSheet and 

AgentCubes (Repenning, 2000; Ioannidou et al., 2009). These environments have mainly 

been used to introduce programming through a game-based approach (Basawapatna et al., 

2010) but are also now being used as an introduction to computational modeling in courses 

for teachers. In Switzerland, the future teacher workforce in primary schools are now being 

introduced to AgentCubes as part of a national curriculum for education (Lamprou & 

Repenning, 2018).  

 Other researchers associated with Wilensky and the development of NetLogo are 

Abrahamson and Blikstein (Blikstein et al., 2005). While Abrahamson have pursued the 

embodied learning approach and designed computational tools for children to physical 



interact with while learning subject matter, such as the Mathematics Imagery Trainer 

(Abrahamson & Sánchez-García, 2016), Blikstein is currently working on enabling primary 

and lower secondary students to modify computer models by providing domain specific code 

blocks and integrating data science elements in the NetLogo environment DeltaTick 

(Fernandez et  al., 2021). Finally, Weintrop, who also contributed to the development of 

NetLogo, have researched how a definition of CT can be developed from the perspective of 

practitioners in STEM (Weintrop et al., 2016). Recently Weintrop have argued for a broader 

approach to integrating CT into educational systems by considering various endpoints of 

computing education (Weintrop et al., 2020). The work of the above mentioned researchers 

are important as background and beacons for the research described in this PhD study. 

Especially, the embodied approach to cognition by Abrahamson has been an inspiration for 

study IV. And for study I-III, the definition of CT presented by Weintrop et al. (2016) with 

an emphasis on computational models and simulations has inspired our choices of 

programming environment and the development of the CMC framework. Blikstein and 

Weintrops approach to coding activities has served as a background for developing teaching 

activities in study I-IV, and Weintrop et al.’s description of alternative endpoint for 

computing education as inspiration for study V. 

 

3.3 NetLogo  

 

The work described in this dissertation is based on the use of NetLogo as an agent-based 

programming environment. NetLogo, developed by Wilensky, is an open-source multi-agent 

programming and modeling environment for simulating complex phenomena, developed with 

multiple audiences in mind (Wilensky, 1999). NetLogo is optimized for the use, 

modification, and creation of agents by providing a programming language easily 

understandable for novice programmers. The programming philosophy of NetLogo: “low-

threshold, high-ceiling” is inspired by Logo, a programming language designed earlier by S. 

Papert, who was the doctorial supervisor of U. Wilensky (Blikstein et al., 2005).  

NetLogo uses four types of agents: turtles, patches, links, and the observer. For the models 

designed in study II and III, only the first three are used, and primarily the first two. Turtles 

are agents that can move around in the ‘world’. The ‘world’ is a two dimensional square 

divided into a grid of patches. Patches are small squares of ground, over which turtles can 

move. Patches cannot move around, but otherwise have the same properties as turtles. Links 

are agents that connects two turtles. When using NetLogo models the user can give 



instructions to hundreds or thousands of independent “agents” all operating concurrently, and 

agents can be collected into ‘agent sets’ (Tisue & Wilensky, 2004).  

 In NetLogo the main window is divided into tabs and you have the choice of viewing 

a model’s interface, code or info tab. The interface tab is where you watch the model run. 

You start by pressing ‘setup’ which create a ‘world’ in which agents (turtles, patches, and 

maybe links) appear. By pressing ‘go’ the model start to run. Usually there are additional 

plots and sliders accompanying the ‘world’ in the interface view. The code tab is where the 

code for the model is stored. You can write commands in the code and save them for use 

later. Hence, next time you press ‘setup’ and ‘go’ in the interface, the model will use the 

commands you have written. The info tab provides an introduction to the model. It explains 

what phenomenon is being modeled and how to use the model. It also suggests things to 

explore in the model and special NetLogo features used in the model 

(https://ccl.northwestern.edu/netlogo/docs/). Blikstein demonstrated in 2010 (Blikstein, 2010) 

how computational models build in NetLogo can facilitate learning science in middle school 

education by integrating theory and computer models with physical models. Fuhrman et al. in 

2013 investigated if students should design and, or interact with computer models in science 

education. Fuhrman et al. define a model as “an abstract, simplified representation of a 

phenomenon that focuses on one of the phenomenon’s key elements and may be used in the 

production of an explanation or a prediction of that phenomenon ” (Fuhrman et al., 2013; 

p.483) and report that students gain metamodeling knowledge if they are engaged in 

designing the computational models as well as interacting with them (Fuhrman et al., 2013). 

Fuhrman et al. also concluded  that “When students perceive a model as imperfect, they tend 

to more carefully evaluate  the model and better address its limitations, leading to deeper 

learning about the phenomenon itself.” (Fuhrman et al., 2013; p.486). Other researchers have 

used agent-based computational modeling and have shown that it improves students’ 

knowledge acquisition of STEM subjects (Centola et al. 2013; Gautam et al. 2020; Sengupta 

and Farris, 2012; Wilensky & Reisman, 2006; Bortz et al., 2019). 

 The studies described in this dissertation explores the relationship between learning 

subject knowledge and computational modeling, i.e., students’ learning with computer 

models within the domain of biotechnology. In order to learn computational modeling, 

students should develop in a progression from basic to advanced skills of computing. This is 

a progression from basic computing skills such as the ability to read and understand program 

syntax, to more advanced competences such as modify and comment on the design and 

program-structure of a computational model. The work focuses on instantiations of 



abstractions that are important to understanding subject knowledge, especially 

biotechnological knowledge, including how students learn to choose between elements that 

represent structural similarity between the computing and biotechnological concepts. 

 

3.4 Computer models 

 

Three models for study III and IV were designed and developed during the PhD study. The 

approach was a model-based thinking and practice approach (Nowack & Caspersen, 2014). 

The models were designed and developed as a collaboration between a professional 

programmer (Palle Nowack) specializing in computational modeling and the author of this 

dissertation. The process was an iterative process including cycles of design, enactment, 

analysis, and redesign of the models.  

 One model (model 2 used in study IV) contained two sub-models. They were 

designed to be run simultaneously by NetLogo Level Space, an extension for NetLogo that 

allows modelers to easily build multilevel agent-based models (Hjorth et al., 2020). Hence, 

model 2a and 2b are connected and can run simultaneously, with model 2a producing agents 

(mRNA molecules) that are dynamically transferred on runtime into model 2b and appear in 

the “world” of model 2b’s interface as they are produced in model 2a. the phenomenon of 

protein synthesis is visualized as the sub-phenomenon of transcription, in model 2a, in which 

molecules of mRNA is being produced. The same molecules are then transferred to model 2b 

and appear as part of the sub-phenomenon of translation in model 2b. 

