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Abstract 

Physics teachers are in a key position to form the attitudes and conceptions of future generations 
toward science and technology, as well as to educate future generations of scientists. Therefore, 
good teacher education is one of the key areas of physics departments’ education program. This 
dissertation is a contribution to the research-based development of high quality physics teacher 
education, designed to meet three central challenges of good teaching. The first challenge relates 
to the organization of physics content knowledge. The second challenge, connected to the first one, 
is to understand the role of experiments and models in (re)constructing the content knowledge of 
physics for purposes of teaching. The third challenge is to provide for pre-service physics teachers 
opportunities and resources for reflecting on or assessing their knowledge and experience about 
physics and physics education. This dissertation demonstrates how these challenges can be met 
when the content knowledge of physics, the relevant epistemological aspects of physics and the 
pedagogical knowledge of teaching and learning physics are combined.  

The theoretical part of this dissertation is concerned with designing two didactical 
reconstructions for purposes of physics teacher education: the didactical reconstruction of 
processes (DRoP) and the didactical reconstruction of structures (DRoS). This part starts with 
taking into account the required professional competencies of physics teachers, the pedagogical 
aspects of teaching and learning, and the benefits of the graphical ways of representing knowledge. 
Then it continues with the conceptual and philosophical analysis of physics, especially with the 
analysis of experiments’ and models’ role in constructing knowledge. This analysis is condensed 
in the form of the epistemological reconstruction of knowledge justification. Finally, these two 
parts are combined in the designing and production of the DRoP and DRoS. The DRoP captures 
the knowledge formation of physical concepts and laws in concise and simplified form while still 
retaining authenticity from the processes of how concepts have been formed. The DRoS is used for 
representing the structural knowledge of physics, the connections between physical concepts, 
quantities and laws, to varying extents. Both DRoP and DRoS are represented in graphical form by 
means of “flow charts” consisting of nodes and directed links connecting the nodes.   

The  empirical  part  discusses  two  case  studies  that  show  how  the  three  challenges  are  met  
through the use of DRoP and DRoS and how the outcomes of teaching solutions based on them are 
evaluated. The research approach is qualitative; it aims at the in-depth evaluation and 
understanding about the usefulness of the didactical reconstructions. The data, which were 
collected from the advanced course for prospective physics teachers during 2001 2006, consisted 
of DRoP and DRoS flow charts made by students and student interviews. The first case study 
discusses how student teachers used DRoP flow charts to understand the process of forming 
knowledge about the law of electromagnetic induction. The second case study discusses how 
student teachers learned to understand the development of physical quantities as related to the 
temperature concept by using DRoS flow charts.  

In both studies, the attention is focused on the use of DRoP and DRoS to organize knowledge 
and on the role of experiments and models in this organization process. The results show that 
students’ understanding about physics knowledge production improved and their knowledge 
became more organized and coherent. It is shown that the flow charts and the didactical 
reconstructions behind them had an important role in gaining these positive learning results. On 
the basis of the results reported here, the designed learning tools have been adopted as a standard 
part of the teaching solutions used in the physics teacher education courses in the Department of 
Physics, University of Helsinki.  
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1 Introduction 

Physics teachers are in a key position to form the public’s conceptions of science and of a 
society based on science and technology. They also have a great responsibility for 
educating the future generation of scientists. In a way, physics teachers are at the 
crossroads of two different but intimately connected fields: the “scientist’s science” and 
“school’s science.” Therefore, it is evident that efforts are needed from physics teacher 
educators to guarantee the best available education to the prospective physics teachers. In 
physics teacher education, at the best,  the deep knowledge of physics and advanced 
physics education studies provided by the physics department becomes naturally 
combined with good understanding of didactical and pedagogical aspects of teaching and 
learning, for example in using experiments to learn physics (cf. Kleyn, 2003). This 
combination of the knowledge of physics and of teaching and learning is essential for a 
professional teacher an expert in physics teaching and it is sometimes referred to as the 
teacher’s pedagogical content knowledge.  

In this dissertation, I present and discuss the design, development, and realization of an 
advanced level course for pre-service physics teachers, which belongs to the physics 
teacher  program in  the  Department  of  Physics  of  the  University  of  Helsinki.  The  design  
and development of the course was done through detailed research on the conceptual 
structure of physics: how it was used as a basis of didactical solutions forming the core 
content of the course, and how it helped students to acquire the content-related 
professional  qualifications  and  skills  expected  of  a  physics  teacher.  A  major  part  of  the  
study is concerned with the research-based construction of the didactical solutions and 
approaches. Through this development, the challenges of good physics knowledge and its 
amalgamation with pedagogical knowledge are met with the aid of two different (but 
closely connected) didactical reconstructions. 

Usually, physics departments are responsible for pre-service physics teachers’ 
education in physics, whereas physics education professionals are responsible for their 
didactical and pedagogical knowledge. The problem encountered in this division often is 
that the ordinary university teaching in the physics departments with its traditional 
structures (Steenstrup et al., 2002) seldom gives a good example of how physics should be 
taught at school. Moreover, traditional teacher education is often inefficient in creating the 
required coherence in the learned subject content; instead, students are left with pieces of 
fragmented knowledge. Although this situation can be improved by integrating the 
knowledge about learning and its central processes with the teaching solutions used in the 
university level, there have been many difficulties in realizing these kinds of approaches. 
As the study by EPS (Vollmer, 2003) shows, the diffusion of knowledge about learning 
and teaching to the physics instruction at the university level has been slow, and in many 
cases, lack of collaboration between physicists and physics education professionals has 
hindered it. In addition, lack of appreciation of the methods and approaches of didactics 
and pedagogy applied in physics instruction may hinder the meaningful development and 
improvement of physics teacher education.  

These notions give rise to the question of how physics teacher education in the physics 
departments can be improved. In the University of Helsinki, the pre-service physics 
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teachers study physics in the physics department and they graduate from the physics 
department. They also study a minor subject (to be taught at school) and the pedagogical 
studies for teachers in the teacher education department. The pre-service physics teachers 
study the introductory and intermediate courses in physics, and the advanced studies of 
physics consist of physics education courses specifically designed for future physics 
teachers. These courses are continuously evaluated and developed, and here the 
development of one of those courses is reported. The aim of the courses is to give students 
an opportunity to study and examine physics from the perspective of the needs of a 
physics teacher. Naturally, the emphasis is on physics, but the future physics teacher needs 
a didactical and pedagogical perspective on it.  

During the research-based development of a course, several challenges must be 
addressed. The first challenge is, as mentioned earlier, after the basic and intermediate 
studies  of  physics  the  students  have  failed  to  form  a  coherent  whole  of  physics.  They  
possess relevant knowledge, but it consists of fragment pieces. It seems to be a common 
problem that after traditional teaching, students’ knowledge of physics often remains 
unorganized and fragmented, and they tend to see physics as a collection of facts, 
definitions, laws, and specific problem solving strategies (Bagno et al., 2000; Reif, 1995). 
Students have not had enough time and opportunities to reflect on “what they know” and 
“how they know what they know,” or to develop a comprehensive understanding 
(McDermott et al., 2000; Mestre, 2001; Shulman, 1986). Therefore, the didactical 
reconstructions were developed for helping students to collect the pieces of knowledge 
together into organized and meaningful patterns and aggregates.  

The second challenge is closely related to the first one: the role of experiments and 
models in forming a coherent view of physics knowledge. When this challenge is solved, 
then the pre-service physics teachers are able to answer the question of “how they know 
what they know.” Physics teachers should be able to answer this question, and they should 
be able to reflect this understanding in their teaching. The knowing of “how we know” 
goes back to the process of knowledge production, e.g., to a question about how concepts 
acquire their meaning and empirical support.  

This is inherently related to measurements, which transform the concepts to the 
measurable physical quantities, and to models, which are needed throughout the 
quantifying process. In contemporary science education and research, the formation of 
quantities through quantitative experiments or measurements is not often seen as an 
essential part of the concept formation, or at least it is treated as a non-problematic part of 
it.  However,  there  are  good  reasons  to  believe  that  we  should  also  pay  attention  to  
quantitative measurements and their use in practical teaching in different levels, as will be 
discussed in this dissertation. In the didactical reconstructions, the experiments have a 
central role in producing and organizing knowledge without forgetting the crucial role of 
models in intermediating between experiments and theory.  

The third and final challenge is that the pre-service physics teachers need opportunities 
and resources to reflect or to assess their knowledge and experience about physics and 
physics education. In other words, practical solutions, which enable students to meet the 
first two challenges, are needed. The solutions, didactical reconstructions, must enable the 
students to become conscious of their current knowledge and to develop their thinking. 
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The didactical reconstructions are presented in the form of flow charts, because it is 
known that visual ways of organizing knowledge are effective (Bagno et al., 2000; Van 
Heuvelen, 1991; Reif, 1987, 1995). The use of flow charts gives students a way to access 
their ideas in simple and concise form and to evaluate changes between the initial and 
final versions of the documents. The instruction, where the didactical reconstructions are 
applied, has also an important role in giving to the students the chance to reflect and assess 
their knowledge. The instruction method developed during this research could be called 
“guided collaborative flow charting.” It has proved to be important that students can 
discuss, share, and argue their ideas in small groups when making the flow charts. An 
equally important factor has been shown to be the guidance from the instructor.  

The  research-based  development  of  the  didactical  reconstructions  and  the  physics  
teacher education reported in this dissertation were mostly done during the years 
2001 2006, and the developed methods and approaches have been in use since then in the 
course. The pertinent parts and phases of the development are schematically shown in 
Figure 1. The research began by identifying the presented challenges (I, II) in phase 1. 
After the identification of the challenges, the suitable background was developed (III, IV) 
in phase 2. Phase 2 forms the theoretical part of the dissertation. 

In phase 2a, the development of the pedagogical and didactical background started by 
recognizing  the  essential  requirements  of  the  teacher’s  knowledge.  The  basis  was  
Shulman’s (1986, 1987) categorization of different aspects of teacher’s knowledge. From 
those different categories, the subject matter content knowledge and pedagogical content 
knowledge are examined here, because they clearly belong to those matters discussed in 
the physics teacher education in the physics department. The interests were also the 
differences between the novices and the experts, because one aim is, of course, to give 
resources to our novice teachers that enable them to develop their expertise. Concept maps 
and the research related to constructing them were a useful starting point for developing 
the practical resources, the flow chart forms of the didactical reconstructions. The use of 
concept maps is grounded in the constructivist view of learning, and for classroom 
instruction the constructivist view of learning and teaching gave valuable insight.   

Phase 2b began by mapping what aspects of physics as a science and its practices 
could be useful when expertise in physics teaching is pursued. Two methodological 
processes, experimentation and modelling, were recognized as key ways for creating 
organization in the physics instruction of pre-service physics teachers. First, the roles of 
experiments and models were examined through a review of physics education research 
literature. The valuable aspects from this examination were taken into account; however, 
the epistemological roles of experiments and models had to be further considered. For that 
reason, a sort of cognitive historical analysis (Nersessian, 1992, 1995a) was carried out 
about the epistemological roles of experiments and models in physics by using history and 
philosophy of science as a source. The results of this analysis crystallized in the 
epistemological reconstruction.  

In  phase  3,  based  on  the  background  of  phase  2,  the  didactical  reconstructions  were  
developed. The major problem with the majority of existing methods and ideas is that they 
do not take into account the epistemological goals; for this reason, these new methods had 
to be developed. The first one is didactical reconstruction of processes (DRoP). The DRoP 
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aims to capture the knowledge formation of physical concepts and laws in concise and 
simplified form. The second one is the didactical reconstruction of structure (DRoS). The 
DRoS is simply an outgrowth of the DRoP, and the process or the chain of processes form 
the structure. Although the DRoS is somewhat subordinate to the DRoP, it has still its own 
important role in developing pre-service physics teachers’ knowledge. While the DRoP 
allows  the  detailed  examination  of  the  formation  of  a  certain  law or  concept,  the  DRoS 
enables the examination of the larger structure(s) of how concepts or laws are connected. 

 

 
Figure 1 Phases of research. 
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In phase 4, before the application and evaluation of the didactical reconstructions, the 
developed DRoP and DRoS had to be contextualized, applied in a case of a certain 
concept or law. This was done in phase 4 by utilizing the cognitive historical approach 
developed by Nersessian (1992, 1995a). In the utilization of the cognitive historical 
approach, the essential processes and developments of physics are identified, interpreted, 
and applied from the cognitive aspects of learning. Essential in this is that the historical 
developments are not repeated and adopted in teaching as such, but instead they are 
interpreted from the contemporary viewpoints of physics and learning, and only the 
essential reasoning processes are employed in teaching. In this dissertation, it is shown 
how the DRoP was applied in the case of electromagnetic induction law and the DRoS in 
the case of temperature. Of course, the DRoS and DRoP are general schemes that can be 
used in all physics contexts.   

In phase 5, which is the final stage, the didactical reconstructions were implemented 
and evaluated. The structures of the case studies are quite similar; the teaching sequences 
consist of lecture, initial flow charts, guided small group working and final flow charts. 
The gathered data consist of students’ flow charts (and essays) and interviews of students. 
The data were analyzed by using a qualitative approach and interpretative analysis. This 
part of the dissertation forms the major part of the empirical study.  The aim of this 
empirical part is to understand the principles, the didactical reconstructions, behind the 
flow charts and to evaluate the use of flow charts to address the challenges set to them. 

My role during the development of the advanced course for pre-service physics 
teachers was to identify the challenges of physics teacher education in the physics 
department (phase 1) and to design and develop the didactical reconstructions and ways of 
applying them in instruction (phases 3 5). In phase 2, I had the leading role in developing 
the pedagogical and didactical background. I am versed in the science education research 
literature, and the main role that I had in the development of the epistemological 
reconstruction of experiments and models was to filter it in practical form. I had the major 
role in designing the case studies and in analyzing the results.  
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2 Organizing knowledge in learning 

This chapter reviews the literature on the physics content knowledge necessary for a 
teacher. To identify the features of this useful knowledge, research on expert knowledge is 
utilized. The characteristics of expert knowledge help to shape the goals we need to set for 
pre-service physics teachers’ knowledge. Constructivism is discussed as a useful approach 
to learning and teaching. Graphical ways of representing and organizing knowledge are 
discussed, because they gave the starting point for representing the didactical 
reconstructions in graphical form. 

2.1 Teacher needs organized knowledge 

Shulman (1986) has examined the knowledge of teachers with emphasis on disciplinary 
content, and on this basis he distinguishes three categories of teacher’s knowledge: subject 
matter content knowledge (CK), pedagogical content knowledge (PCK), and curricular 
knowledge (Shulman, 1986, p. 9). The aim of the present study is to help the pre-service 
physics teachers to develop and (re)organize their knowledge of physics for purposes of 
physics teaching. In Shulman’s terms, the study focuses on CK and takes into account 
major components contained in PCK.  Of these, the CK of pre-service physics teachers is 
of central interest, but the interface between CK and PCK is addressed. This interface is of 
importance in forming the bridges between the different studies in the overall physics 
teacher education, so that prospective teachers during can easily integrate CK into their 
teacher training and pedagogical studies. 

The in-depth understanding of content knowledge of the discipline is a necessity for a 
teacher (e.g., Shulman, 1986; van Driel et al., 1998; Lederman & Flick, 2003). Besides the 
knowledge of the concepts and facts of an area of subject matter, content knowledge 
includes also the understanding of the structures and organization of subject matter. 
According to Shulman, “the teacher need not only understand that something is so; the 
teacher must further understand why it is so” (Shulman, 1986, p. 9). A teacher must also 
understand what topics are essential and what topics are not very central in a discipline 
(Shulman, 1986).  