 The computer models used in the studies were designed primarily to serve as initial 

starting points and idea generators for students to tinker with, use and modify. Students could 

interact with models built as half-baked microworlds. A microworld is defined as a less 

developed representation of a phenomenon (Kynigos, 2007; Wagh et al., 2017).  

 Model 1 for instance, represents the phenomenon of “cell growth” (see Figure 7). The 

phenomenon was presented for the students in an introduction, given by the researcher, 

focusing on the production of the protein Insulin by yeast cells. The theory of cell growth and 

growth curves (see Figure 3) was highlighted in the introduction to the students. The same 

phenomenon was represented in the computer model (model 1). The students tinkered, used, 

and modified the model by relating it to their content knowledge of cell growth and cell 

curves. Especially, students modified the code by relating the existing code in the procedure 

‘lav-en-ny-turtle’ (‘make-a-new-turtle’) to their knowledge of specific properties of yeast 

cells, such as reproduction time. Hence, there was a close correlation between the parameters 



of the biotechnological phenomenon and the computer model, i.e. between a referent system, 

the subject domain of cell growth, and the computer system as described in Caspersen & 

Nowack (2013c). Figure 7 illustrates this correlation between the domain specific system and 

the model system, using model 1 as an example. The interface of model 1 can be seen in 

Appendix F and figure 5 can be used for comparison.  

 

 

 

Figure 7. Correlation between biotechnological concepts and computer model 1. 

 

 

 The models developed for study III and IV are purposely simplified in order to 

motivate the students to modify the models, as also Fuhrman et al. (2013) have argued for. 

The principle of designing simplified models apply to both the interface and code of the 

models. See the illustrations from students’ textbook (Figure 3, 4, 5, 6) for a comparison to 

the simplified computer models designed for study III and IV and appended in Appendix F, 

G, and H. This principle of simplicity, together with the evaluation template described in 

paper 2, have guided the development of the computer models for study III and IV. The 

modeling parameters included in the evaluation template are ideally all included in learning 

activities of computational modeling developed for integration into existing subjects in high 

school education. Parameter number one to eleven concerns the interface of the models, i.e. 

the referent system, and number 12 to 16 concern the code of the models, i.e. the model 

system. The parameters can be seen in Table 5. As can be seen in Table 5, the parameters 

concerning the model system correlates with the learning objectives for CT described in 

section 3.1.2. The parameters one to eleven are developed by inspiration of work done on 

Phenomenon: Cell growth

Introduction:
Theory of yeast cells
Production of Insulin

Cell growth, growth curve 
and phases

Learning activities:
Relate model to known subject knowledge

Identify phases of growth on the plot in model 1
Modify code relating to specific properties of 

yeastcells
Predict what happens if more yeast cells are added

Interface:
Plot: Growth curve

World: visual growth of yeast cells
Buttons: Setup and go, 
adding more yeast cells

NetLogo system:

Agents:
Yeast cells

Patches

Properties:
Turtles: color, age, 

shape, sprout, move, 
change size, die
Patches: color, 

with/without turtle, 

Code:
turtles move
turtles age

turtles change size
turtles sprout

turtles die

Lesson plan/Intervention/Educational activity:



characterizing the modeling process in science education by Schwartz & White (2005) and 

Nersessian et al. (2006) and Gouvea and Passmore’s (2017) conception of modeling in the 

classroom and the questions of ‘what are models for’ versus ‘what are models of’. 

 

Number Modeling parameter 

1 The range of the model (limitations and opportunities) 

2 The explanatory power of the model 

3 Causality between elements in the model 

4 The behavior of the model 

5 The elements of the model 

6 Elements that are not included in the model 

7 How the model relates to a real-world phenomenon 

8 Formulation of hypothesis that can be tested by the model 

9 Results from repeated execution of the model 

10 Emergent phenomena developing over time 

11 Use of and interaction with the model 

12 Change a value or variable 

13 Add a variable 

14 Change a procedure 

15 Add a procedure 

16 Create a new model 

Table 5. Computational modeling parameters (from paper 2). 

 

 

 As described in “Research design” (section 3.1), there was a progression of 

complexity in both the biotechnological content and the code of the models used in study III 

and IV. Selected features of the computer models designed for the studies can be seen in 

Table 6. While the code for model 1 contained only one type of turtles, model 2 contained 

several. Regarding procedures in the code, the ‘go’ procedure in model 1 called one other 

procedure, while ‘go’ in model 2 called several procedures. The number of program lines 

also increases from model 1 to 2a through to model 2b. The interface of the models all 

contained some elements that were preserved throughout the models, such as ‘setup’ and ‘go 

forever’ buttons. Model 1 and 2 contained one extra button of either ‘go once’ or ‘add more 

yeast cells’. Model 1 and 2 contained plots in the interface. The number of plots were 

increased from one to two in model 1 and 2a and 2b, respectively. The plots visualized and 

produced data as an outcome of running the models, and quantified the phenomenon 



represented by the model. Overall, this increases the complexity of the model and also of the 

potential investigations that students can do using the models without examining the code. 

Important features of the models used in study III and IV can be seen in Table 6. 

 

Properties 

 

 

Model 

Number of 

agenttypes 

Number of 

procedures called 

by the ’go’ 

procedure 

Number 

of 

program 

lines 

Interface 

elements 

Button types 

1 1 turtle 

1 patch 

1 36 1 plot 

3 buttons 

”world” 

Setup 

Go forever 

Add more yeast cells 

2a 3 turtles 

2 patches 

1 link 

3 239 2 plots 

3 buttons 

”world” 

Setup 

Go once 

Go forever 

2b 5 turtles 

2 patches 

1 link 

3 256 

 

2 plots 

3 buttons 

”world” 

Setup 

Go once 

Go forever 

Table 6. Features of the computer models number 1, 2a, 2b. 

 

 

All computer models for study III and IV (Model 1, 2a, 2b) can be seen in Appendix F, G, 

and H. 

 

3.5 Instruments 

 

During the work presented in this dissertation many instruments for investigating students’ 

learning and teachers’ teaching activities have been used. The following sections describe the 

instruments and how they have been applied in the relevant studies. 