Pedagogical content knowledge means “the particular form of content knowledge that 
embodies the aspects of content most germane to its teachability” (Shulman, 1986, p. 9). 
According to Shulman (1986, p. 9), PCK includes “the ways of representing and 
formulating the subject that make it comprehensible to others” and the understanding of 
students’ difficulties in learning a certain topic. These ways of representing ideas as well 
as the students’ difficulties are very discipline-dependent. 

In what follows, the content knowledge is in focus, although it is not referred to by that 
term. Since the conceptual knowledge of physics and the structure of that knowledge is 
explicitly addressed, such paraphrasing and narrowing down of the general topic is not 
necessary. However, this connection with CK and PCK needs to be mentioned in order to 
place the present work in the context of similarly oriented studies.   
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As already noted, a physics teacher is an expert on physics as well as physics teaching 
and learning. This warrants a closer look at the typical features of expert knowledge. 
Following Bransford et al. (2000, p. 31), a person who has developed expertise in a 
particular area of knowledge is able to think effectively about problems in that area. 
Bransford et al. (2000) and Glaser and Chi (1988) have presented several key features of 
expert knowledge: 

1. Experts have acquired a large amount of organized content knowledge. 
Bransford et al. (2000, p. 9) suggests that experts’ abilities to think and solve problems 
arise from a rich body of knowledge about subject matter. This “usable knowledge” is not 
the same as a list of disconnected facts. Expert knowledge is connected and organized 
around important concepts; it is “conditionalized” to specify the contexts in which it is 
applicable; it supports understanding and transfer (to other contexts) rather than only the 
ability to remember. Furthermore, Bransford et al. (2000, pp. 36 37) have argued that 
content knowledge of experts in physics is organized around core concepts or “big ideas” 
that guide their thinking about their discipline. For example, experts use major principles 
or  physical  laws  as  the  basis  of  their  solution  to  a  certain  physics  problem,  whereas  
novices base their reasoning on the surface attributes of the problem (Chi et al., 1981). 
This hierarchically organized knowledge structure helps experts to notice the features and 
meaningful patterns of information. It also facilitates their retrieval of important aspects of 
their knowledge (Bransford et al., 2000). 

2. Experts are mainly proficient in their own discipline. There are studies (quoted 
in Glaser & Chi, 1988 and Bransford et al., 2000) which have shown that an expert in 
some discipline or domain is rarely an expert in some other discipline or domain. 
Expertise in a certain discipline does not guarantee that an expert is able to teach others 
(Bransford et al., 2000). For example, an expert can have difficulties in understanding 
what is  easy or difficult  for students.  This leads us back to PCK as a part  of a teacher’s 
expertise alongside with CK, as a teacher needs tools of representing and mediating CK to 
students in a way that is useful for their level of learning. 

Expert knowledge, without doubt, is a desired outcome of the organized, well 
structured and usable body of knowledge. However, to reach this outcome, an analysis and 
understanding of expert knowledge is just a starting point. In addition, understanding the 
processes in learning and teaching is needed to design effective and productive didactical 
solutions to develop expert knowledge. 

2.2 Towards organized knowledge: Guided instruction and 
graphical network representations 

The basic instructional approach developed here can be described as guided instruction, 
where certain types of scaffoldings, the didactical reconstructions, are used to support 
students’ learning process. However, although the instruction is guided, within these limits 
there is plenty of room for personal knowledge construction through peer discussions and 
construction of flow charts. Perhaps one of the most valuable guides in developing the 
instruction approaches is the view of constructive learning and teaching. 
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Constructivist learning is currently the dominant view of learning in science education. 
Constructivism is a complex, multifaceted, and somewhat indefinable doctrine (Mayer, 
2004), which can be seen in many forms, e.g., psychological and social (Phillips, 1998) or 
personal and social (Trumper, 2003); trivial and radical (Nola, 1998); and cognitive, 
epistemic, and metaphysical (Grandy, 1998). The basic idea of constructivism is that 
“learning is an active process in which learners are active sense makers who seek to build 
coherent and organized knowledge” (Mayer, 2004, p. 14). In science education, a 
framework acknowledging the importance of personal cognition in learning has developed 
gradually during the last two decades. According to Trumper (2003), it can be viewed as a 
version of “the personal constructivist model of learning” or simply “personal 
constructivism.” A key feature of personal constructivism is that it begins “with what 
students know, continue with what they can learn by arranging their  interaction with the 
physical world around them, and connect this learning to the underlying principles of 
scientific knowledge” (Trumper, 2003, p. 650). Constructivism can be taken, rather, as a 
guide regarding how to teach, instead of what to teach.  

Many problems in science education arise from the relations and interpretations of the 
different aspects of constructivism, defined as the constructivist view of (scientific) 
knowledge, the constructivist view of learning, and the constructivist view of teaching (cf., 
e.g., Nola, 1998 and Mayer, 2004). These aspects are presented in Figure 2. 

 

 
Figure 2 Different aspects of constructivism. The constructivist view of knowledge is disregarded is this 
dissertation, so it is in dash line. 
 
In what follows, the constructivist view of knowledge (constructivist epistemology) is 
separated from the constructivist view of learning and teaching (Trumper, 2003; Gil-Perez 
et al., 2002). The constructivist view on knowledge is neither accepted (cf. Quale, 2008) 
nor rejected as a flawed conception of knowledge (e.g., Nola, 1997; Matthews, 1997, 
2000; Niaz et al., 2003). Simply, one can remain indifferent to the question of 
epistemology; the didactic reconstructions to be designed are flexible enough to 
accommodate any epistemology one can go in science. 

Next we take a look at the interrelationship between the constructivist view of learning 
and teaching. Quite often the constructivist view of learning as an active process is 
construed to mean that students must be active during learning and that the active learning 
is equal to active teaching (Mayer, 2004). The active teaching that supports active 
learning, where a student constructs his/her own knowledge, too often means unguided 
discovery  instruction,  where  the  role  of  peers  varies  depending  on  the  preferred  form of  
constructivism (personal or social). In this interpretation, the good constructivist teaching 
methods connote that students are behaviourally active (e.g., doing hands-on activities, 



 
 
 
 

16

participating in group discussions); in this way they are learning through their own 
experience, but there is no guarantee that students actually are cognitively active (Mayer, 
2004; Kirschner et al., 2006). Research shows that this interpretation of constructivist 
teaching does not work or that better results are obtained through guidance (e.g., Mayer, 
2004; Kirschner et al., 2006). Therefore, instead of unguided discovery methods and mere 
group discussions between peers, the teacher’s guidance and structured methods of 
instruction are needed (Kirschner et al., 2006). Effective active learning requires that the 
learner is constructing appropriate knowledge. This helps to make sense of new 
information and to integrate this new information as a part of the learner’s knowledge 
base. The guidance during the learning process helps to fulfill these criteria of active 
learning, especially what comes to the demand of appropriate and acceptable target 
knowledge (Mayer, 2004). Kirschner et al. (2006) are presenting similar ideas and they 
justify them with the knowledge that we have on human cognitive architecture. 

As  a  summary,  the  goal  of  the  constructivist  view  of  learning  (the  learner  is  
constructing her/his knowledge) is certainly worthwhile, but the ways of reaching this goal 
through teaching and instruction have to be considered. According to Mayer (2004), 
perhaps the best way of supporting the constructivist view of learning includes teaching 
methods that involve cognitive activity rather than behavioural activity, instructional 
guidance rather than pure discovery, and curricular focus rather than unstructured 
exploration. Thereby, the appropriate support for the learning process is offered and still 
enough freedom is retained, which also makes learning rewarding and reflective. It is in 
this sense that constructivist learning is discussed and referred to in what follows.  

 
A physics teacher needs in-depth, organized content knowledge, but it has to be organized 
in a way that it serves physics teaching. For this reason, it is necessary to pay attention to 
individual, cognitive aspects of learning, such as organizing knowledge (Van Heuvelen, 
1991; Reif, 1987, 1995; Bagno et al., 2000) and processes of producing knowledge 
(Etkina et al., 2002; May & Etkina, 2002). Coherent and organized knowledge is also the 
goal of the constructivist view of learning. Teaching models, which support construction 
of knowledge structures, organizing principles, and their visual representation, e.g. 
concept maps, have proved to be effective (Bagno et al., 2000; Van Heuvelen, 1991; Reif, 
1987, 1995).  

The uses of graphical network representations can also be motivated from a more 
philosophical point of view that pays attention to the use of concepts. Namely, for a 
scientist (or an expert), the descriptive and explanatory functions of conceptual systems 
are of great importance. In judging the acceptability and validity of the conceptual 
network, attention is paid not only to logical and structural analysis, but also to the factors 
connected with scientific practices concerning meaning (Nersessian, 1984). Of such 
practices, most central are questions about how concepts, models, and theories explain 
phenomena and how they are related to the phenomena explained. This is a problem often 
discussed under the banner “explanatory coherence” of such structures (Thagard, 1992). 
Students (or novices) acquire the conceptual system, however, through instruction rather 
than research. When the conceptual system is constructed or acquired, one must “first 
through instruction and use build up an integrated set of concepts and rules, and second 
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through argument to come to see its explanatory coherence” (Thagard, 1992). It becomes a 
continuous conceptual change where new systems are obtained by the addition and 
deletion of nodes, the agglomeration of the branches of the network, or restructuralization 
of the network as a whole (Thagard, 1992; diSessa & Sherin, 1998). In achieving 
expertise, it seems that an important part is learning to work with and build these 
networks. This organization of knowledge thus requires suitable representational tools, for 
which the graphical network representations are good candidates. 

The graphical tools (flow charts) used in the current work are related to graphical 
network representation techniques such as concept maps, but in many respects are 
different  from the  standard  use  of  such  representations.  Originally,  the  concept  mapping  
technique was developed by Novak and Gowin (e.g., Novak et al., 1983; Novak & Gowin, 
1995/84). Since then, concept maps and other graphical network representations have 
reached an established position in teaching and learning science, which is exemplified in a 
number of research papers in science education (e.g., Ruiz-Primo et al., 2001; Liu, 2004; 
Yin et al., 2005). The research has discussed concept maps in learning (e.g., Odom & 
Kelly, 2001); in assessing or evaluation of learning or student’s knowledge (e.g., Stoddart 
et al., 2000), and as a research tool (e.g., Van Zele et al., 2004). The concept maps have 
been produced individually (e.g., Okebukola, 1990) and collaboratively (e.g., Roth, 1994). 
The concept maps are thought to represent a person’s structural knowledge about a certain 
topic or concept (e.g., Novak & Gowin, 1995/84; Nicoll et al., 2001; Van Zele, 2004; Yin 
et al., 2005). 

There are variations among different graphical network representation techniques. 
Typically, the graphical networks are two-dimensional node-link representations that 
learners produce about the content to be learned or learned. Novak and Gowin (1995/84) 
emphasize hierarchical concept maps, where new concepts are placed under more general 
and inclusive concepts. The nodes include the concepts, and the links between nodes 
(propositions) must be labeled (“explained”), and sometimes the links can be directed 
(arrows) (Novak & Gowin, 1995/84). The cross-links and examples are also important in 
concept maps (Novak & Gowin, 1995/84). There are different ways of doing concept 
maps; for example, the concepts can be given in advance, students can identify essential 
concepts from a certain text, or just a topic of the concept map is given to students (Novak 
et al., 1983). Concept maps can be used also for different purposes, such as for mapping 
students’ pre- or misconceptions, for use as cognitive road maps, for understanding 
various kinds of texts, for supporting inquiry-based learning activities, and for planning an 
essay (Novak & Gowin, 1995/84). Usually there are no “rules” for constructing concept 
maps that emerge from the discipline or subject, and instead the technique can be used in 
very different disciplines. 

Research has shown that concept maps help students in the meaningful learning of 
science concepts (e.g., Novak et al., 1983; Novak & Gowin, 1995/84; Okebukola & 
Jegede, 1988; Okebukola, 1990). Concept maps help students to assimilate new 
knowledge in explicit and purposeful ways to their existing knowledge structures (Novak 
et al., 1983). Concept mapping has proven to be a useful tool in attaining conceptual 
change (Trowbridge & Wandersee, 1998; Liu, 2004). Concept maps also help students to 
(re)organize their knowledge (Zieneddine & Abd-El-Khalick, 2001), so they work as 
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metacognitive tools (Trowbridge & Wandersee, 1998). This last aspect of the advantages 
of concept mapping is one of the central interests here. 

So far, concept maps have mainly represented propositional knowledge of science in 
graphical form. The processes that construct the structure of scientific knowledge are not 
reflected in the ways in which the concept maps are constructed or in the structure of 
concept maps. The fact that these kinds of aspects are missing has been recognized in the 
research literature: according to Reif’s (1995) studies about cognitive processes and kinds 
of knowledge required to work in a scientific domain like physics, hierarchical ways of 
organizing scientific knowledge are needed. Wandersee (1990), for his part, demands an 
investigation of how scientific knowledge can be graphically represented. In the next 
chapter, two different (but related) graphical tools (didactical reconstructions of processes 
and structures that fulfill these requirements) are developed. The practical solutions based 
on these didactical reconstructions are called flow charts instead of concept maps, because 
the processual aspects are strongly presented in them. 
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3 From processes and structures of physics to physics 
teaching: Didactical reconstructions 

In designing the didactical reconstructions, the aspect to keep in mind is that the didactical 
reconstructions should enable the pre-service physics teachers to answer the question of 
“how  they  know  what  they  know”  as  was  discussed  already  in  chapter  1.  In  this,  the  
history and philosophy of science (HPS) can serve us in many valuable ways. First and 
foremost, the conceptual analysis of physics history helps us to regenerate the knowledge 
of physics by answering the questions “how we came to believe what we believe” and 
“how we discovered what we know” (Chang, 2004). The history of physics thus provides 
a source for understanding how different concepts and quantities have been constructed 
and abstracted. A good example of this kind of approach is provided by Chang (2004), 
who has given an account of the role of conceptual and philosophical analysis of physics 
history with the goal of understanding knowledge creation and justification of knowledge 
claims.  In  his  work,  he  shows  how  closely  the  ways  to  measure  are  connected  with  the  
development or rather, according to Chang, “invention” of the concept, and how much 
more delicate this process is than a straightforward “operationalization.” The main 
message of Chang’s analysis also forming the basis of the question explored in this 
dissertation is that in order to know “how we know what we know,” attention needs to 
be paid to the practical methods of making the quantities measurable in the process of 
“inventing” concepts. In the justification of the concept through measurement and the 
operationalization of the concepts, there is a question about reaching a certain 
“experimental  closure,”  where  the  invented  concept  helps  to  make  a  better  sense  of  the  
experimental results and measurements. The basic themes introduced here parallel 
Chang’s discussion, and they are:  

 The intertwining of experiments and theoretical abstraction processes.  
 Modelling, where concepts are seen as the outcomes of the process,  in which the 

theory also becomes augmented or restructured. 
 The role of quantitative measurements and formation of quantities in the 

aforementioned process.  
One important starting point is the notion that epistemology of experiments or models 

is not often addressed directly in the educational and pedagogical literature. This warrants 
an attempt to produce a reconstruction of the epistemological role of experiments in 
physics by drawing insight from history and philosophy of physics. Consequently, an 
epistemological reconstruction of knowledge justification is introduced. The 
reconstruction  is  based  on  the  idea  that  in  epistemology of  experiments  and  models,  the  
inductive-like generative justification of knowledge is central. From the basis of this 
analysis of physics history and the epistemological reconstruction, the corresponding 
didactical reconstruction of processes (DRoP) is designed for understanding the 
construction (or rather, reconstruction) of physical quantities. The DRoP leads to the idea 
that quantities are always parts of networks of other quantities and laws, where 
quantifying experiments have a central role in building up the network and in determining 
its  structure.  The  structure  which  follows  from  the  reconstructed  process  is  called  the  
didactical reconstruction of structures (DRoS). These two didactical reconstructions, 
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DRoP and DRoS, make it possible to retain those aspects of experiments and models 
which make them purposeful for learning and can give a starting point for students’ own 
construction of knowledge. The use of DRoP and DRoS also supports the incorporation of 
experiments and models into teaching. 

3.1 Role of experiments in science education 

Experiments are an integral part of physics research and they also have such a central role 
in physics education that hardly any textbook fails to mention that physics is an 
“experimental science” and that in physics “knowledge is based on experiments.” There 
seems to be a general agreement among physicists doing their science, philosophers 
interpreting the physicists’ activities, and finally, science educators trying to give a picture 
of physics to their students. However, as soon as the epistemological role of experiments 
needs to be made more definite, there is a broad spectrum of views ranging from 
experiments as a basis for simple inductions to views that experiments are mostly used to 
refute existing theories. This discrepancy of views suggests that there is a need to pay 
more attention to the epistemology of experiments in physics education.  

Educational literature concentrates, of course, predominantly on the educational 
aspects of doing experiments: on their role on learning and on the practical questions 
related to teaching. These questions are often discussed in the framework referred to as the 
personal constructivist view on learning (Trumper, 2003). Within personal constructivism, 
many problems related to learning have been resolved, and there are also informative 
studies on physics education of the laboratory work used to support students’ cognitive 
process of forming knowledge (Sokoloff & Thornton, 1997; Redish, 1994, 1999; Van 
Heuvelen, 1991; McDermott et al., 2000; Hammer, 1996). However, questions addressed 
within personal constructivism are often separate from the epistemological problem 
concerning the origin of objective (or intersubjective and shared) knowledge that science 
produces and how this knowledge is justified. Although the shifted focus on personal 
constructivism has led to many advances, it has somewhat put aside the important 
epistemological questions. Therefore, there is still a need for an epistemological 
reconstruction of the role of experiments in physics, truthful to their historical role. 

Although the experiments, demonstrations, and practical work in the laboratory have 
long been accepted as an integral part of learning physics (Wellington, 1998; Trumper, 
2003), their relation to learning outcomes of students has proven to be weak. Many 
reforms of physics education have relied on the conviction that learning can be improved 
through developing ways in which experiments are conducted in the physics classroom as 
well as by developing suitable study material and experimental models of teaching (Duit 
& Confrey, 1996). The reformers and designers of new curricula have quite often drawn 
support for their ideas from constructivist views of learning (for reviews, see Trumper, 
2003;  Niaz  et  al.,  2003).  Researchers  do  not  agree,  however,  on  the  significance  of  
experimental work in science education (Lazarowitz & Tamir, 1994; White, 1996). It has 
been found that practical work has little impact on the students’ understanding (Watson et 
al., 1995), that the usefulness of laboratory work toward the goal of learning scientific 
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concepts is hard to interpret and somewhat uncertain (Hodson, 1993, 1996), and that the 
benefits of laboratory work for students’ understanding about the character of physics 
knowledge are also questionable (Millar, 1989). The poor outcomes are suspected to result 
from the way experiments are conducted. In some cases, the apparent reason for 
ineffectiveness is the too-straightforward verificatory use of experiments; the cognitive 
demands of the laboratory in particular tend to be low, because experiments are used 
mainly  as  a  way to  confirm simply  what  has  already  been  taught  (Lazarowitz  & Tamir,  
1994; Berry & Sahlberg, 1996; Trumper, 2003). The other extreme, the oversimplified 
inductive use of experiments, as in the so-called “discovery learning” originating from 
the conceptions of science in the 1960s has also proved to be an unsuccessful approach. 
Its failure has been ascribed, to a large degree, to the false idea of inductivism in science 
and the far-stretched idea of students as “novice researchers” (Hodson, 1992; Niaz et al., 
2003; Trumper, 2003). Discovery learning also often lacks the guidance of learning, which 
easily leads to a situation where students are behaviourally active but their cognitive 
activity could be quite low (cf. section 2.2 and Mayer, 2004). 

In order to face and find solutions to the problems (as the ones concerning the 
experiments introduced above) in physics education, many researchers and educators 
(Hestenes, 1998; Hammer, 1996; Redish, 1994, 1999) have recognized the need for a 
theoretical framework for physics education. Towards this end, Redish (1994) suggests the 
use of principles based on cognitive studies which concern students’ understanding and 
learning processes. The developed framework, taking into account personal cognition, can 
be considered a form of the personal constructivist view of learning (Trumper, 2003), 
introduced in the previous chapter. Based on personal constructivism, laboratory activities 
that are conceptually more demanding than simple verification experiments have been 
proposed by many authors (Arons, 1993; Sokoloff & Thornton, 1997; Redish, 1994). 
Different authors stress the educational goals of laboratory work differently, but the 
commonly accepted goals are that students should have a chance: 

1. To participate in the acquisition and construction of knowledge,  
2. To see how that knowledge is reached and justified, and  
3. To understand how the meaning of concepts and laws in physics is generated.  
In reaching these goals, students’ social interaction plays an important role. Students 

should have an opportunity to express their ideas in their own words, to reflect about their 
own learning and correct errors, and make explicit their own intuitive reasoning (Redish, 
1994, 1999; Hammer, 1996; McDermott et al., 2000). 

Teaching models stressing the processing aspects of producing knowledge are often 
based on the investigative nature of conceptualization and on observations as a source of 
knowledge. For example, Etkina et al. (2002) and May and Etkina (2002) combine 
different types of experiments, which are used to guide students to differentiate between 
observational evidence and inferences, to test inferences experimentally, and to see the 
applicability of their ideas. McDermott et al. (2000) have expressed similar views, and 
they also note the need to construct concepts starting from observations.  

The concept formation proceeding from observations and experiments is, however, not 
the only way to promote active student participation and the investigative character of 
learning. A good example is provided by modeling methodology, where the major role of 
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experiments is to test and validate models. There is thus a clear emphasis on the 
hypothetical deductive view on the role of experiments (Hestenes 1992; Wells et al. 
1995). 

These examples show that the educational goals within personal constructivism can be 
combined with differently biased epistemological goals, based on different views 
concerning the justification of knowledge. The educational goals as outlined above within 
personal constructivism do not, however, guarantee the authenticity of physics 
experiments in teaching The epistemological role of experiments in generating knowledge 
is seldom explicitly addressed in physics education literature. So, in addition to the three 
aforementioned educational goals, two additional epistemological goals are needed:  

4. Experiments are conceived as a source of knowledge, and 
5. Experiments are recognised as a form of reasoning, which is conceptually 

comparable to theorizing. 
In  what  follows,  these  epistemological  goals  are  motivated  and  justified  through  the  

historical and philosophical analysis (done in article III). On the basis of this analysis, it 
becomes possible to produce a reconstruction of the epistemology of knowledge 
construction, truthful enough to the ways in which experiments are used in physics, but 
which also takes into account the educational goals of experimentation, including 
cognitive factors in learning and the importance of a learner’s own active role in learning 
(Nersessian, 1984, 1995b; Izquierdo-Aymerich & Adúriz-Bravo, 2003). This 
reconstruction is introduced in section 3.4.  

3.2 Role of models in science education  

In addition to experiments, the use of models and modelling are needed in knowledge 
construction.  A  clear  and  concise  definition  for  a  notion  of  model  is  impossible,  but  
models can be viewed as representations of knowledge with different degrees of 
sophistication, which have different degrees of similarity with their concrete targets. A 
model often refers to something simpler than, or not as fundamental as, theory, or it may 
refer to tentative theory. In practice, physicists seem to assign the term model to “a variant 
of a theory, a bit of a theory, a tentative theory, or a theory with such drastic simplification 
and approximation its hypothetical nature is unmistakable” (Auyang, 1998, p. 69). The 
usage of model and theory is often very loose among physicists, and such terms are even 
used by some authors synonymously. This is partly due to fact that the physicist's stance 
regarding models is often rather practical; models are tools for exploring interesting 
features in theory, or making a connection between theory and experiments, as well as 
being used in experimental work. This practical stance of physicists towards models is 
also the guideline in the forthcoming design of the didactical reconstructions. 

In recent decades, views on how to use models as integral parts of science education 
have mainly been developed within the science education reform, which sets as its goal 
the elucidation of an authentic picture of science. This reform has drawn much insight 
from model-based views on science, where models and modelling are seen to take a 
central role in the justification and formation of knowledge. Educational researchers 
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expect the model-based view to deeply affect future curriculum, instructional methods, 
teaching, and learning in general (Justi & Gilbert, 2000; Gobert & Buckley, 2000; 
Izquierdo-Aymerich & Adúriz-Bravo, 2003), as well as teachers' conceptions concerning 
the nature of scientific knowledge (Justi & Gilbert, 2002; Van Driel & Verloop, 2002). 

In physics education, the role of models and modelling, as well as the question about 
their authenticity, is important for several reasons. First, there is the dominance of abstract 
theory in physics, which often tends to distract attention from the equally important role of 
experiments. Second, teachers and science educators seldom have experiences with 
genuine modelling, and instead they have learned their conceptions from textbooks and 
textbook examples, which often give a distorted view of modelling. Third, many studies 
on models and modelling in the area of science education seek to support their aims from 
rather narrow views that concentrate on the role of models in representing and 
communicating scientific ideas in the classroom. The models are also often examined as 
categorizing elements of scientific knowledge and their role as an integral part of 
knowledge construction is left aside. A broader perspective is clearly warranted, based on 
the deeper understanding of the epistemological role of models in physics, and in the 
construction of knowledge.  

The roles models and modelling have in the science education literature, where the 
epistemological aspects of models have been taken into account, can be roughly divided 
into four categories:  

1. Models provide explanations. This is perhaps the most common situation where 
epistemological questions are explicitly discussed (Gilbert et al., 2000; Justi & 
Gilbert, 2000, 2002; Izquierdo-Aymerich & Adúriz-Bravo, 2003). Research on 
science education reflecting a model-based view has, however, paid little attention 
to the primary question of how models are related to theory and experiments in the 
first place. This makes the use of such model-based views in physics education 
somewhat limited. One exception is the approach of Hestenes (1992), which 
explicitly underscores the relationship of models to theory and experiments. 
According to Hestenes, the construction of models is carried out with 
comprehensible rules (the rules of the modeling “game”), and then models are 
validated by matching them with experiments. In Hestenes’ ideas, there is a clear 
predominance of the verificative justification of knowledge.  

2. Models in communicating and representing ideas. Gilbert et al. (2000) and Justi 
and Gilbert (2000) have discussed the importance of models as structures that 
condense the important information for the purposes of communication, sharing 
and discussion of ideas. In this view, the emphasis is rather on the communicability 
rather than on the epistemology.  

3. Models as different types of representations of knowledge have been, for example, 
discussed by Harrison and Treagust (2000), and they have typified school science 
models from this perspective. However, the classification suggested by Harrison 
and Treagust becomes problematic when it concerns physics education, since it 
does not correspond to ways in which attributes such as “theoretical” and 
“mathematical” tend to be used in physics. One reason behind the ambiguity of this 
type of classification is probably the tendency to mix up the epistemological and 
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representational aspects of models. Other reason is that the classification tries to 
cover the entirety of school science, and thus the differences between the science 
disciplines are lost. 

4. The relation of models to theory has been examined in depth only in few studies. 
An exception is provided by Snyder (2000), who focuses on describing the 
knowledge structures through using hierarchies of model structure. She also raises 
important questions concerning the relationship between quantitative and 
qualitative  representations  and  the  role  of  models  in  it.  Snyder's  work although 
related only to the problem solving and classification, and lacking the extensions 
towards the direction of experiments is an encouraging example of the uses of 
model-based views in resolving important questions related to the model theory 
relationship.  

In science education literature, mostly the deductive role of models in verifying 
knowledge has been emphasized. More attention still needs to be paid on how models 
work as tools for representing, explaining, and making connections with reality as it can 
be accessed through experiments, and finally, in generating new knowledge. The 
epistemological aspects of models that are taken into account in this work are: 

1. Models provide insight through analogy or similarity. Here an analogy is seen as a 
“heuristic device for exploring the unknown phenomena” (cf. Nersessian, 1984, p. 
74). Through (partial) similarity, models make also possible the generation of new 
ideas and interpretations. 

2. Models provide explanations. The explanation is here understood to mean the 
capability of making unfamiliar more understandable, controllable, and predictable 
(Auyang, 1998; cf. Nagel, 1961). Using models as a way of giving explanations is 
characteristically reasoning from the theory to experiment; models provide 
explanations by making connections with other, better known models or theories 
through similarities or analogies. This conception of models is often connected to 
verificationist views as discussed above: Hestenes, for example, notes that 
“theories are empirically validated only by validating models derived from them” 
(1992, p. 738). Although this is a part of the scientific activity in physics, it would 
be a mistake to adopt such a narrow verificationist view as a general one. After all, 
the most valuable use of models is not as a conduit from theory to experiments, but 
rather the use of models in generating knowledge: creating existence claims from 
new properties of phenomena and entities, even claims about new entities.  

3. The core of the theory is clustering of models and their ordering into hierarchies. 
The model-based view of science provided by Giere attempts to construct a picture 
of the praxis of science, in which models and modelling activity are central. Based 
on this notion, Giere argues that theory, in general, can be described as a cluster of 
models  or  “as  a  population  of  models  consisting  of  related  families  of  models”  
(Giere 1988, p. 82). Moreover, these clustered models may be arranged 
hierarchically.  

Of these different (but related) views on the models, the last one is clearly very 
advantageous for constructive learning. According to it, the meaning of the central 
knowledge structures (models) does not need to be constructed backwards by matching 
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models to empirical evidence. In this kind of a model-based view, therefore, the question 
of distinction between models and theory is not very central, because through models, 
there is already “enough conceptual machinery to say anything about theories that needs 
saying” (Giere, 1988, p. 83). Within it, the laws can be regarded as general enough models 
to provide a sufficiently broad basis for all practical purposes (Giere, 1988, 1999). These 
considerations are indeed not far from the conceptions that most physicists seem to hold. 
As a substitute for laws, Giere suggests “principles,” which should be understood as rules 
to be used in building models to represent specific aspects of nature, and he notes that “the 
fact that so many different kinds of physical systems can be so represented is enough to 
justify the high regard of these principles” (1999, p. 94). This kind of model-based view 
aligns well with the practice of physics; it does not really matter if we drop our reference 
to laws as special structures in physics knowledge and replace this with some more or less 
central model or that instead of theories one prefers to refer to high-level principles. The 
model-based view has lent much credibility to “authentic” science education (as discussed 
in more detail in IV). Consequently, such a view is adopted as a basis to develop the 
didactical reconstructions and as basis of discussing the interplay between experiments 
and models.  