 

3.5.1 Concept maps 

Novak and coworkers developed concept maps as part of research into children’s changes in 

knowledge of science (Novak & Musonda, 1991). Concept maps have been used in science 

education, and in Biology education in particular. Tripto et al. used concept maps to assess 

students’ system knowledge and development of such in relation to a new Biology 

curriculum emphasizing the role of homeostasis, a complex biological system. Results proved 

concept maps useful in assessing students’ biological knowledge especially at the lower 



levels of system thinking  (Tripto et al., 2013). But relatively few studies report on using 

concept maps for assessing students’ computing knowledge (Wei & Yue, 2017). Some 

studies report on the use of concept maps for assessing student knowledge of specific 

computer science concepts such as input/output topic in computer architecture (Larraza-

Mendiluze & Garay-Vitoria, 2012) or in teaching object-oriented modeling (Sien, 2011). 

Two studies have identified students’ misconceptions and misunderstandings in learning 

database and information systems concepts (Moen, 2009; Wei & Yue, 2016). Concept maps 

are graphical tools for organizing and representing relationships between concepts indicated 

by a connecting line linking two concepts. Lines and words specify the relationship between 

two concepts. Concepts and propositions are usually organized hierarchically, from most 

general, most inclusive to most specific. It is best to construct concept maps with reference to 

some domain of knowledge that is familiar to the person constructing the map, and to define 

the area of knowledge to be mapped (Novak & Cañas, 2007).  

 In study II and III, the biotechnological phenomena (cell growth and protein 

synthesis) were the references for constructing concept maps. Concept map is an easy to learn 

tool and available online in several editions. For the two studies the independent software 

company’s  Bubbl.us online tool was used (https://bubbl.us/about). 

 The concept maps produced by students gave an insight to students’ structure of 

knowledge and their quality of understanding, when analyzed by applying a scoring system 

developed by Markham et al. (1994) and recommended by Sentance et al. (2018) Examples 

of concept maps produced by students in study II and III can be seen in Appendix I. 

 

3.5.2 Log files  

Log file analysis can shred light upon students’ ability to modify computer programs and 

solve problems computationally (Ericson et al., 2019; Zoanetti & Griffin, 2017).  The 

modifications can be simple (change the value of a variable) or complex (create a new 

procedure for the program).  

 The interventions of study I, III, and IV all used collection of log files as a mean to 

assess students’ computing skills and competences. The initial analysis of students’ log files 

excluded all programs that were not executable. Log files from students in study I, III, and IV 

were analyzed to identify the modifications the students had made to the computer models. 

The log files were analyzed according to the description of CT concepts developed by 

Brennan & Resnick (2012). It involves a progression running from changing a value of a 



variable, to introducing a new variable, modifying a procedure to commenting on a selected 

piece of code, creating a new agent, and identifying, copying, and adjusting procedures from 

one program to another. 

 

3.5.3 Biology Concept Inventory 

The work by Hestenes et al. (1992) in developing the Force Concept Inventory, a testing 

instrument designed to measure student comprehension of the Newtonian concept of force, 

sparked the development of a Biology Concept Inventory (BCI) by Klymkowsky & Garvin-

Doxas (2008). The goal of concept inventories is to identify student misconceptions, and 

track students’ gains in understanding over time in order to lead students to conceptual 

mastery.  

 In study III and IV multiple-choice questions from the BCI were translated into 

Danish and posed to students during the interventions. To establish if students were 

comfortable with answering BCI questions and if their answers were as expected compared to 

answers from other students reported in the literature (Klymkowsky et al. 2010), three 

questions from the BCI were posed to all students in the end of the first intervention in study 

III and compared with result reported in the literature. Hereafter, students’ answers to BCI 

questions in the intervention and comparison groups in study III and IV were analyzed and 

compared. BCI questions were used in study III and IV for assessing students’ domain 

specific knowledge, i.e. knowledge of biotechnological phenomena. 

 

3.5.4 Open-ended questions 

Open-ended questions were posed to all students during learning activities in all studies by 

online questionnaires. The open-ended questions were used to prompt students to describe the 

computer models or the textbook models in relation to the relevant domain specific 

phenomena. 

 

Examples of open-ended questions posed to students: 

• Try to press “setup” and “go”. Describe in your own words what the model 

represent. 

• Look at the code. Which names are being used for the elements in the model? 

• What rules are described in the code for how each element should behave? 

 



The open-ended questions were analyzed for students’ use of domain specific concepts, both 

biotechnological and computing concepts. 

 

3.5.5 Screen Casts 

Screencasts are most often used as an engaging and student-centered activity produced by 

teachers for their students (Morris & Chikwa, 2013). However, in study IV students were 

asked to work in groups of three to create screencasts of their computer screens while 

showing relevant code in the computer model. Students were asked to explain specific pieces 

of code (maximum of two minutes) using the software ScreenCast-O-Matic (Priowijanto, 

2013) recording both computer screen and audio. Hence, the screencast software was used to 

record and document students’ learning of computational modeling. 

 The recordings were coded for biological and computing concepts, by the author, and 

the number of times biotechnological and computing concepts were used by the students to 

explain the code were noted. 

 

3.5.6 Videorecording 

Video recordings of students, in study III and IV producing gestures while working in pairs 

were performed. A gesture is the visible movements of the hands and arms, specifically the 

preparation, stroke, and retraction phase, which students used while talking (Kendon, 2004). 

Gestures are important for students and teachers in communication, meaning making, and 

learning. Students’ gestures have been shown to be positively associated with students’ 

learning, and especially students’ gestures in relation to math education have been researched 

(Shapiro  & Stolz, 2019; Walkington et  al., 2019; Cook et al., 2008; Alibali & Nathan, 

2012). However, students’ gestures in relation to computing education integrated in STEM 

education in a high school setting have not yet been investigated (Sheu & Chen, 2014). 

 Different types of student gestures, derived from video data of interaction between 

students and teacher who model protein synthesis in the second intervention, were coded and 

analyzed. Students’ gestures were coded in terms of David McNeill’s classification of four 

types gestures: deictic, iconic, metaphoric and beats (McNeill, 1992). Students’ CT were 

classified according to five CT concepts introduced by Grover and Pea in 2018: logical 

thinking, algorithmic thinking, pattern recognition, abstraction, evaluation and analytical 

thinking (Grover & Pea, 2018), and compared to the gestures the students produced at the 

same time. 



 

3.5.7 Teaching activities 

Two types of courses for in-service high school teachers on CT and computational modeling 

were developed by the author in collaboration with researchers in teachers professional 

development (Keld Nielsen) and software development (Palle Nowack) and conducted as part 

of study II. The teachers participating in the courses worked in groups of two or three to 

developed teaching activities on computational modeling for use in their own teaching. The 

teaching activities were collected by the author and analyzed using a template for evaluating 

teaching activities. The template was developed by the author and other researchers on the 

basis of modeling practices in STEM education described by Schwarz and White (2005) and 

Nersessian et al. (2006; 2008) and on descriptions of computational modeling by Nowack & 

Caspersen (2014). 

   

4 Findings 

 

This section summaries the main findings of the five studies reported in the five papers 

included in this dissertation.  

 

4.1 Learning Coding, Modeling, and Content Knowledge - Study I 

 

This study reports on the development of the CMC framework integrating coding and 

modeling activities with content matter by use of computer models. a initial teaching 

experiment where Researchers, developers, and high school teachers collaborated to develop 

computer models using the programming environment NetLogo. The models were then 

applied in high school teaching by 15 teachers representing four different subjects.  

 By applying the CMC framework, it was possible to take a first step towards filling 

the research gap described in section 2.3 of how to integrate coding and computational 

modeling into traditional high school education. Both the students and teachers participating 

in the study were programming novices. The framework presented an opportunity for the 

students and teachers to gain knowledge of the process of modeling and hands-on 

experiences with computer programming. 

 Findings falls into two main themes: 



1. Findings showed that students were able to use, modify, and create code in NetLogo 

that enabled them to develop CT and content knowledge. Figure 8 illustrates how 

many percentage of students were able to perform tasks relating to five categories 

computational modeling by gaining understanding: of subject matter, of a 

representation in the form of a computer model, of the relation between the subject 

matter and the model representation, of the relation between the interface and the 

code, and of modifying the code of a computer model. Finally, students’ perspective 

on the role of computational modeling as a learning activity in existing high school 

education was assessed pre and post the activities and an improvement was seen, 

illustrated by the ‘CT Baseline’ in figure 8.  

2. The CMC framework represents a fruitful way for teachers to design and teach for 

students to tinker with learning CT. 

 

 

Figure 8: Percentage of students that successfully solved tasks in category. 

 

 

The study provides details of the underlying CMC framework, which integrates: Coding, 

Modeling, and Content, and for how to adopt the computer models. 

 

4.2 A Template for Teaching Computational Modeling - Study II 

 

To develop a sustainable professional development of high school teachers education in CT 

and computational modeling it was necessary to design courses for teachers in how to 
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develop high quality teaching materials in computational modeling. The study sought to 

develop an evaluation template as an instrument for evaluating teaching activities produced 

by high school teachers and as an initial step toward developing teacher education on 

computational modeling. The template itself is a first iteration on presenting a set of 

guidelines for developing teaching materials in computational modeling.  

 The template contributes to filling the research gap described in section 2.3 on which 

elements of computational modeling is relevant for teachers to integrate with coding and 

subject matter in high school. The study uses teaching activities produced during two 

professional development courses for in-service high school teachers. In one course the 

participants were introduced to programming in NetLogo, in the other course participants 

were not. The study provides details for others to adopt the evaluation template. The study 

was performed parallel to the other studies described in this dissertation.  

 Two major findings are presented in the study: 

1. The template (see Figure 9) represent a novel and fruitful way for predicting the 

efficacy of teacher-designed activities for learning computational modeling and for 

students to tinker with learning CT and computational modeling. Figure 9 present 16 

parameters, each relating to either a domain specific system of e.g. biotechnology 

(parameter one to eleven) or to a computer model system of e.g. a NetLogo model 

(parameter 12 -16). By subdividing the template into two systems, the process of 

computational modeling, as a process of relating a domain specific phenomenon to a 

representation by a computer model, is visualized in the template.  

2. By applying the evaluation template on teaching activities developed by teachers, it 

was shown that the template represent a novel and fruitful way for predicting the 

efficacy of teacher-designed activities for learning computational modeling and for 

students to tinker with learning CT. Figure 10 shows findings from evaluating 

teaching activities developed by teachers participating in two types of courses, named 

Prog+ or Prog-. Prog+ participants were given an introduction to agent-based 

programming, while Prog- participants were not. Otherwise the courses were 

identical. Figure 10 illustrates how many percentages of all teaching activities, 

contained questions addressing each of the parameters in the evaluation template. 

Teachers participating in course Prog+ developed teaching activities in the form of 

questions representing significantly more parameters than participants in the Prog- 

course. 



 

Figure 9: Evaluation parameters included in the evaluation instrument. 

 

 

 

 
Figure 10: Percent of teaching activities, containing questions relating to each parameter of the template, 

in Prog+ (dark) and in Prog- (light). See Figure 9 for a description of each parameter. 

 

 

 

4.3 Computational Modeling in High School Biology - Study III and IV 

 

After having developed a framework and an instrument to address the part of the overarching 

research question concerning how students can learn by participating in activities on 

computational modeling, a natural research focus was to investigate what students learn by 

participating in learning activities designed by the CMC framework. Assessing students 

learning is a complex task. To ensure a thorough investigation, various methods, both 

qualitative and quantitative were used in study III and IV. Study III sought to fill part of the 
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research gap described in section 2.1 concerning the possible synergetic effect of integrating 

computational modeling and coding with subject matter. The synergetic effect found, in study 

III, of integrating computational modeling into biotechnology is an initial stepping stone for  

investigating the possible transfer of computational modeling skills and competences to other 

high school subjects, and eventually arguing for computing education for all students 

independent of students’ various educational interests.  

 The main purpose of the two intervention-control study (study III) was to investigate 

how skills in computational modeling are associated with knowledge acquisition in 

biotechnology. The study used intervention and comparison groups giving each group an 

initial short introduction to computer models or textbook models, respectively. Students 

performed online learning activities designed by the CMC framework, described in the first 

study, and by the evaluation parameters developed in the second study. 

 Findings showed that participants in the intervention group gained statistically 

significant improvements in both their computational modeling skills and biotechnology 

knowledge. The findings fall into two themes: 

1. An increase in students’ skills and understanding of computing concepts. Figure 11 

capture the effectiveness of the learning activities, specifically in relation to the CT 

learning objectives described in section 3.1.2. The figure illustrates how many of 

students’ logfiles were: executable, modified, and commented. 75% or more of all 

participating students were able to accommodate the CT learning objectives of 

interacting with, changing, and modifying a computer model. This finding confirms 

that the students achieved the learning goals for CT and computational modeling, and 

that they were not too complex. 

2. An increase in students’ understanding of biotechnology was found when comparing 

the intervention and comparison group. Figure 12 shows the percentage of students 

answering correctly on three validated Biology Concept Inventory (BCI) questions. 