3.3 Interplay of experiments and models 

In the didactical reconstructions to be developed in section 3.5, the experiments and 
models will be discussed in parallel ways so that they support each other and they both 
have  an  equal  role  in  the  process  of  knowledge  construction.  This  choice  is,  of  course,  
motivated by the views on what is advantageous in learning, but it is also informed by the 
views on how models and experiments are connected in practices of doing science. 

For the purposes of teaching and learning physics, it is important to recognize the 
“epistemological core ideas” of doing experiments and using experiments. With the 
“epistemological core ideas,” it is meant such aspects as the experiments’ role in 
knowledge justification and in acquisition of information for knowledge construction. 
These epistemological aspects can be expected to be similar in learning science and in 
doing science, and thus such aspects should have a primary role in any epistemological or 
didactical reconstruction used in learning and teaching (Izquierdo-Aymerich & Adúriz-
Bravo, 2003). 

The use of models of interest here is closely related to the role of models in describing 
and interpreting the outcomes of experimental findings. Models have an important role in 
mediating between experiments and theory; they are needed for interpreting the 
experimental  results  as  well  as  for  representing  them.  However,  models  are  also  used  to  
design experiments so that experiments can be seen as the concrete realizations of model 
systems. This allows a complete and thorough interpretation of experiments within the 
models,  and  within  the  theories  to  which  the  models  are  connected  (see  article  IV,  also  
Koponen, 2007).  

The measurable properties of phenomena and entities provide the necessary core of 
any physical theory i.e., its empirical substructure. The systematized and idealized 
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description of these experimental results was once referred to (and still is in textbooks) as 
experimental laws. Although experimental law is no longer a commonly used expression 
in physics literature, the knowledge structure it refers to has not vanished. We still need to 
describe and represent experimental results in concise form, but this is usually done 
without giving any specific name to the resulting expression.  

In what follows, the term experimental law is used in this restricted meaning, as a core 
ingredient of the empirical substructure. Such experimental laws achieve a great 
descriptive accuracy in their own limited context, and therefore take up a special position 
in physics as a core ingredient of physics knowledge. These experimental laws are our 
bridges to reality. Moreover, they can be expressed (or represented) in form of models 
which make as direct as possible a connection to that which is measurable in experiments 
(for details, see article IV).  It thus becomes possible to match these models with the 
theoretical models, which are produced from the theoretical superstructure.  Although  it  
may only be strictly possible to justify the match between the empirical substructure and 
observable phenomena (or strictly speaking, with their measurable properties), the 
theoretical superstructure may represent equally well important features of the real world; 
they are just beyond a direct empirical match (Giere, 1988, 1999). Thus, the models and 
theories are tools of finding out what exists and what the nature of this existence is. 
Models and theories are continuously adapted to different situations and as such are 
always provisional or open to further revision.  

3.4 Epistemological reconstruction of knowledge justification 

In this section, the ideas introduced in the previous sections of this chapter are 
condensated as “the epistemological reconstruction of knowledge justification,” where the 
experiments and models are used in a generative way in constructing and justifying 
knowledge. Although the epistemological reconstruction is a gross simplification, it still 
reflects the methodology of physics, as it is encountered in the history and practices of 
physics. This scheme satisfies the requirements for an organizing structure and provides 
the possibility to discuss the process of knowledge formation within this structure. This 
forms the theoretical scheme behind the DRoP and DRoS.  

In the epistemological reconstruction, attention is paid to establishing the empirical 
adequacy of models, not merely by matching up them with experimental laws (model 
representations  of  experimental  results)  but  also  by  (re)constructing  the  theory  to  
correspond with established experimental laws. The use of models places equal emphasis 
on theory and experimentality, as opposed to simply letting theory dominate our views. 
Theory then becomes seen as part of the experimentation process, as well as on par with it. 
Next we take a look at how this is achieved through the epistemological reconstruction. 
Here, the overall idea of the epistemological reconstruction is given. Its philosophical and 
historical justification is provided in articles III and IV. 

The basis of generative justification is the three-level hierarchy of physics’ 
conceptualization and abstraction: I Qualities, II Quantities and laws and III Theory. These 
levels can be motivated through analysis of physics’ logical (or syntactical) structure as 
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pointed out in paper III. The levels are described in Table 1, where the uses of experiments 
and models in different levels are also described.  

Generative justification always starts from qualities and produces quantities from 
qualities. Experiments then assign empirical meaning to quantities and laws. The 
sequences, which belong to generative justification, are schematically shown in Figure 
3a). Briefly, the steps from A to C represent the experiments and models in the phase of 
discovery (context of discovery), and step D is the phase of consequential justification 
(context of justification). Generative justification is thus quite different from the 
simplistic, one-directional inductive scheme, shown in Figure 3 b) for comparison, and it 
also differs from the straightforward verificatory sequence shown in Figure 3 c). 

 
 

Table 1 Three levels of conceptualization and abstraction. 

Level  Description Uses of experiments Uses of models 

I 
Qualities 

Conceptualization starts 
from events of nature by 
identification of phenomena. 
Qualitative properties of 
phenomena and entities are 
formed by classification.  

Observations, 
experimentation, and 
qualitative experiments. 
Experimentality has 
investigative and exploratory 
character.  

Identification of 
phenomenon based on 
already known theory. 
Designing and interpreting 
of experimentation. 

II  
Quantities 
and laws 

Qualities and their mutual 
correlations suggest 
interesting quantitative 
properties. Qualitative 
dependencies are 
transformed to quantities 
and laws.  

Quantitative experiments and 
designed ‘precision 
measurement’ are used in 
generative form. Experiment 
is an interpretation of theory. 

Designing and planning 
precision measurement 
system. Interpretation of 
measurement results. 

III 
Theory 

Generalizations are 
proposed and annexed to 
theory. Theory guides 
experimentation. Generation 
of “existence claims” of new 
phenomena, entities and 
their properties. 

Quantitative experiments are 
in a role of consequential 
justification. Experiments 
test the validity of 
predictions and existence 
claims. 

Theory is used through 
modelling. Generalizations 
and/ or idealizations of 
experimental results and 
existence claims are created 
through modelling. Models 
have bi-directional role 
intermediating between 
experiments and theory. 
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III THEORY

New
knowledge

II QUANTITIES & LAWS

C

I QUALITIES

A

B D

      I

      II

      III

I

II

III

N.K.

N.K.

a) b)

c)

 
Figure 3 The sequences of production of new knowledge according to a) epistemological reconstruction of 
knowledge justification. For comparison, the simplistic, b) inductive, and c) consequential sequences are 
shown. The piece of new knowledge annexed to the theory is denoted by N.K. 

 
Step A of generative justification, shown in Figure 3 a), is a sequence, where certain 

aspects of natural events suggest that they can be discussed within the framework of some 
known theory. Then through modelling this theory acts as a basis for isolating the 
phenomena for closer study; in other words, identifying a phenomenon requires theory. 
The final stage of A involves figuring out the pertinent qualitative dependencies for 
further study. 

Step B involves designing and planning quantitative experiments with the purpose of 
transforming the interesting qualities to quantities, and the important qualitative 
dependencies to quantitative laws. Here the experiment is the interpretation of theory. 
Then, experiments are carried out. First, by changing the experimental setup, the 
phenomenon is stabilized. Second, through repeated cycles, the authenticity of 
phenomenon and its relevance with respect to natural events is evaluated. 

Step  C  extends  the  region  of  validity  of  the  theory,  which  was  the  starting  point  of  
experimental design and interpretation. In this process, the quantities or laws are taken as 
generalized or idealized representations and they are annexed to theory as a new piece of 
knowledge. This leads to an augmented set of quantities and laws new knowledge and 
ultimately, to extended theory with a wider range of applicability than initially. 
Reorganizations of theory may also be necessary. In this way, generative experiments 
affect the structure of theory and transform it. 
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Step D is for the consequential justification and for verifying experiments to test the 
new augmented theory. It is essential that new predictions are successful in situations 
corresponding to a wider area of phenomena or that different phenomena are involved.  

The epistemological reconstruction of knowledge justification described above is next 
used as a basis of designing the didactical reconstructions. The epistemological 
reconstruction gets its plausibility and credentials from analysis of physics knowledge and 
its structures, mostly as seen from the vantage point of the model-based view. It should be 
mentioned that in many aspects, the reconstruction parallels the reconstruction suggested 
by Kurki-Suonio (2010), which forms the basis of the so called “perceptional approach” to 
physics teaching. However, there are fundamental differences in the way the 
reconstruction suggested here is motivated; while Kurki-Suonio motivates his view 
through a conviction that the empirical basis of the conceptualization is a universal one 
(Kurki-Suonio, 2010), the reconstruction here does not attend to reach such an overarching 
basis and is simply motivated on a basis of more broadly accepted interpretations of the 
structure of physics knowledge. 

3.5 Didactical reconstructions 

In sections 3.1 3.4, the generative role of experiments and models were introduced and 
developed in the form of the epistemological reconstruction. The epistemological 
reconstruction is the starting point for designing didactical reconstructions for purposes of 
pre-service physics teacher education. The didactical reconstructions need to be 
represented in suitable form for practical purposes of teaching and learning, and the 
important steps need to be visualized. For this purpose, the visual representations in the 
form of concept maps and other graphical ways of representing knowledge are chosen. 
However, in designing and developing the suitable tools, the didactical reconstructions, 
the epistemological reconstruction, and the visual representations must be combined and 
the existing way of using concept maps must be modified substantially. 

The physical knowledge is cumulative; the new knowledge is constructed based on the 
existing knowledge. The common concept maps represent the propositional knowledge in 
the form of node-link-node relations, so that each node-link-node-element is a statement 
or can be read as such. In that kind of representation, the connections are not made on the 
basis of how the concepts are connected functionally or through experiments and models. 
The need to represent more functional relations than the common concept maps allow  
development of new graphical ways of representing physical knowledge that are based on 
the previous phases of the representation. These new ways of representing knowledge are 
called flow charts instead of concept maps because: 

1. The aspects of processes constructing knowledge are taken into account.  
2. The previous step (a link between nodes) affects the following steps. 
3. The processes of knowledge formation become coupled to the structure of 

knowledge. 
In sections 3.5.1 and 3.5.2, the didactical reconstruction of processes (DRoP) is 

introduced first and the didactical reconstruction of structures (DRoS) after it, because the 
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processes create the structure. In section 3.5.3, the ideas behind designing a didactical 
reconstruction of a certain topic are described.  

3.5.1 Didactical reconstruction of processes (DRoP) 

The structures of knowledge are inherently connected with the processes which produce 
the knowledge. In traditional teaching, however, these process aspects are often 
overlooked, with the result that for students the structures of knowledge appear as pre-
existing ones. Therefore, what is needed is a metacognitive learning and teaching tool, 
which helps the pre-service physics teachers to: 

 Organize or reorganise their knowledge.  
 Reflect the knowledge that they already possess.   
 Think through how the knowledge is formed or can be formed.  

On the basis of the theoretical background of DRoP introduced in sections 3.1 3.4 
(and in articles III and IV), and on basis of the epistemological reconstruction in section 
3.4, a kind of scaffolding for the purposes of teaching is outlined. The scaffolding is a 
flow chart, where the eight important steps of knowledge construction are displayed. In all 
stages, generative experimental processes and modelling processes have been taken into 
account. The different steps and the processes involved in each of them are schematically 
summarized in a flow chart shown in Figure 4. The flow chart serves as a kind of a 
graphical tool, which helps students to recognize the important process and structural 
features of knowledge construction and to use these features to give ordered form for their 
learning and teaching. 

 

 
Figure 4 The schematic representation of DRoP with its eight steps.  
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The eight steps of the knowledge construction appearing in the flow chart in Figure 4 

are: 
1. Observation and identification of phenomenon. A phenomenon is observed 

through qualitative experimentation. Through existing theory, the phenomenon is 
identified.  

2. Qualitative experimentation. More qualitative experiments are conducted. The 
experimentation helps to observe and find the changing and constant properties (or 
qualities).  

3. Qualitative dependency. The result of qualitative experimentation is a qualitative 
dependency, which forms the basis for designing quantitative measurement. 

4. Model system and measurement. Through already known theory, we know how to 
measure essential quantities and how the measurement system affects the results. 
Therefore, the designed measurement system is based on the qualitative 
experiments and the model for measurements. 

5. Representation. The measurement results are represented graphically and 
algebraically. 

6. Experimental law and model representation. The new experimental law is justified 
and interpreted in a light of earlier knowledge, i.e., theory, through modeling. 

7. Extension of theory. The new tentative law is connected with a part of existing 
theory though generalization. 

8. Interpretations and predictions. The law is tested in different situations. 
 
The DRoP was designed on the basis of epistemological reconstruction introduced in 

section 3.4, so there are obvious similarities between the two. However, because the goal 
was to produce a didactical tool, it was necessary to revise the epistemological 
reconstruction. The steps A D  of  epistemological  reconstruction  were  too  broad  and  
partly implicit,  so in the DRoP they were split  into more specific steps 1 8. These eight 
steps of DRoP correspond to steps A D of epistemological reconstruction as follows: Step 
A split into steps 1 2, step B into steps 3 5, step C into steps 6 7 and step D corresponds 
to step 8. 

The DRoP is designed so that it is based on two viewpoints at the same time. The first 
viewpoint is that of physics, its practices and history, which we have used as a basis to 
select the contents and approaches that DRoP reflects. The second one is the viewpoint of 
teacher’s knowledge, learning, and didactics, which we have used as a basis to select the 
flow  chart  form  of  the  DRoP.  As  a  result,  the  DRoP  represents  the  most  important  
methodological steps in reconstructed, logical form so that knowledge construction has an 
easily recognizable direction of progress. This direction provides the outline for 
instruction that advances from already known to new knowledge. The general guidelines 
of DRoP are introduced here, in chapter 5, and in article V an example of applying DRoP 
in practice in a case of electromagnetic induction law is described.  
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3.5.2 Didactical reconstruction of structure (DRoS) 

The processes of knowledge formation produce the structures of knowledge. The DRoP 
produces a single law or a quantity at a time, but they always are constructed on the basis 
of previous knowledge or theory. It means that every new concept is already connected to 
previous concepts when it is formed and when the knowledge is constructed further the 
new concept will be connected to other new concepts. This approach leads to the idea of 
quantities as part of networks of other quantities and laws, where applying DRoP in a case 
of a certain quantities or laws is seen as having a central role in building up the network 
and in determining its structure (the structure of physics). The DRoP can be seen as a 
process, what is often called an “operationalization of concepts,” but understood in a 
broader sense: not only making existing theoretical concepts measurable, but also creating 
or inventing every concept through a process of measurement (cf. Chang, 2004). In that, 
the qualities are transformed to quantities through quantifying experiments and modelling, 
and the experiments then assign the empirical meanings to quantities and laws. In that, a 
network of concepts and laws is formed. In what follows, this view is referred to as the 
network view on concepts.  