The percentage of students answering correctly from the intervention group, having 

participated in the learning activities on computational modeling, was significantly 

higher than the percentage of students answering correctly from a comparison group. 

This finding strongly indicate an effect of integrating computational modeling into 

high school biotechnology education as it will foster students’ learning of 

biotechnology subject matter. 

3.  



 

Figure 11: Percentage of students’ computer programs containing a specific modification (horizontal 

axis). 

 

 

 

Figure 12: Percentage of students from a comparison and intervention group answering correctly on 

three BCI questions (Q1, Q2, Q3). 

 

 

Study III also identify concepts that are learned better from each of the subjects 

(biotechnology and computing) and suggests that biotechnology and computational modeling 

should be integrated in high school education. 

 

4.4 Computing and Gestures in High School Biology Education - Study IV 
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This video-study explored the types of gestures used by students as they engage in such 

learning activities of CT and modeling in biotechnology. Hence, this study IV sought to fill 

another part of the research gap described in section 2.1, by investigating how students 

learned CT and expressed their understanding of CT through gestures, while participating in 

learning activities designed by the CMC framework. The objective of study IV was to 

develop a taxonomy table of gestures versus elements of CT.  

 The awareness of embodied cognition in computing education is dawning, and study 

IV is unique in its presentation of a taxonomy on CT versus gestures, and on the investigation 

of students’ adaptive use of gestures when learning CT. The  taxonomy is a first step towards 

linking CT concepts with gestures as a means of better understanding student’s engagement 

with computing. These finding are a first step toward a higher awareness of computing 

education being an embodied experience for students, and toward alternative ways for 

assessing students CT. 

 Two major findings are presented in the study: 

1. A taxonomy of elements of CT versus gestures, as a first step towards linking CT 

concepts with gestures as a means of better understanding student’s engagement with 

computing as gestures are indicative of embodied learning (Table 7). As the findings 

shows, gestures accompany students’ efforts to perform computational modeling and 

thinking, and gestures can be operationalized and coded.  

2. A significant difference in the distribution of students’ gestures across five concepts 

of CT were found. Figure 13 illustrates how students use more deictic gestures when 

engaged in logical and algorithmic thinking and more metaphoric gestures when 

abstracting on and evaluating the computer models, indicating how gestures represent 

embodied cognitive strategies. Hence, students used gestures adaptively in order to 

learn concepts of CT, and in particularly these initial findings suggest a difference 

students’ use of deictic and metaphoric gestures according to the CT concept they are 

engaging with. This taxonomy table is a way to help educators interpret student 

gestures in connection with CT.  

 

 

Gesture 
type 

 
CT concept 

Deictic Iconic Metaphoric Beat Total 

Logical thinking 17 
(18%) 

5 
(5%) 

1 (1%) 0 23 
(25%) 



Algorithmic 
thinking 

12 
(13%) 

4 
(4%) 

3 (3%) 2 
(2%) 

21 
(23%) 

Pattern recognition 10 
(11%) 

2 
(2%) 

5(5%) 0 17 
(18%) 

Abstraction  4 (4%) 4 
(4%) 

12 (13%) 0 20 
(22%) 

Evaluation and 
analytical thinking 

2 (2%) 2 
(2%) 

6 (6%) 2 
(2%) 

12 
(13%) 

Total 45 
(48%) 

17 
(18%) 

27 (29%) 4 
(4%) 

93 
(100%) 

Table 7: Gesture type versus CT concepts. 

 

 

 

 

 

Figure 13: Number of gestures in CT concept groups. 

 

 

 

4.5 Empowerment through Computational Thinking - Study V 

 

Concurrent with the four studies described above, a fifth study, a literature survey 

categorizing different strands of empowerment as it unfolds in computing education research 

concerning CT was performed. This study represents research necessary for moving forward 

in investigating the impact of integrating CT and computational modeling into existing 

education. Empowerment is often described as an end-goal of interventions involving CT in 

education. However, as the study identify, there is a lack of definition of the term 

empowerment, and hence, of how CT can be empowering and to whom. In order to be able to 

discuss the impact of research in computing education and argue for a possible ‘computing 

for all students’ approach in educational systems, it is important to be apparent and distinct in 

the mediation of the relevant research results from the computing education research 

community to fellow researchers, developer, and decisionmakers within educational policy. 

Study V represent a first step toward obtaining this accuracy and distinctness.  
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 A comprehensive search yielded a total of 244  papers, of which 210 were coded by 

two independent researchers for the use of the term empowerment in relation to CT in an 

educational setting. The papers’ use of ‘empowerment’ were categorized, by coding each 

sentence in which ‘empowerment’ occurred, according to five categories: mainstream & 

management, educational, functional, critical, and democratic empowerment. The study 

discusses the possible challenges of using an ill-defined empowerment term to justify or 

promote computing education on the basis of the findings.  

The findings illustrate two main themes: 

1. A lack of a definition of the term empowerment in the included literature. When the 

included papers were examined for the use of empowerment, only one paper was 

found to provide a definition of ‘empowerment’.  

2. Differences in the geographical distribution was found, when comparing North 

America, Europe, and the Nordic countries in particular. Figure 14 illustrates the 

distribution of the five categories of empowerment used in coding the surveyed 

papers. The functional aspects of empowerment is strong in North American research 

on CT in education, as is also the educational aspect of empowerment. However, 

when the research papers from the Nordic countries are separated, the educational 

aspect of empowerment is not as strong in the Nordic countries as in the rest of 

Europe and in North America. However, the democratic and mainstream/management 

aspects of empowerment are most strong in the included research literature from the 

Nordic countries compared to research reported from the rest of Europe and North 

America. These findings indicate a tendency for different focuses on empowerment 

and on end-goals of CT in education in the Nordic countries compared to the research 

reported from North America and other countries in Europe. 

 

 



 
Figure 14: Percentage of papers representing each category of empowerment in the North American, 

European, and Nordic regions.  

 

 

4.6 Overall findings 

 

All the findings presented above are partial answers to the overall research question of this 

PhD study “What and how do students learn by integrating computational modeling and 

coding into Biotechnology?”. Together the findings indicate trajectories for how to integrate 

computational modeling and coding into existing subjects in high school education, 

exemplified by the subject of biotechnology, and for what the affordances of such an 

integration might be. 

 Detailed descriptions of the findings, described above, are presented in each 

corresponding paper. Additional findings and more detailed presentations can be found in the 

appended papers 1-5 (Appendix A to E). 

 

5 Discussion 

 

In this section a discussion of the findings from the five interrelated studies of this PhD study 

will be presented. The contributions of new knowledge in relation to the research gaps 

described in section 2 as a result of the findings and their limitations will be described.  

 The main findings of the PhD study falls into two categories. First, study I, II, and III 

support the hypothesis that the CMC approach present a unique approach to integrating 

computing education into existing subjects in high school education which combine 



computational modeling with coding and subject matter. The approach is successful for both 

students and teachers. The CMC approach fosters students’ learning of subject matter and 

computing. The CMC approach also fosters high school teachers in designing learning 

activities in computational modeling, and even computer models, given the right introduction 

to the programming environment, as shown in study II. Second, study IV illustrates that 

coding and computing education is not merely an ‘one student, one program’ activity. 

Students communicate their thoughts to others and themselves by gesturing. As computing 

education researchers we need to be more aware of how embodied learning and 

understanding of computing is taken place. 

 The findings presented in section 4.1, concerning how to integrate computational 

modeling and coding with existing subjects in high school, contributes to answer part of the 

overall research question: What and how do students learn by integrating computational 

modeling and coding into Biotechnology? The findings relate to how students learn when 

coding and computational modeling is integrated with subject matter.  

 The findings presented in section 4.2 uses the knowledge from section 4.1 and paper 

1, about students’ learning and teachers ability to teach computational modeling, to develop a 

template for teachers to foster students’ learning of computational modeling. Hereby, further 

contributing to answer the ‘how’ of the overall research question by focusing on teachers role 

in applying the framework and developing teaching materials for computational modeling. 

Together, the findings from study 1 and 2 contributes to the research gap described in section 

2.3 of how to integrate computational modeling and subject matter with coding.  

 The integration of computational modeling and subject matter have been investigated 

before by e.g. Wilensky and Reisman (2006) in biology and Sengupta et al. (2013) in physics 

and biology. However, research is lacking on how to integrate coding with computational 

modeling and subject matter as described in section 2.3. Wilensky and Reisman (2006) 

introduced code-snippets of text based programming to students in biology. Brady and 

colleagues (2015)  investigated how working with an agent-based environment can improve 

students’ model-based learning. The environment used in the specific study was a redesign of 

NetLogo and used what the authors called ‘construction primitives’ and not text based 

program code. Sengupta et al. (2013) presented findings from a study integrating 

programming activities into middle school biology curriculum. The researchers used 

alternatives to text based programming environments, i.e. a visual programming 

environments in which students construct programs using graphical objects as drag and drop 

elements of the interface. The researchers argued that since previous work by Sherin et al. 



(1993) have shown that students in high school struggle to construct programs in the LOGO 

language, even after weeks of instructions, a visual programming environment would be 

more appropriate for the study reported by Sengupta et al. (2013). The findings presented in 

paper 1, 3, and 4  contributes to the research gap of research into new and effective 

pedagogical and didactical approaches in relation to integrating coding and computational 

modeling with subject matter in education (Li et al., 2020a), as described in section 2.3. 

Study I, III, and IV, included in this dissertation, build on the work of Wilensky and Reisman 

(2006), Brady et al. (2015), and Sengupta et al. (2013) and represent a further step towards 

researching how the integration of coding activities can influence students’ learning of 

computational modeling and subject matter simultaneously. 

 A further development of the concept and elements of computational modeling is 

presented in paper 2 as a template. By applying the template it was found useful for 

evaluating teaching activities developed by high school teachers. Hence, these findings 

contributes with new knowledge of how students can learn by integrating computational 

modeling and coding into existing subjects. Especially two aspects are important research 

contributions: first, how complex the learning activities in coding and computational 

modeling can be in order to be successfully integrated into existing subjects in secondary 

education, and second, a template for teachers to develop teaching materials for 

computational modeling. Although the findings from study I and II are important 

contributions, further research into the trajectories of teaching high school students coding 

and computational modeling is needed. 

 The findings presented in section 4.3 and 4.4 from study III and IV, regarding 

students’ learning of computational modeling, coding, and biotechnology, are products of 

different research methods. Especially in order to investigate the synergetic effect of learning 

both subject matter and computational modeling, it was necessary to apply numerous 

integrated assessment instruments for obtaining the findings described in paper 3 and 4.  

 The contributions of the two studies seek to fill the research gap, described in section 

2.1, of research lacking on high school students’ learning of content matter and CT 

simultaneously, i.e. the synergetic effect of bringing these together in learning activities and 

assessing students’ knowledge of CT and subject matter. Brennan and Resnick (2012) have 

proposed assessments of students’ knowledge of CT concepts, practices, and perspectives. 

However the study was not concerned with students’ learning of subject matter and focused 

on younger children in a non-formal setting, compared to the studies described in this 

dissertation. Bortz et al. (2019) investigated eight-grade middle school students’ CT and 



chemistry knowledge drawing mostly on qualitative assessments designed specifically for the 

reported study. Hence, study III and IV, described in this dissertation, build on the work by 

Brennan and Resnick (2012) and Bortz et al. (2019) by presenting findings that establish 

computational modeling as an embodied activity, and as a mean to learn both coding and 

domain specific subject matter investigated by established methods in a formal high school 

setting of biotechnology education. The findings have contributed new knowledge to the 

research gap of assessing what students learn by integrating computational modeling, coding, 

and subject knowledge in learning activities in high school education. 

 Findings, presented in section 4.5 from study V, are a continuation of research into 

the importance of CT in education (Parker et al., 2016; Cooper et al., 2014; Grover & Pea, 

2018). The findings, described in paper 5, points to a lack of definitions of computational 

empowerment in research literature, as well as an emphasis on the functional and educational 

aspects of empowerment in North America compared to the Nordic countries. The aspect of 

managemental empowerment is emphasized the most in literature originating from the Nordic 

countries indicating a potential focus on how teachers, schools, and policy makers can 

integrate CT into curricula. However, there is a research gap on how, and by what aspects, 

CT can empower students, teachers, and school. Paper 5 provides a categorization tool for 

reflecting on how our investigations, as computing education researchers, can empower in 

various ways. In particular for this dissertation, how the findings presented in paper 1 to 4 

can scale and be sustainable for students, educators, and policy makers. 