The network view of concepts is motivated also by the notion that in many cognitively 
oriented studies of knowledge structures, concepts are considered as network-like 
organized structures. For example, Thagard proposes concepts as complex structures, like 
frames or scaffoldings, where a special role is given to interrelations between concepts and 
“rules are parts of concepts as well that concepts are parts of rules” (Thagard, 1992, p. 30). 
This is also the viewpoint advocated by Giere, who notes that “there are underlying 
principles which create a network of causal and explanatory links which hold individual 
concepts together and provide connections with related concepts” (Giere, 1999, p. 105). 
The concepts cannot be defined semantically or in isolation from other concepts. 
Thagard’s and Giere’s views come close to the notion discussed by diSessa and Sherin 
(1998) that in the relational theories of concept they “get their meaning by participating in 
a web of relations with other concepts” (p. 1164). Moreover, the network view of concepts 
makes possible also to maintain the concepts as structures open to development, which is 
an important aspect of successful physics teaching. These notions of the concept network 
are directly related to our view of quantities forming a network, where conducting 
quantifying experiments is the methodological process of creating that network. 

According to the network view, the building of the meaning of the quantity always 
involves  a  chained  set  of  experiments  and  measurements,  where  each  new  experiment  
builds on the results of the previous ones. This is the DRoS. The DRoS leads easily to a 
practical solution of presenting the forming structure in the graphical form of the flow 
chart. Quantities become thus networked and their meanings connected: a structured 
network is formed, where quantities (or laws) are the nodes. This formation process of the 
structure, and how in the formation of the links the DRoPs are involved, is illustrated 
schematically in Figure 5. The practical requirements for the flow charts based on DRoS 
are: 

1. They are hierarchical node-link representations that include the major quantities 
and  laws  (and  sometimes  phenomena  and  theories)  of  a  certain  topic.  Hierarchy  
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comes  from  the  chain  set  of  DRoPs,  and  the  new  quantity  or  law  is  always  
constructed on the basis of previous quantities or laws. 

2. The starting point of representation is a phenomenon essential for the topic of the 
flow chart. The essential phenomenon gives the access or the starting point for 
constructing the structure. The starting points could also be the relevant quantities 
or the existing theory, but it depends on the topic of flow chart, which is the most 
natural  way  of  getting  started.  Important  is  that  the  starting  point  is  easily  
recognizable from the flow chart and the following network structure of the flow 
chart is clear and traceable. 

3. The nodes can be in different shapes emphasizing the nature of the concept. This is 
an aspect that makes it easier to “read” the flow chart, as the reader can see at a 
glance whether the node is the concept a quantity or law, etc. 

4. The link between the nodes is directed. Usually the link includes the DRoP, where 
the quantifying experiment is in a key role. Besides that, it defines which concepts 
are connected, and it gives the direction to the link. In practice, the links are 
usually numbered and the links are explained in a separate written report. When 
explaining the links, the students are usually asked to do it in a way and at the level 
which is understandable in the level of teaching in the upper secondary school, so 
the explanations in the links are simplified and abbreviated versions of the possible 
DRoPs. 

 

 
Figure 5 A schematic representation of a flow chart application of DRoS that shows the relation between 
DRoS and DRoP. 
 

The visual outlook of the flow charts is quite similar to concept maps introduced by 
Novak (Novak & Gowin, 1995/84; Mintzes & Wandersee, 1998, p. 69; Trowbridge & 
Wandersee, 1998, pp. 115 123). However, the similarities between the flow charts and the 
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concept maps do not extend beyond the visual similarity. The flow charts take into 
account the epistemological goals of knowledge formation, and all the content of earlier 
connections (i.e., earlier meaning content) of a certain link chain comes along the chain. In 
traditional concept maps, there is no such logically and functionally continued chain of 
meanings and connections.  

The DRoS allows the examination of topics in different levels and with varying depth 
of details, as is exemplified in article II (pp. 6 10) in a case of temperature and in a case 
of heat and energy. In the case of heat and energy, the focus was on the hierarchical 
establishment of network of concepts and how the quantifying experiments build it. In the 
other case, the focus was on the single quantity of temperature and how it develops when 
knowledge of physics is increased, and on the invention of new ways of measuring and 
modelling the temperature. 

3.5.3 The reconstruction aspect of the didactical reconstructions  

The term didactical reconstruction underlines two important aspects behind its 
construction and purpose. First, the didactical reconstruction is meant for didactical 
purposes. Second, it is a reconstruction. A similar and related term is didactical 
transposition, introduced by Chevallard (1990) and used by Izquierdo-Aymerich and 
Adúriz-Bravo (2003) and Adúriz-Bravo and Izquierdo-Aymerich (2009). The basic idea of 
didactical transposition is the same as in didactical reconstructions, that is, the science 
must be reconstructed in order to be taught for the targeted population (Izquierdo-
Aymerich & Adúriz-Bravo, 2003; Adúriz-Bravo & Izquierdo-Aymerich, 2009). In 
practical teaching and learning and in research the idea of didactical transposition has been 
used in a rather broad way, as it can be something that education professionals develop 
when educating teachers, or what teachers have to do when teaching their pupils. The way 
of producing the didactical transpositions is not defined, but the essential idea behind them 
is that the scientific knowledge must be transformed, structured, adapted, altered and/ or 
reconstructed for the purposes of teaching a certain group of learners (Izquierdo-Aymerich 
& Adúriz-Bravo, 2003; Adúriz-Bravo & Izquierdo-Aymerich, 2005, 2009; Leach & Scott, 
2003; Besson, 2010). Despite similarities between the didactical reconstructions 
introduced here and the didactical transpositions, a new term of didactical reconstructions 
was adopted, because it emphasizes the reconstructed nature of the physics knowledge. 
The didactical reconstructions also differ from didactical transpositions in that the 
didactical reconstructions are bound to the generative knowledge justification (see article 
III). 

When designing the didactical reconstructions of a certain topic, the cognitive-
historical approach introduced by Nersessian (1992, 1995a) has been utilized. The 
approach combines the analyses of actual scientific practices in the history of science with 
the analytical tools and theories of contemporary cognitive sciences in order to “create 
new, comprehensive theory of how conceptual structures are constructed and changed in 
science” (Nersessian, 1992, p. 5). So the cognitive historical analysis produces indirectly 
knowledge about the human cognition. The previous and reported experiences from the 
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cognitive historical approach in giving guidance for planning of didactical approaches are 
promising. It has been applied in designing curricula and teaching solutions with results 
which seem to promote and support conceptual change (see, e.g., Carey, 2009 and 
references therein). It has been also suggested that the cognitive historical  account  is  
capable of capturing many important features of the human cognition behind learning 
(Carey, 2009). 

Here the cognitive historical approach is utilized so that the cognitive processes in the 
history of physics are combined with current physics knowledge in order to create the 
didactical reconstructions (Figure 6). As a source of historical cognitive processes and 
models, the already-made analyses and research literature have been used instead of 
drawing the analyses from the original historical sources. After all, the current work is not 
within the field of history and philosophy of physics. Instead, it represents research within 
the field of physics learning and teaching but so that the approach is informed by the 
research in the history and philosophy of physics as well as in the cognitive science. The 
epistemological reconstruction, and the DRoP and DRoS based on it, are therefore results 
or products of the applied cognitive-historical analysis. 

 
Contemporary model

Historical models

Conceptual structure
Relevant content 

is transferred

Model of the 
learning process is 

transrerred

...Model 1 Model 2 Model n

Cognitive process

Didactical 
reconstruction

 
Figure 6 Schematic representation of the forming of the didactical reconstruction, which utilizes the 
cognitive historical approach. 

 
In the practical use, in instruction of pre-service physics teachers, the DRoP and DRoS 

are used in strongly contextualized fashion. A certain topic e.g., thermodynamics, 
electrodynamics, or some of the core concepts or laws within them is discussed and 
students represent their conceptions of the connections between concepts and the process 
of its development by using the flow charts. The didactical reconstructions give the 
guidelines and the scaffolding for producing the flow charts. During the instruction, 
students are drawing the flow charts in small groups. In order to proceed in drawing the 
flow chart, the students must be cognitively active instead of being just behaviorally 
active. This means that the construction of the flow charts has a role in activating the 
students and promoting active learning (see papers I and II for details).  

The small groups are also helpful in the learning, because in small groups students get 
support from each other and discussion encourages reflection on knowledge. The 
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instructor’s role is to guide the groups by asking questions from students and thereby 
directing the students’ attention in subtle ways to core ideas within the content. In this 
sense, the instruction is guided. So the teaching methods are essentially constructed 
around the activities needed in producing the flow charts of the certain topic. The methods 
try to ensure that: 1) the students are cognitively active, 2) the teaching has a structure that 
accommodates the structure behind the didactical reconstructions, and 3) the instructor is 
guiding the students, so that they keep on focus. These are the characteristics of “good 
teaching” as they have been conceived in the context of physics teacher education (see 
paper I) and they are also the characteristics of constructivist learning (see Section 2.2). 
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4 Research problem and research methodology 

The metacognitive tools (i.e. the practical didactical reconstructions of the process and 
structure  that  were  introduced  in  the  previous  chapter)  are  novel  in  their  relation  to  the  
demands of physics knowledge and the production of physics knowledge. They attempt to 
give an “authentic picture” of physics knowledge by taking into account the central role of 
quantitative experiments and intermediating models in creating physics knowledge. The 
designed didactical reconstructions utilize the aspects of expert knowledge structures, and 
at the same time, the tools take into account the special features of teacher’s knowledge. 
Therefore, the next phase is to investigate how these reconstructions work in practice, and 
what are their advantages in developing the expertise which is essential for physics 
teachers.  

4.1 Research problem and research questions 

The current work mostly addresses the aspects of the physics teacher’s expertise 
introduced in Section 2.1. The central research problem is, how can pre-service physics 
teachers be  helped 1) in their organization of physics content knowledge in reflective 
way, and 2) in conceiving and representing the role of experiments and models in that 
organization. The didactical reconstructions DRoP and DRoS as metacognitive tools were 
developed for attaining these aspects. In order to evaluate the advantages of the DRoP and 
DRoS in physics teacher education, the following research questions were formulated: 

I. How  do  the  didactical  reconstructions  and  the  flow  charts  based  on  them  
enable students to express their ideas about the structure of physics knowledge 
and the process of its production? 

II. How did students organize their knowledge about the conceptual structure of 
physics by using  

a. DRoP?  
b. DRoS?  

III. How can the development in the students’ knowledge be recognized from the 
flow charts? 

The first question concentrates on general ideas which are of importance for the 
didactical reconstruction. The second and third ones directly address the question, what is 
the “added value” and utility of the practical uses of didactical reconstruction in teaching 
and learning. The results concerning the first and second questions allow the evaluation of 
how the two important challenges in physics teacher education have been met: how 
students managed to form an organized whole and how they conceive the role of 
experiments and models in that. The third question relates to the third challenge, which is 
about reflection of knowledge.  

Question  I  concerns  the  theoretical  part  of  the  work.  The  DRoP  and  DRoS  at  the  
general level were introduced in Section 3.5. The DRoP is designed for capturing the 
process of physical knowledge production and the DRoS for capturing the structure of 
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physics knowledge. Below, the DRoP is applied in the case of the law of electromagnetic 
induction in Section 5.1, and the DRoS is applied in the case of temperature in Section 
6.1. These contextualized examples show how research question I is answered.  

Research questions II and III are examined through two case studies: the first one 
discusses the DRoP in the case of the law of electromagnetic induction, and the second 
one the DRoS in case of temperature quantity. Research questions II.a and III are 
answered in the case study of electromagnetic induction law, and the research questions 
are split into more specific research questions (5.1 5.3) presented in Section 5.2. Research 
questions  II.b  and  III  are  also  split  into  detailed  research  questions  6.1 6.3 in the case 
study of temperature in Section 6.2.  

4.2 Research methodology 

The studies to be reported in Chapter 5 (and article V) and in Chapter 6 (and article VI) 
have both similar and different features in the research design. Here, an overview of the 
research methodology is given, and the detailed descriptions of the data collection and 
analysis are presented in the corresponding articles V and VI. The studies are, by their 
nature, case studies. Case study strategy is suitable if 1) the research questions posed are 
“how” type of questions, 2) the investigated phenomenon is by its nature contemporary, 
and 3) the investigator has only a little or no precise and systematic control over the “real-
life events” which are pertinent in the cases studied (Yin, 2003, pp. 3 9). In this work, all 
three conditions hold, which means that the work is best classified as a case study. In 
brief, the investigated phenomenon is the students’ understanding and conceptions of 
some specific aspects (cf. research questions), which are studied in their real-life context: 
in a course aimed for pre-service physics teachers. Both case studies are actually multiple-
case studies (Yin, 2003) that  is,  they  consist  of  more  than  a  single  case.  From  the  
multiple cases, a composite picture is drawn by using an approach similar to the 
phenomenographic approach (Marton et al., 1997). Details of its application are given in 
context of the cases in Chapters 5 (and article V) and 6 (and article VI).  

4.2.1 Data collection 

In both case studies, the data consists of pre-service physics teachers’ flow charts and 
interviews. The practical teaching context of these case studies is the course “Conceptual 
Foundations of Physics,” which is aimed for pre-service physics teachers (both major and 
minor students of the physics teacher education program). The course was a half-year 
course (which was in two parts in year 2005), and the students were typically third- or 
fourth-year students. They had already studied at least the introductory courses of physics. 
The course consisted of lectures (four hours per week) and exercises (two hours per 
week). Essentially, the structure of the course was as follows: the general aspects of 
experiments and models introduced in Chapter 3 were discussed during the lectures and in 
the exercises, and the ideas discussed in the lectures were applied to a certain topic or 
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context. The teaching sequences, from which the data were collected, were conducted 
approximately  halfway through the  course  in  both  cases.  In  Table  2,  an  overview of  the  
data collection is given. The student populations of these two case studies are different. 
The empirical study of DRoP in the case of electromagnetic induction law was conducted 
during autumn 2005 and spring 2006, while the empirical study of DRoS in the case of 
temperature was conducted during autumn 2001. In both cases, the researcher was also 
either participating in the teaching as a co-teacher (2001) or as the only teacher (2005 and 
2006).  

From these courses in 2001 and 2005 2006, the flow charts of students, as well as the 
students’  essays  or  written  reports  clarifying  the  flow  charts  in  the  first  study,  were  
collected. In the first case study, students constructed the flow charts individually before 
and after the teaching sequence. In the second case study, students produced initial flow 
charts individually before the teaching sequence, and after the teaching sequence, they 
produced their final flow charts in groups of two or three students. Part of the student 
population was selected to be interviewed individually (nine students in the first study and 
five students in the second study). These interviews were used to confirm the 
interpretations made on a basis of the charts and written reports. In practice, the interviews 
did not produce any essential new information or new aspects, but they were useful for 
assessing the correctness of the researcher’s interpretations (data triangulation).  