 Although elements of CT is a natural part of most research these days, particularly in 

the natural sciences, but increasingly also in social science and the humanities, a discussion 

of what implications a potential computational empowerment of students, in the form of CT, 

can have for our society as a hole, and for our educational systems in particular, have not 

automatically been translated into school instructions and validated practices (Li et al., 

2020a). However, there are signs of an increasing convergence toward a common 

understanding of the importance of students’ and teachers’ computing competences (McGarr 

et al., 2021) 

 Although, there have been significant progress in our understanding of how to 

develop effective teaching environments for students in education, our understanding of how 

to develop effective methods and approaches to integrate computing into curricula is less 

developed. The work by Anders Malthe-Sørensen and colleagues at Center for Computing in 

Science Education at University of Oslo, Norway is concerned with how the integration of 

computing into existing subjects can present a practice perspective of learning and open for 



creative and collaborative learning strategies in which students address real-world problems 

relevant for their future studies and research (Odden & Malthe-Sørensen, 2021). Hence, 

integrating computing including computational modeling into curricula can lead to students’ 

computational literacy, and serve as a driver for disciplinary renewal. However, effective 

methods and approaches to ensure an effective fostering of students’ computational literacy 

and empowerment are scarce. 

 This PhD study contributes to the gap of research on how to integrate computational 

modeling and coding into subjects (Li et al., 2020a; Yadav et al., 2014; ISTE, 2014; National 

Research Council, 2011) by offering new knowledge of effective pedagogical and didactical 

approaches and of students’ learning in relation to computational modeling and thinking in 

education. 

 The main strengths of these studies were the design of computer models and learning 

activities, applied in relatively short interventions, that provided students with computing 

experiences including coding activities. The learning activities and computer models 

represented a progressing in complexity that was successfully tested with students.  Another 

strength was the application of mixed methods to measure how students’ learning of subject 

matter statistically significant improved. The working definition of CT as “thinking with 

machines” (see section 2.1) proved useful as a starting point for all five studies. (see section 

2.1) and could be considered a candidate for defining CT in education in multiple settings 

and maybe even multiple educational levels.  

 

5.1 Limitations 

 

The studies presented in this dissertation of course have their limitations; the major ones are 

summarized here. 

 It was not possible to investigate the effect of including programming in teachers 

professional development (PD) courses, as it was not possible to select the participants in the 

two PD courses and hence insure a unified distribution of teacher in the two courses.  

 The number and diversity of participants in the studies is also a limitation. Especially 

in study IV the number of students participating in the study  (n=28) is small and the would 

be needed to warrant more valid inferences about generalizability. Study II, IV, and V make 

use of trained independent raters. However, internal validity would be higher with more than 

two raters as is the case with all three studies. 



 Also, for this PhD study the focus has been on computational modeling in 

biotechnology education, but modeling is just one aspect of CT and computing education 

(Fincher et al. 2019; Grover and Pea, 2018; Weintrop et al. 2016). However, computational 

modeling is considered an important and central element of computing education (Aho, 2012; 

Guzdial et al. 2019), particularly appropriate for biotechnology and an element that has 

proven fruitful when integrated into existing subjects (Gautam et al. 2020; Hutchins et al., 

2020).  

 Finally, the presence of a researcher, and in study IV a camera, in the classroom 

might have made some students behave different than they normally would. Subsequently the 

internal validity of the study decreased.   

 

5.2 Further Research 

 

The five papers and their contributions to computing education research presented here, form 

trajectories that runs within the research area shown in Figure 1. Although the contributions 

of the papers are necessary and important for further investigations, they represent but a small 

portion of the necessary research for future work. The additional research questions proposed 

in section 1.1.3 presents possible pathways for such further research.  

 First, study IV touched upon the question regarding the progression of what can be  

taught to students when in regard to existing subjects (see section 1.1.2. RQ(A)) by 

interviewing teachers at the end of the study. Teachers reported students being more engaged 

in initiating and participating in discussions about the computer models and the relevant 

phenomenon at higher taxonomical levels measured by both the Bloom and SOLO taxonomy 

(Bloom et al., 1984; Biggs & Collis, 2014), than were the case when using a traditional 

textbook (Egebo et al., 2017). These observations are backed up by Caballero & Hjorth-

Jensen (2018) who argue that computing in existing education shifts the focus to problem 

definition, visualization and “what if” discussions as well as allows for solving more realistic 

problems and enhancing the understanding of abstractions and generalizations. Sand et al. 

(2018) also points out how computation can provide fertile ground for student engaging in 

sensemaking and critical thinking. The findings call for further research into e.g. learning 

trajectories of CT. Work on CT trajectories is already initiated by Diane Franklin and her 

research group (Rich et al., 2018).  

 Second, students were reported by their teachers to pursue activities such as 

“programming summer camps” at universities and afterschool coding activities after having 



participated in study III and IV. Such findings, although only preliminary, provide initial 

answers to the research question regarding students obtained competences in computational 

modeling and whether they transfer to other subjects or even to other situations outside the 

classroom (see section 1.1.2 RQ(C)). However, longitudinal studies are required to 

investigate the exact effects of integrating computational modeling into existing subjects in 

high school.  

 Third, the CMC framework, the taxonomy of CT and computational modeling, and 

the evaluation template developed during this research project are not developed specifically 

to biotechnology and can productively be applied within other subjects in high school 

education. Hence, study II relates and indicate a positive answer to the research question 

regarding whether the CMC approach is generic and if it is valuable to integrate 

computational modeling into any subject in high school education (see section 1.1.2 RQ(B)). 

Going back to the quote from Wing (2006, p.33) in section 2.5, stating that everyone would 

be eager to learn and use CT, study II, described in this dissertation, indicates that at least 

high school teachers from many different subjects are eager to learn and use CT and 

computational modeling in their teaching. 

 Study I, II, III, and IV all relates to the research question of scalability of this 

approach e.g. if integrating computing into existing education will reduce time and resources 

for the existing subject and specific elements of the existing curriculum (see section 1.1.2 

RQ(D)). The interventions designed for study I, II, III, and IV are relatively short but have a 

significant effect on students’ learning and even after the first intervention students exhibited 

signs of achieving skills in both computational modeling and subject matter. The 

interventions designed for study III and IV relate specifically to existing elements in the 

Danish curriculum for teaching biotechnology, hence the existing curriculum will not have to 

be reduced in order to apply these learning activities as they are already aligned with the 

curriculum. Findings from study II indicates that teachers how have gained programming 

competences are more prone to developed learning activities for computational modeling of 

higher taxonomic levels, than teachers how are not familiar with programming. These 

findings can have an impact on the scalability of, not only the CMC approach, but on the 

scalability of computing education overall. More research is needed to investigate the effect 

of professional development of teachers at all educational levels. 