 
Table 2 Overview of data collection. 
Study I DRoP 

The law of electromagnetic induction 
II DRoS  
Temperature 

 
Period 

 
Autumn 2005-Spring 2006 

 
Autumn 2001 

 
Teaching 
sequence 
and data 
collection 

Lecture 
Initial flow charts and written reports 
Pre-interview 

Exercises 
Final flow charts and written reports 
Post-interviews 
 

Lecture 
Initial flow charts 

Exercises 
Final flow charts 
Post-interviews 

Data 
 
 
 
 
 
 

Other 

9 Initial flow charts and written reports 
(individual) 
9 Pre-interviews 
9 Final flow charts and written reports 
(individual) 
9 Post-interviews 

 
Pilot study, spring 2003 (5 flow charts, 
written reports and post-interviews) 

24 Initial flow charts (individual) 
14 Final flow charts (collaborative) 
5 Post-interviews 
 
 
 
 
1 Pilot post-interview  
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4.2.2 Interviews 

In  the  case  study  of  the  DRoP,  the  students  were  selected  because  of  their  similar  
backgrounds in electromagnetism. In the case study of DRoS, all the collected flow charts 
were chosen to be analyzed; therefore, the interviewed students were chosen so that they 
would be a representative sample of the whole population of students in the course.  The 
interviews were conducted in a focused way (Yin, 2003; Cohen & Manion, 1995). On the 
basis of the research questions, interview themes and guiding interview questions 
(interview protocol) were designed. The interview protocols were tested by conducting a 
pilot study of five students in the first study (spring 2003) and a pilot interview in the 
second  study.  In  the  first  case  study,  after  the  pilot  study,  the  interview  protocol  was  
evaluated as satisfactory and adequate. In the second case study, the pilot interview led to 
changes in the interview protocol; hence, pilot interview data were excluded from the final 
dataset.  The  interview  protocols  were  used  in  order  to  improve  the  reliability  of  the  
interviews. However, to maintain the validity of the research, a certain level of openness 
was left in the protocol, so that whenever it was relevant, the interviewer could ask further 
or deeper questions of the interviewee. In the first case study, the interviews lasted about 
30 minutes each, and in the second case study, the interviews lasted about 45 minutes 
each. The conversational manner of posing questions was common to both studies, so that 
the atmosphere of the interviews was friendly and nonthreatening for students. In the 
interviews, students’ conceptions, ideas, experiences, and opinions were solicited. The 
questions were open-ended, so that students could freely express their thoughts. Some of 
the questions were indirect or more general (but both were connected with the topic of 
interest). Also, “channelling questions” were utilized. Leading questions were avoided and 
specific and direct questions were formulated in a careful way. These methods for posing  
questions increase the validity of the interview data (Cohen & Manion, 1995; Yin, 2003). 
The author of this dissertation conducted the interviews in the first case study, and in the 
second case study, the interviewer was another investigator. The selection of students for 
interviews and the interview protocols are described in detail in the context of the specific 
study. In addition, the interview protocol for the first case study is presented in Appendix 
C of article V. In the interview situation, students used flow charts and could point to the 
part of the representation they were talking about. The interviews were videotaped and 
transcribed verbatim. The items (nodes or links) in the flow charts, discussed in the 
interview, were numbered, and the numbers were added to the transcripts with the help of 
video tapes. In this way, the talk and the events during the interviews were integrated into 
the transcripts of student interviews. The method of conducting and analyzing interviews 
was thus rather traditional and followed the recommendations in the handbook by Cohen 
and Manion (1995). Therefore, further details regarding it are of no interest in the present 
study.  
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4.2.3 Data analysis 

The flow charts and interviews were analyzed by adapting the phenomenographic 
approach. Traditionally, phenomenographical analysis and categorization is based on the 
research data. In the two case studies of this dissertation, the categorization is, to a large 
degree, based on preconceived criteria; otherwise, it follows the procedures of the 
phenomenographic analysis. In general, phenomenography tries to “reveal the 
qualitatively different ways in which people experience or conceptualise . . . various 
phenomena in the world around them” (Marton et al., 1997, p. 25). Phenomenography 
takes into account a person’s conceptions about a phenomenon from two perspectives: 
what is conceived and how it is conceived. “What is conceived” refers to the meaning 
content, and “how it is conceived” refers to the way of understanding the phenomenon. 
These perspectives are, however, interrelated and, therefore, inseparable (Eklund-
Myrskog, 1998). Phenomenography, thus, tries to produce a description which 
characterizes different conceptions and to explore relationships and differences both 
within and between these conceptions. In data analysis, the similarities and differences are 
searched  across  rather  than  within  the  person’s  responses  (Marton  et  al.,  1997).  The  
qualitatively  different  conceptions  of  a  phenomenon  are  presented  as  categories  of  
description (Eklund-Myrskog, 1998). Usually, the data consists of interviews. In this 
study, in addition to the interviews, the students’ flow charts (content and process or 
structure) and written reports were analyzed in a similar way. The approach is applicable, 
because the case studies concentrate on students’ understanding, conceptions, and 
experiences, and they have been examined from the viewpoint of the consistencies and 
differences between students’ representations and responses.  

 
Analysis of flow charts. In  both  case  studies,  the  contents  of  flow  charts  were  

analyzed and categorized. The context-specific didactical reconstructions of 
electromagnetic induction law and temperature (introduced in following Sections 5.1 and 
6.1) guided the forming of the main categories of content description. The sub-categories 
were formed based on items represented in student’s flow charts. In addition, the structure 
of the flow charts was analyzed. In all cases, categorization was performed by comparing 
the similarities and differences between the representations.   

In addition to the method chosen here, there would have been some other possibilities 
for analyzing students’ flow charts. For example, concept maps could have been assessed 
quantitatively or qualitatively (Van Zele et al., 2004). However, these assessment methods 
were rejected, because they would have been inappropriate for the case studies discussed 
in this dissertation. The reported assessment methods mainly concentrate on assessing the 
“goodness” of a concept map by scoring various aspects included in the map, and although 
the content has been evaluated in order to reach the overall assessment of the concept map, 
the actual content is  set  aside in favour of an overall  score.  The aim was to evaluate the 
actual content of flow charts, so the gaining of an overall score of a student’s flow chart 
was not of interest. 
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Analysis of interviews. The analysis of interview transcripts was carried out in several 
steps. First, the interview transcripts were tabulated so that in the first column and in one 
row  of  the  table  there  usually  was  an  interview  question  and  a  response  to  it.  Then  the  
interviews were read several times, and in the second column of the transcript table the 
responses were classified on a basis of the research questions (i.e., to which area of the 
research question the response belongs). Next, the most important lines were highlighted 
and the key words that characterized the student’s view of the item in question were 
written  down.  As  a  result  of  this,  an  overall  picture  of  each  individual  student’s  
conceptions and experiences was formed. After that, the lines were highlighted and the 
key words were compared among transcripts in order to find similarities and differences 
among students. At the same time, the overall picture of a certain case was kept in mind so 
that an individual line would not be interpreted out of its context. The categories of 
description were formed on the basis of this multiple-step analysis. After the forming of 
categories, interview transcripts were read again in order to ensure the interpretations 
drawn and categories formed. The interpretations were compared to the categories formed 
by analyzing the flow charts. The categories were formed in such a way that it was 
possible to take into account essential (but not necessarily all) individual variations. 

4.3 Validity and reliability of the results 

It is necessary to briefly discuss the validity and the reliability of the study. The traditional 
criteria for reliability and validity as they are applied to the quantitative study are 
problematic  and  even  misplaced  criteria  in  the  present  case,  where  the  empirical  part  is  
essentially  a  case  study  (cf.,  e.g.,  Bassey,  1999).  Even  more  problematic  is  that  the  
theoretical part, which plays an essential role in making the empirical part meaningful, is 
by its nature a cognitive historical analysis, located at the intersection of educational 
sciences and the  history and philosophy of science, and these both are seen from the point 
of view of the cognitive sciences. For such combination of approaches, it is hardly 
meaningful to adopt quality criteria in terms of validity in its restricted sense. 
Nevertheless, the principle of validity applies if it is understood broadly as the criteria of 
meaningfulness and reasonability. In this sense, the cognitive historical approach 
(Nersessian, 1992), is the most promising in terms of guaranteeing both the authenticity of 
the view and the appropriateness of the approach. It should be sufficient to assess the 
validity, or at least generate an assessment that is much more appropriate than criteria 
borrowed from more narrowly scoped fields of educational research. In short, the validity 
in a broad sense is guaranteed by noting that:  

 The cognitive historical approach to the didactical reconstruction is meaningful 
and reasonable, considering the goals.  

 The  application  of  it  to  the  design  of  DRoP  and  DRoS  is  transparent  and  rather  
straightforward. 

 The research questions arise directly from the adopted goals and the design 
principles of the didactical reconstructions. 
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In regard to reliability, similar arguments arise. Reliability as a criterion should be here 
more appropriately understood as “trustworthiness” (Patton, 2002). Reliability defined as 
trustworthiness attempts to assess the quality of a study by asking if its purposes are 
reached considering the available resources, and whether the procedures followed are 
reasonable and acceptable when considering the chosen purposes. In addition, the 
trustworthiness is related to the question about whether the research procedure shows 
“coherence” with the goals (Tuomi & Sarajärvi, 2002). In practice, reliability is perhaps 
best assessed by noting that the applied approach leads to the results, which are desirable 
from the viewpoint of the goals. In practical situations and in “real-life” cases, evaluation 
that such conditions are met cannot be done following any strict methodological approach 
without distorting the situation (or phenomenon) that is, the real learning situation with 
the desired goals of interest. The validity and the reliability in this sense is brought up 
throughout the case studies discussed in detail in Chapters 5 and 6 and in the related 
articles V and VI.   

For evaluating reliability in the sense of trustworthiness, the following criteria can be 
used: credibility, transferability, dependability, and confirmability (cf. Marshall & 
Rossman, 1995). The goal of credibility is to demonstrate that the research was conducted 
so that it is ensured that the subject was accurately identified and described. 
Transferability means that the applicability of one set of findings to another context 
should be demonstrated. But in this the offering of evidence usually rests more with the 
investigator who would make the transfer. Often transferability is examined as an aspect 
of generalizability. Triangulation, especially data triangulation, enhances the 
generalizability of the inquiry. In providing dependability of research, the researcher tries 
to describe and explain the changing conditions in the investigated phenomenon as well as 
changes in the design caused by the refined understanding of the setting. The 
dependability means that the changes in the social world are acknowledged and the typical 
positivist aspect of replication becomes thus problematic. Confirmability corresponds with 
the traditional concept of objectivity. It means that the findings of the study should be able 
to be confirmed by another researcher.  

In a more restricted sense (and even trivially), validity and reliability are increased, 
because in both studies more than one source of evidence was used to answer the research 
questions: students’ flow charts (and in the first study, their essays clarifying their flow 
charts) and student interviews. This data triangulation especially improved the 
generalizability of the case studies. In the second study, another independent investigator 
classified the data (investigator triangulation). Although there were differences in the 
classifications and categorizations, there was a reasonable degree of agreement between 
investigators, which is an indication of confirmability. The triangulation was used because 
it improves the validity of research (Cohen & Manion, 1995; Yin, 2003); for example, the 
use of multiple sources of evidence offered multiple measures for the same phenomenon. 
In the interviews, by taking into account the various aspects affecting the interview 
(described above) the validity and reliability issues of the interviews were addressed.  The 
learning before, during, and after teaching sequences was examined only from the 
viewpoint of the graphical flow charts. There are various events that could have affected 
the learning of students when it comes to the content knowledge. For example, during the 
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teaching sequences, students worked in small groups, and of course that also influenced 
the learning, although the teaching sequences were designed on the basis of the 
contextualised didactical reconstructions. Students themselves applied the representational 
tools, and the instruction concentrated only on content, not on the way of representing it. 
In the interviews, students were asked about both the use of the representational tools and 
the influence of instruction in order to evaluate the impact of various aspects that were 
factors in their learning. In this way, the aspect of dependability was taken into account. In 
the context of this research, the aspects of transferability were not addressed. However, the 
didactical reconstructions developed here have since been used in physics teacher 
education in cases of other topics and by other instructors. This indicates that the 
didactical reconstructions are applicable also in other contexts and thereby the aspects of 
transferability of this work should be possible to demonstrate.    

For improving the reliability (or in more specific terms the confirmability) of this 
work,  the  way  of  conducting  two  case  studies  is  described  and  reported  so  that  there  is  
enough material and details for another investigators to follow the procedure and to 
evaluate whether he or she would  arrive at the same findings. Although there has been no 
parallel  classification  or  analysis  (except  in  the  case  of  the  second  case  study),  the  
feedback from the peer review of the articles and from the colleagues encourages one to 
think that those who familiarized themselves with the details of the studies feel assured of 
the validity and the reliability of the research and results. Also, the findings of the studies 
are represented in such a way that the reader can see the connection between the 
conclusions  drawn  and  the  empirical  evidence,  and  thus  evaluate  the  reliability  of  the  
research. 
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5. Description of processes using DRoP  

The potential advantages of the DRoP in the practice of physics teacher education needs to 
be evaluated carefully, because what is needed is a tool for supporting the students’ own 
construction of knowledge, not another representation to be learned by rote. Therefore, it 
is important to find a context which has a suitably rich physics content to display the 
various aspects of the DRoP. Minimum requirements are that the context should make 
possible: 

 
 The isolation of pertinent phenomenon with sufficient clarity 
 The clear introduction of the new piece of knowledge, preferably in a form of 

“experimental law” 
 A clear introduction of descriptive and interpretative models 
 The deductive justification of the new piece of knowledge. 

 
Not every possible application area of DRoP satisfies these requirements, but the 

electromagnetic induction law appears to meet all of these criteria. Moreover, the 
electromagnetic induction law as a topic of instruction is interesting, because students 
have many difficulties in understanding the content of this law as well as the position of it 
in the system of knowledge making up electrodynamics (Bagno & Eylon, 1997; Bagno et 
al., 2000; Thong & Gunstone, 2008). There are thus good reasons to expect that many of 
the general notions and results obtained in the chosen context can be carried over to 
several other similar situations.  

5.1 DRoP for the electromagnetic induction law 

Following the general principles and background theory described in Chapter 3, a 
didactical reconstruction of the electromagnetic induction law was designed, with the 
purpose of organizing the process of producing knowledge and the different stages 
involved in it, as well as the relation of it to the structure of knowledge that it produces. 
The historical accounts concerning the induction phenomena and the forming of 
electromagnetic induction law of Darrigol (2000) and Whittaker (2009/1910) were utilized 
in the designing of the contextualized DRoP. The resulting didactical reconstruction is 
schematically shown in Figure 7, and its main features are summarized in Table 3. A more 
detailed account is given in article V. The DRoP, introduced in Section 3.5.1, acted as a 
basis for representing the reconstruction. Comparing the flow chart in Figure 7 with the 
general scheme in Figure 4, it should be evident how the general scheme is contextualized. 
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Figure 7 Didactical reconstruction of the law of electromagnetic induction. 
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Table 3 Stages in application of DRoP as shown in Figure 7. 
Step Description 
1. Observation and 

identification of 
phenomenon 

Induction current is observed. The observed phenomenon is identified 
based on the existing theory. A new feature in the phenomenon is that 
electricity is produced through magnetism. 

2. Qualitative 
experimentation of 
induction current 

A bar magnet or a coil is moved near the coil and the changes in 
magnitude and direction of induction current are observed. The 
experiment is reproduced with coils. The current in the primary coil, 
placed near the secondary coil, is switched on and off. In these two 
experiments, the magnetic field of the bar magnet or coil is stationary. 
In third experiment the coils are stationary, but in the moments of 
switching on and off the electric current a magnetic field is generated 
and degenerated. Therefore, the cause of induction current cannot be 
the changing magnetic field of a bar magnet/coil or motion. 

3. Qualitative 
dependency: 
A changing 
magnetic field 
through a coil 

The common changing property is the changing magnetic field through 
a secondary coil. A descriptive structural model for understanding this 
is the magnetic field line model. The quantity that describes the number 
of field lines is called magnetic flux. The change of magnetic flux 
causes an electric current that resists the change (Lenz’s law.) This 
qualitative dependence forms the basis for designing the quantitative 
experiment.  

4. Model for 
measurement 
system and 
measurement 

We need to know how to measure electric current and voltage and how 
the way of measuring affects results. On the basis of qualitative 
experiments and the model for measurements it is possible to design a 
quantitative measurement system. It consists of two coils, and the 
electric current in the primary coil and voltage in the secondary coil is 
measured as a function of time. 

5. Representation of 
measurement 
results 

The results of experiments are represented graphically and 
algebraically. From the graphs it is observed that voltage correlates 
linearly with the time derivative of the electric current. 

6. Experimental law 
of induction and 
model for 
representation of 
results 

Now we have a new experimental law: U ~ -dI/dt. Next we examine 
and interpret the result in a light of earlier knowledge and try to 
represent it in a more general way. We know, on the basis of the Biot’s 
and Savart’s law that I ~ B, and the definition law of magnetic flux 
gives us B ~ . 

7. Extension of theory The new tentative law is now in form E = -d /dt, which is known as 
Faraday’s law of induction. 

8. Interpretations and 
predictions 

The law is tested. How well does it explain the induction current 
phenomenon? Is it possible to make predictions about different 
situations? Is it possible to explain other phenomena (e.g. circulating 
currents, self-induction)? 
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5.2 Research questions and teaching sequence 

The goal of this study is to find out how the flow charts enable students to express their  
ideas about the structure of scientific knowledge and the process of its production in the 
case of electromagnetic induction law. Attention is also paid to the use of the flow charts 
for supporting the construction of knowledge claims. These questions are approached by 
analyzing the structure and content of the graphical flow charts that the students produce. 
The specific research questions (to be compared with and related to the overall research 
questions in Section 4.1.) are as follows: 

 
5.1 What are the structural patterns of students’ flow charts? 
5.2 What are the knowledge claim patterns of students’ flow charts and 

accompanying reports? 
5.3 How are the patterns of knowledge claims related to structural patterns? 
5.4 How do the structural and knowledge claim patterns change from initial to final 

flow charts? 
 
The teaching sequence started with the lecture, where the DRoP was introduced to 

students at the general level. Nine physics major students were chosen for the research 
participants because of their similar backgrounds in their studies of electromagnetism. 
First, students were asked to produce initial reports including flow charts and possible 
essays clarifying the forming of the electromagnetic induction law based on experiments 
and theory. Second, students participated in the exercises (2x90 minutes) where the 
electromagnetic induction law was discussed in small groups. This made it easy for them 
to share their ideas and views and discuss them with each other, and also with other 
groups and the instructor. In the beginning of the first exercise session and at the end of 
the second exercise session, the instructor went through the DRoP at the general level (as 
in Section 3.5.1). Additionally, at the end of both exercises was a short instructor-led 
discussion about the groups’ accomplishments relating to electromagnetic induction. The 
instructor gave no direct guidance to students on how to “fill in” the DRoP in case of the 
electromagnetic induction. The DRoP rather gave a framework to direct and guide the 
students’ attention to the relevant aspects of knowledge required in reconstructing a 
physical law. Therefore, the DRoP is simultaneously a tool for teaching, learning, and 
evaluating. After exercises, students individually produced final reports. The research data 
consists of nine initial reports, nine pre-interviews, nine final reports and nine post-
interviews.  

5.3 Results 

The flow charts and the essays accompanying the flow charts are analyzed from the 
viewpoint of the structure and coherence of the content. These features are then compared 
to each other in order to see how they correlate and what changes there are between 
students’ initial and final flow charts. As it is evident, the information obtained is 
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essentially made available by the DRoP, because it is designed to make transparent the 
aspects of interest. 

5.3.1 Structure of flow charts 

The most important (and in practice the only) differentiating structural feature of the flow 
charts was the connectivity of the structural elements. The structural categories based on 
the connectivity are shown schematically in Figure 8, and they are as follows: 

 
1. Strongly connected (Fig. 8.a.). In this category, flow charts have a clear cycle or 

cycles, and the boxes in them have incoming and outgoing links. There is thus a 
structure which is well connected and which has well defined directionality. 

2. Moderately connected (Fig. 8.b.). The flow chart has a clear cycle or cycles, but 
there are also boxes which are not connected to other parts of the structure, or 
which have poorly defined connections. Also directionality may have ambiguities. 

3. Weakly connected (Fig. 8.c.). The flow chart consists of simple linear chains or it 
does not have any clear structure at all (e.g., there are elements that are disjointed. 
Links are dominantly undirected). 

 
Figure 8 Schematic drawings of the typical structures (without details): a. strongly connected, b. moderately 
connected, and c. weakly connected. 

 
The concrete examples of the students’ flow charts in these categories (schematically 

shown in Figure 8) are given in Appendix A and B of article V. The flow chart in 
Appendix  A  of  the  article  V  is  an  initial  chart,  and  it  is  classified  in  the  category  of  
“weakly connected.” The original flow chart (a) looks complicated, but the redrawn 
version  (b)  of  the  original  one  reveals  that  there  are  only  two  linear  routes,  which  start  
from one box and end at another box. Clearly, this kind of structure is very simplistic. An 
example of the flow chart in the “strongly connected” category is given in Appendix B of 
article V. In this case, there are clear cycles, many paths are possible, and directionality is 
clearly indicated. In all, there is well defined continuity between connections. 

In Table 4 is shown the breaking up to different categories in the cases of initial and 
final flow charts. From the results in Table 4, it is seen that most of the initial charts do not 
have a well-connected structure. Instead, the initial charts have many “dead ends” and 
concepts that are not actually needed. In the final charts, which were produced after the 

a. c.b.
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instruction and discussions with peers and instructor, the structures have developed into 
well-connected ones and they have now more connected and cyclical character and better 
defined directionality. Consequently, the “dead ends” and poorly connected parts have 
disappeared. However, this effect may be due to the fact that students tried to redesign 
their flow charts to imitate more the structure of DRoP, which has more connections 
enabling the navigation in the structure due to cyclic features. Although students were not 
asked  to  follow  the  DRoP  precisely,  it  is  natural  to  assume  that  it  affected  the  way  the  
student re-modelled their own flow charts when they became more familiar with the 
DRoP. However, the improvement in the structure does not necessarily mean that the 
contents have improved, and the investigation of this aspect remains a separate question, 
which is examined next. 

 
Table 4 Categories of structural patterns of students’ initial and final flow charts (the number of cases is in 
parentheses; there were altogether nine cases). 

Category Initial flow charts  Final flow charts  
Strongly connected 22% (2)  100% (9)  
Moderately connected 33% (3)  - 
Weakly connected 44% (4) - 

5.3.2 Knowledge content 

The knowledge content of the students’ representations was classified and categorized on 
the basis of the notion of the coherence of knowledge claims. The coherence here means 
that the steps between different stages represented in the flow charts are well argued and 
justified. The categories were formed as follows: 

 
1. Coherent: The knowledge claims are coherent or almost coherent throughout the 

report (and interview). The order of argumentation must be logical and rational.  
Some ambiguities, however, are allowed.  

2. Partly coherent: Separate parts are coherent, but between separate parts there are 
gaps. The argumentation and justification chains thus lack overall coherence. 

3. Incoherent: There are several substantial gaps between different stages in the flow 
chart. Gaps are so serious that in practice they prevent the reader from following 
the exposition.  

 
An example of an incoherent flow chart and report is given of Appendix A in article V. 

In that example, the report is more like a list of relevant statements and notions, but the 
logical connections between the statements are ambiguous. In addition, the shifts between 
different stages of the flow chart are left unexplained and happen in vague ways. The 
argumentation lacks logical support and remains obscure.  

An example  of  a  coherent  flow chart  and  report  is  given  in  article  V in  Appendix  B 
(the final report of the student who also produced the initial flow chart given in the 
preceding Appendix A). This flow chart has substantial coherence; the experiments are 
described in sufficient detail to understand how they work, their use in supporting concept 
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formation is developed in clear phases, and the flow chart is logically correct. This makes 
the construction of the electromagnetic induction law quite understandable and enables 
evaluation of the justification of each step.  

 
Table 5 Categories of patterns of knowledge claims in students’ initial and final reports (the number of cases 
is in parentheses; there were altogether nine cases). 

Category Initial report  Final report 
Coherent - 33% (3)  
Partly coherent 11% (1)  44% (4)  
Incoherent 89% (8)  22% (2)  

 
As is seen from the results in Table 5, in the initial reports there is only one case out of 

nine with partial coherence. The rest of the cases consist of collections of fragmented 
statements, information, and notions related to induction law, but how the new knowledge 
is actually constructed and justified remains unclear. In the final reports, in three cases, the 
construction and justification of the induction law was explained in detail and in a clear 
way (coherent), and in four cases partial coherence was recognized, but in two cases the 
flow charts and the accompanying reports still lacked coherence.   

Above, the patterns of content knowledge were examined. Next, it is interesting to 
deepen the analysis of the content and emphasize certain content elements. In the flow 
charts, students make much use of experiments in supporting knowledge formation and 
models in representing the experiments as well as in their interpretation. This is expected, 
because  these  themes  were  discussed  during  the  course  (for  details,  see  article  III).  The  
categories of the use of experiments and models are (examples of categories are given in 
V): 

 Qualitative experiments: Experiments are used in perceiving regularities and 
changes in the phenomenon without precise measurements. 

 Quantitative experiments: Precise measurements are conducted. 
 Descriptive models: The phenomenon is described using terms or causes that 

cannot be observed in an actual situation or an experimental situation is described 
so that instead of the experimental setting, a model of the situation is described. 

 Interpretative models: In order to proceed in forming of the induction law or in 
explaining observations or results, some piece of earlier, existing theory is used in 
a certain context in a limited way. 

In different stages of constructing the electromagnetic induction law, the experiments 
and models were used with varying frequencies.  The stages of knowledge construction 
can be roughly divided into three stages based on DRoP: phenomenon, measurement, and 
interpretation and extension. These main stages correspond with the steps of the DRoP 
(presented in Figure 4 and explained after the figure) as follows: phenomenon includes 
steps 1 3, measurement includes steps 4 5, and interpretation and extension includes 
steps 6 8 of the DRoP.  
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Table 6 Frequencies of the uses of experiments and models in different stages of knowledge formation in 
initial and final reports in percentages. The number of cases is in parentheses; there were altogether nine 
cases. 

 Phenomenon Measurement Interpretation & Extension 
 Initial Final Initial Final Initial Final 

Qualitative 
experiments 

33% (3) 100% (9) 22% (2) 11% (1) - - 

Quantitative 
experiments 

- - 33% (3) 78% (7) - - 

Descriptive 
models 

89% (8) 33% (3) 78% (7) 22% (2) 44% (4) 11% (1) 

Interpretative 
models 

11% (1) 78% (7) - 78% (7) 67% (6) 67% (6) 

 
When the frequencies in Table 6 are examined, it is seen that in the initial reports the 

descriptive models were the dominating content elements. One major reason for this was 
that most of the students described the observation of induction phenomenon (Descriptive 
models, Phenomenon, 89%) or the measurement (Descriptive models, Measurement, 78%) 
using elements that cannot be observed in authentic situations; they used mainly 
descriptive models. In three reports, a qualitative experiment exploring or identifying the 
induction phenomenon was described (Qualitative experiments, Phenomenon, 33%). 

In the final reports, the frequency of descriptive models decreased, and instead 
students used experiments and interpretative models in constructing the electromagnetic 
induction law. Qualitative experiments were used in exploring the induction phenomenon 
(Qualitative experiments, Phenomenon, 100%) and quantitative experiments for 
establishing the experimental induction law (Quantitative experiments, Measurement, 
78%). Also, interpretative models were used for identifying the phenomenon on the basis 
of known theory (Interpretative models, Phenomenon, 78%) and for designing the 
measurement system (Interpretative models, Measurement, 78%). 

Learning to use experiments and models in supporting knowledge claims can be seen 
in the final reports; in the initial reports, these aspects were not yet well developed, and the 
initial reports were more descriptive than constructive. Although the use of content 
elements and the structure of flow charts improved, there is not a similar success in the 
development of the logic of the contents and in ways to justify the knowledge claims.  

5.3.3 Changes 

In order to see any correlations between changes in structure and content, the structural 
patterns and patterns of knowledge claims were cross-tabulated, as is shown in Figure 9. 
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Coherent

Partly
coherent

Incoherent

Strongly 
connected

Moderately 
connected

Weakly 
connected

I: 44 % (4) I: 33 % (3)

F: 33 % (3)

I: 11 % (1);
F: 44 % (4)

I: 11 % (1);
F: 22 % (2)

 
Figure 9 The changes in categorized patterns from initial (I, white dots) to final reports (F, black dots). 

 
Initially, most of the cases were both structurally weakly (44%) and moderately (33%) 

connected, and knowledge claims were presented incoherently (88%). The final flow 
charts were all strongly connected (100%), and at the same time the patterns of knowledge 
claims were more emphasized in the coherent direction (Coherent 33%, Partly coherent 
44%). 

In Figure 9 are also presented the changes in structure and contents from initial to final 
representations and reports. In most cases (6 out of 9), both structural and content patterns 
changed to more (strongly) connected and coherent direction, respectively. Therefore, 
there is overall and unquestionable development both structurally and in presenting 
knowledge claims. However, it is clear that although the structural improvement appears 
at first sight very promising, it is not always accompanied with similar improvement in 
content. This situation can probably be attributed to the effect of students getting more 
familiar with DRoP and trying to apply it. Nevertheless, in most of the cases, if the 
structure improved, also the knowledge claims improved. 

5.4 Discussion and conclusions 

A didactical reconstruction of processes (DRoP) in knowledge construction was 
introduced, and its practical uses in teacher education were examined. The reconstruction 
was designed so that it takes into account the role of experiments and models in 
(re)creating the physical knowledge. The DRoP was used in the form of a flow chart (or a 
concept map with directed links) because previous research has revealed that such 
graphical expressions of knowledge are beneficial for reflective learning. Therefore, the 
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flow chart’s function is that of a metacognitive tool; that is, it organizes knowledge and 
catalyzes reflection on one’s own knowledge. The distinctive feature of the tool compared 
with other graphical map-like representations is its close contact with the discipline of 
physics; the tool is designed for representing physical knowledge, especially how the 
physics knowledge can be constructed.  

The student feedback on the use of the DRoP was nearly always very positive, 
sometimes exceedingly positive and appreciative. The tool is liked and its advantages 
recognized. In the interviews, students expressed views that clearly demonstrate their 
being able to evaluate the reconstruction of the electromagnetic induction law in a 
metacognitive way as well as demonstrate the value of it for their future profession: 
 

This is useful in a way that it is important for a teacher to perceive these big pictures and a 
kind of hierarchy of laws and their relations… and a sort of order in knowledge construction. 
 
It especially clarifies the relationships of these different laws of electromagnetism: which laws 
precede the others and from which something else can be derived, it has helped in this kind of 
perceiving of structure. 

 
There are also comments which support the view that producing organized structures 

really helps to handle knowledge:  
 

I learned to remember the induction during it [making the report]. 
 

However, students also note that doing map-like representations is not the only 
possibility:  
 

I think that this kind of new thinking is always useful. . . .This is certainly a quite useful 
model, but it is only one model among others.   

 
They also think that the most important advantage of DRoP is when they are applying 

it themselves to a certain context: 
 

If you have done it yourself it is useful but I don’t think that this is useful for anyone else.  
 

This indicates that students understand that the process of doing the organized 
structure is actually far more important than just the final result. 