 Study V relates to research questions concerning scalability and transferability of 

students’ CT  skills and competences and why teaching computational modeling is important 

for students and i.e. society as a hole. Paper 5 provides a categorization tool for reflecting on 



how our investigations, as computing education researchers, can empower students in various 

ways. In particular for this dissertation, how the findings presented in paper 1 to 4 can scale 

and be sustainable for students, educators, and policy makers. 

 

5.3 Recommendations 

 

With this PhD study, students, teachers, educational developers, and policy makers will 

hopefully become more aware of the affordances by integrating computational modeling into 

existing subjects in high school.  

 Students in Danish high schools have the opportunity to affect their own education by 

participating in choosing a sub-content of each subject taught in high school. It is the aim that 

students, having participated in interventions like the ones presented in this dissertation, will 

actively choose computational modeling as a natural part of their existing high school 

education.  

 Teachers and educational developers have the opportunity of, to a certain degree, 

decide which didactics, learning activities, and assessments they will apply in Danish high 

schools. I will recommend that they actively seek to participate in professional development 

courses on computational modeling and apply the CMC approach, the evaluation template, 

and the CT taxonomy to design and evaluate teaching activities and strategies for their own 

teaching and for high schools in general.  

 Danish policy makers are currently evaluating the subject called technology 

comprehension in Denmark and will eventually decide if the subject becomes mandatory in 

primary and lower secondary education. This decision will inform the development of 

computing education in high schools in Denmark. Findings, presented in this dissertation, can 

serve as inspiration for policy makers on national policies for computing education at 

multiple educational levels and specifically for establishing computational modeling as an 

essential element, not only for biotechnology and STEM subjects, but for most other subjects 

in Danish high schools.  

 Last, but not least, computing education researchers can find the findings presented 

here useful as contributions to:  

 

how to design computing education that work for everyone,  

why should computing education be offered to everyone,  



what can be taught in computing education for everyone. 

 

 

6 Conclusion 

 

The  aim of this PhD study was to answer the research question: What and how do students 

learn by integrating computational modeling and coding into biotechnology? Paper 1 and 2 

present a framework for how to integrate coding and computational modeling with content 

matter, e.g. biotechnology. Also, paper 2 present a template for developing and evaluating 

teaching activities, designed by the framework described in paper 1, for teaching 

computational modeling. Paper 3 and 4 present evidence for students’ learning of both 

computational modeling and content knowledge, and of what they learn, by applying the 

framework and template described in paper 1 and 2, to teaching activities in biotechnology. 

Findings, obtained by mixed methods in paper 3, suggest a synergetic effect on students’ 

learning by integrating computational modeling into the subject of biotechnology 

contributing to the ‘what’ aspect of the overarching research question. Paper 4 present a 

taxonomy of CT and classify students’ gestures accordingly, in order to investigate students’ 

embodied learning, and if students use gestures adaptively, while participating in computing 

activities. The findings of paper 4 provide additional answers to the ‘what’ aspect of the 

research question for this PhD study. Together, paper 1 and 2 answers the ‘how’ of the above 

research question, while paper 3 and 4 answer the ‘what’ of the research question. Going 

back to figure 1 in section 1.2 of this dissertation, the final paper included in the dissertation, 

paper 5, represent a beginning of the unraveling of why computing education should be 

integrated into existing education. The paper investigates how we as researchers position our 

work in relation to the empowering potential computing education have on both students, 

teachers, schools, and society at large.  

Seen together, the papers of this dissertation represents partial answers to the overall research 

question by presenting findings of what elements of computational modeling and subject 

knowledge students learn by integrating computational modeling into existing subjects in 

high school education and how students’ learning of computational modeling and coding is 

synergetic and an embodied activity. 

 

7 Dissemination 

 



See “List of Scientific Papers” 

 

7.1 Additional papers 

 

Van Mechelen, M. P. P., Musaeus, L. H., Iversen, O. S., Dindler, C., Hjort, A. (2021). A 

Systematic Review of Empowerment in Child-Computer Interaction Research. Interaction 

Design and Children, 119-130 

 

Van Mechelen, M. P. P., Dindler, C., Iversen, O. S., Musaeus, L. H., Kaspersen, M. H., 

Ericsson, E., Fog, B. V., Schmidt, C. R., Bilstrup, K. K., Baykal, G. E., Hjort, H. A., 

Petersen, M. G., Leiva, G., Wagner, M., Bouvin, N. O., Kanstrup, K. H., Klokmose, C. N. 

(2020). Digital Fabrication in Education: Pursuing a Second Wave Agenda for FabLearn 

Research. International Journal of Child-Computer Interaction. FabLearn.  

 

Musaeus, L. H. (2019). Developing Student's Computational Thinking through Agent-Based 

Modeling in Secondary Education. In Proceedings of the 2019 ACM Conference on 

International Computing Education Research (pp. 345-346). 

 
 

7.2 Supplement materials  

 

 7.2.1 Computer models and learning activities  

The computer models and learning activities developed for study III and IV will be 

made available at: https://library.ct-denmark.org/ 

 

 7.2.2 Danish publications 

Apart from the five papers presented in this dissertation, the research project has also 

produced the above mentioned publications (in section 7) and the following 

publications in Danish: 

 

Musaeus, L. H. (2020). Modelleringskompetence i naturfag–hvad er 

det?. MONA-Matematik-og Naturfagsdidaktik, 5-5. 

 

Caprani, O., Musaeus, L. H. (2020). Computationel tankegang i 

teknologiforståelsesfaget. In: Andersen, I. H., Krarup, M., Philipps, M. R., 

Gulmann, M. (Eds.), Teknologiforståelse på skemaet. Unge Pædagoger, nr. 1 

 

Caspersen, M. E., Iversen, O. S., Nielsen, M., Hjorth, A., & Musaeus, L. H. 

(2018). CT. In: Dolin, G. Holten Ingerslev & Hanne Sparholt Jørgensen 

(Red.), Gymnasiepædagogik. En grundbog. København: Hans Reitzels, 470-

478. 

 

https://library.ct-denmark.org/


 7.2.3 Podcast from It-vest networking universities 

The author of this dissertation has participated in a podcast presenting the CMC  

approach and discussing preliminary findings of the research project: 

 

https://www.it-vest.dk/aktiviteter/podcast-om-computational-thinking/episode-10-

klimamodeller-og-cellemembraner-kode-og-faglighed-i-smuk-balance 

 

 7.2.4 Video presentation 

The author of this dissertation has participated in a video presentation of the CMC  

approach and discussing preliminary findings of the research project: 

 

https://www.youtube.com/watch?v=9R9r5w2Gr-w 
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