Although the students’ comments encourage thinking that the DRoP is of real value in 
the practical teaching of pre-service physics teachers, a more detailed investigation was 
carried out. For evaluating the usefulness of the DRoP in representing and organizing 
knowledge, a teaching sequence of the electromagnetic induction law (consisting of 2x90 
min exercises and students’ construction of the reports)  was conducted. The structure of 
the DRoP (rules) was adapted through instruction or guidance, and the mastery of learning 
content and the knowledge claims of students developed when the structure developed. 
There were also two cases where no significant improvement occurred, and one case 
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where only the structure developed (Figure 9). This can be interpreted so that it is possible 
to adopt the structure of DRoP (rules) superficially but not the content; however, overall 
the results show that when students learned the structure of DRoP, they could use the 
physical knowledge, experiments and models in arguing how the electromagnetic 
induction law can be formed. So the experiments and models started to play an essential 
role in students’ argumentation in justifying knowledge, which was not initially the case. 
The results show that instead of only remembering the formula of induction law, they 
understand why the law is such as it is and what the origin of it is. In conclusion, the 
teaching of the didactical reconstruction was effective, its structure helped to develop the 
students’ ability in constructing an argument, and it led to better learning. 
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6. Description of structures using DRoS  

Temperature was selected for the case study using DRoS for several reasons. Temperature 
is  one  of  those  physical  quantities  with  which  one  deals  daily;  it  is  easily  measured  by  
using thermometers, and thus we consider the measurement of temperature quite 
unproblematic. Nevertheless, this simple concept seems to pose many learning difficulties 
for university students (cf. Carlton, 2000; Taber, 2000; Cotignola et al., 2002). Moreover, 
textbooks quite often connect the temperature straightforwardly to the average kinetic 
energy of particles, and so they reduce the temperature to the mechanical quantities and 
“explain” it through the microscopic atomic model. This, however, does not help to 
understand how after all the temperature as a macroscopic concept and quantity is formed. 
Therefore, in answering the question “how we know what we know” about temperature, 
the microscopic model becomes very problematic. Consequently, the didactical 
reconstruction discussed here concentrates on temperature as a macroscopic quantity and 
thus parallels with its historical development (see, e.g., Chang, 2004). Therefore, the 
reconstruction not only gives a useful tool for learning, but it also conveys a historically 
more correct and authentic view of the process of science than most standard textbooks’ 
presentations or teaching solutions based on them. 

6.1 Didactical reconstruction of temperature 

The didactical reconstruction of the development of temperature as a quantity was done 
based on the analysis of historical development (for historical development, cf. Chang, 
2004; Erlichson, 2001). Based on the general scheme behind the reconstruction (Chapter 
3), the steps of development of the temperature were divided into three stages as follows. 
In Figure 10 is presented the graphical flow chart of the didactical reconstruction of 
temperature based on ideas presented in Section 3.5.2. 

1. Level of qualities. Temperature, TSensory, is connected with the sensory experience 
of warmness. Variations in the degree of warmness of bodies are distinguished as well as 
the formation of temperature equilibrium when bodies are in contact or fluids are mixed. 
The formation of temperature equilibrium leads to a conception of temperature as an 
intensive property of  the  system  (i.e.,  temperature  does  not  depend  on  the  size  of  the  
system). This is observed through the notion that temperatures of fluids or bodies at 
different temperatures never add up, instead, the temperature is between the extremes. The 
idea of temperature as a state variable, and intensive quantity is based on the changes in 
state (freezing, melting, and evaporating). The formation of the quantity of heat as an 
extensive property of a system (i.e., the quantity of heat depends on the size of the system) 
was also discussed: a larger substance needs larger amounts of heating (e.g., by burning 
gas or by electrical heating). This difference between intensive and extensive properties 
related to the experience of warmness acts as a starting point to distinguishing the 
temperature and the quantity of heat as different quantities characterizing different 
properties of the system. 
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2. Level of quantities and laws. The quantifying experiments of temperature in terms 
of thermal expansion of liquids, liquid thermometers, and scales are introduced. There are 
several possibilities for relating the changes in volume of the liquids to the changes in 
their “degree of heat,” such as by mixing known amounts of the same liquid with different 
degrees of heat. In this way, the “ordinal scales,” where comparison of degrees of heat is 
possible, can be transformed to “cardinal scales” through changes in volume. The 
introduction of the cardinal scale allows discussing the magnitudes between differences, 
and then it also becomes possible to perform calculations (for more detailed discussions, 
see Chang, 2004, pp. 86 87). This is achieved by assuming a linear proportionality 
between these changes, which finally allows constructing the temperature, TLiquid, through 
measuring the changes of volume only. However, upon a closer inspection, through 
comparing the behavior of different substances, the assumption of linear proportionality 
turns out to be untenable. In order to obtain better and more reliable ways to measure the 
temperature, the empirical gas laws (based on measurements using liquid thermometers) 
and the regular invariances contained within them are considered as a possibility. 
Experiments with different gases show that now the assumed linear proportionality 
between changes in the mechanical quantities of volume and pressure is nearly 
proportional to temperature changes when measured with the scale TLiquid, but systematic 
deviations occur when different thermometers are used. Nevertheless, the results suggest 
that empirical gas laws, and, even better, an ideal gas law which abstracts and generalizes 
the empirical laws, can be taken as a basis for a new gas thermometer scale. This now 
provides a new way to operationalize temperature (TGas), which is more reliable. 
Moreover, the possibility of an absolute scale with a common reference point is noted. The 
idealized nature of this new scale and its dependence on the model of ideal gas is 
analyzed. The idea of pushing idealization further to ideal gas raises the level of 
abstraction, but temperature is still tied to the substance, although now through an 
idealized model of ideal gas, which is realized in practice as a diluted real gas.   

3. Level of structured theory. In order to emancipate the concept of temperature from 
the substantial world (liquid or gas) and abstract it further, the axiomatized theory, or 
theory of principles, is needed (cf. Chang, 2004, pp.173 154, 183 186). The general 
principles of thermodynamics and ideal Carnot cycle as a basis for defining absolute 
temperature are discussed from the viewpoint of how theory guides the construction of the 
concept. The conserved quantities,  energy  and  entropy,  are  needed  in  order  to  reach  a  
substance-independent concept of temperature (Erlichson, 2001; Chang, 2004, pp. 
183 186). However, even now one needs a model of how, in principle, under ideal 
conditions, the operationalization could take place. This idealization is an ideal heat 
engine, working with an ideal reversible cycle. When an ideal heat engine operates 
between temperature sources at different temperatures, the necessary requirement is that 
the amounts of heat exchanged are in proportion to the temperature changes. This is based 
on the conservation of energy and complete reversibility (i.e., the idea that the initial stage 
can be recovered). The operation of an ideal heat engine forms the basis for the absolute 
temperature scale. (The temperature, TAbsolute, is defined through this assumed strict 
proportionality.) Afterwards, it can be shown that this coincides with the ideal gas scale 
(which also, of course, is an abstraction). However, the quantity temperature is now free 
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from any substance, and it is based only on the conservation laws and the general idea of 
reversibility. From this viewpoint, the conserved quantities energy and entropy are 
fundamental. The temperature (or inverse temperature) becomes a measure of how the 
change of the internal energy is connected with the change of the entropy. From a modern 
vantage  point,  this  can  be  seen  as  the  basis  of  Kelvin’s  scale  (and  it  is  now  this  more  
modern interpretation rather than Kelvin’s original which is taken into account in the 
reconstruction). The next step of abstraction would be the temperature understood as 
reduced to microscopic theory, and as an emergent, macroscopic quantity based on a 
probabilistic conception of many body systems’ properties. This ultimately reduces such a 
temperature as TStat to quantities related to mechanics (and thus, to statistical mechanics). 
Then, the negative absolute temperature also becomes meaningful. Temperature, 
understood in this way, differs greatly from temperature understood at the level of 
macroscopic laws. 

 

 
Figure 10 Graphical flow chart of didactical reconstruction of temperature. 
 

As noted previously in Chapter 3, the didactical reconstruction needs to deviate from 
the  actual  historical  course  of  events.  Especially  the  position  given  to  empirical  laws  is  
from a retrospective viewpoint; historically, the possibility to make the empirical results 
definitive presupposed development of many of theoretical ideas which, in retrospect, can 
be seen as abstracted from these empirical laws (Chang, 2004). However, for the purposes 
of the successful learning of physics it is thought here that the order of conceptualization 
as introduced in reconstruction is better motivated from the point of view of current 
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knowledge structures (which should, after all, be the goal of the learning process). 
Nevertheless, the crucial cognitive breakthroughs needed to establish the temperature in 
all three stages are included in the reconstruction. 

6.2 Research questions and teaching sequence 

In order to identify the advantages of the reconstruction, the following research questions 
(to  be  compared  with  and  related  to  the  overall  research  questions  in  Section  4.1.)  were  
formulated of how students during their learning process: 
 

6.1  make reference to quantitative experiments in the case of temperature, 
6.2  express the various steps involved in temperature’s construction, and 
6.3  evaluate the usefulness of the didactical reconstruction of structure. 
 
As in the case of induction law, also in this case the three issues the learning of 

physics content knowledge, the learning about the nature of knowledge, and the use of a 
particular tool, DRoS, to achieve the learning goals are combined in the research 
questions. These research questions are answered in what follows on the basis of the 
empirical data gathered during the teaching sequence. 

The teaching sequence started with a lecture (45 min) containing the aspects of 
thermometry and thermodynamics related to the temperature. After the lecture, students 
produced the initial flow charts (24) individually about the quantitative development of 
temperature, in which they also had to recognize the essential experiments, models and 
theory needed in that temperature’s development. Then students participated in exercises 
(90 min) in which the students developed their ideas of initial flow charts further and the 
instructor guided groups by posing “Socratic” questions. At the end of the exercises, there 
was also a short instructor-led summary discussion. After exercises, students completed 
the final flow charts (14) about the temperature quantity individually or in small groups. 
After the teaching sequence, five students were interviewed. The students were selected 
with the aim of obtaining a representative sample of the students. In the interview, 
students were asked to explain their initial and final flow charts. They were also asked to 
evaluate the role of different factors affecting their learning. 

6.3 Results 

The flow charts representing the DRoS are analyzed from the viewpoint of structure and 
the content. These features are then compared to each other in order to see how they 
correlate and what changes there are between students’ initial and final flow charts. As it 
is evident, the information obtained is essentially made available by the DRoS, because it 
is designed to make transparent the structural aspects of interest. 
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6.3.1 Contents of students’ initial and final flow charts 

First, it was examined how the different concepts appeared and were used in flow charts. 
We concluded that the concepts (with their interconnections) in the flow charts could be 
classified first into three main categories reflecting the three levels of abstraction 
introduced at general level in Section 3.4 and in case of DRoS of temperature in Section 
6.1: level of qualities, level of quantities and laws, and level of structured theory. The sub-
categories were formed based on the concepts in the flow charts, and background 
knowledge of DRoS of temperature (see Section 6.1) was also used in the forming of sub-
categories. The analysis was based on the following task given to the students: to 
quantitatively develop temperature while recognizing the essential experiments, models, 
and theory needed in that development. Some of the sub-categories are desirable for 
successful learning (e.g., thermal expansion of liquids or solids, empirical gas laws, ideal 
gas law), while others are an ambiguous use of concepts. The categories of concepts are 
presented in Table 7.  By ambiguous use, it is meant that in students’ flow charts there 
were concepts which do not relate to the given task; for example, there is no way to infer 
how the concept relates to the quantitative development of temperature. We attempted to 
minimize the possibility that this ambiguity was due to an improperly set and understood 
task by elaborating the instructions and stressing the necessity to express the ideas in an 
organized way, and if needed, to explain and justify the connection displayed in the 
drawings. There are also other possible categories, such as categories related to entropy of 
ideal gases or to the temperature of radiation and its operationalization. However, because 
these categories did not appear in the responses, they are not present in our categorization.  

For example, Figure 12 shows one flow chart drawn by a student (redrawn here, but 
retaining all essential features and the original layout). On the basis of interpreting the 
expressions (names and words) and their connections in the flow chart, the following 
categories were recognized: ambiguous use of energy (heat, radiation), changes in state 
(freezing, melting, and evaporating), thermal expansion (phenomena), ambiguous use of 
pressure, and ambiguous use of temperature scale. Similarly, Figure 14 shows another 
flow chart drawn by an another student, and from it the following categories were 
recognized: thermal expansion (phenomena), thermal expansion of liquids or solids, 
empirical gas laws, connection to the mechanical quantities, ideal gas law, macro theory 
and micro theory. It should be noted that data was acquired in accordance with qualitative, 
interpretative methodology, and therefore was not intended for such quantitative analysis 
where a number of nodes and links etc. are calculated and tabulated, as is sometimes done 
in the analysis of concept maps. In this case, what matters are the frequencies of each 
category picked out by the interpretative analysis. These frequencies are given in Table 7. 

The comparison of the frequencies of sub-categories in the initial and final flow charts 
in Table 7 show that: (1) the ambiguous role of quantities (e.g., picked up from 
mechanics) disappeared, and instead (2) quantities displayed in flow charts found a 
specific, restricted and physically motivated role in the network. The most important result 
is that now (3) the evolving meaning of temperature through all three stages is well 
displayed in the flow charts. This is seen in all cases, although not all groups managed to 
represent the hierarchy of quantities properly. 
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Table 7 Frequencies of categories of concepts in students’ initial flow charts (initial) and final flow charts 
(final); the number of students is in parentheses. 

Category of concepts Initial  (24) Final (14) 
Ambiguous use of energy (heat, radiation)   46% (11) - 

Level of qualities, TSensory   
Sensory experience of warmness   42% (10)   14% (2) 
Temperature equilibrium     4% (1)     7% (1) 
Changes in state (freezing, melting, evaporating)   29% (7)     7% (1) 
Thermal expansion (phenomena)   67% (16)   93% (13) 

Level of quantities and laws    
Thermal expansion of liquids or solids, TLiquid   42% (10) 100% (14) 
Empirical gas laws, TGas   17% (4) 100% (14) 
Connection to the mechanical quantities   38% (9) 100% (14) 
Ambiguous use of volume   29% (7) - 
Ambiguous use of pressure   58% (14) - 
Ambiguous use of temperature scale   33% (8)     7% (1) 

Level of structured theory    
Ideal gas law, TGas   33% (8) 100% (14) 
Macro theory, TAbsolute   13% (3)   86% (12) 
Micro theory, TStat     4% (1)   93% (13) 
Ambiguous use of entropy   58% (14)     7% (1) 

6.3.2 The overall structure of students’ initial and final flow charts 

Next, the overall structure of the flow charts was analyzed. The initial and final flow 
charts were categorized on the basis of how the temperature was presented (the structure 
of the flow chart) in representations and connected with other quantities or concepts. Four 
different categories of structure were formed: fragmented, centralized, mixed and 
hierarchical. There are differences within these categories (e.g., in the number of concepts 
in the representations and the complexity of representations), but these categories 
represent the basic differences on structures between flow charts well. The categories of 
structure are presented in Table 8 and described in what follows. 

 
Table 8 Frequencies of categories of the flow charts’ structure in students’ initial flow charts (initial) and 
final flow charts (final), the number of students is in parentheses. 

Category of structure Initial (24) Final (14) 
Fragmented 33% (8) - 
Centralized 54% (13) - 
Mixed 13% (3) 14% (2) 
Hierarchical - 86% (12) 
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1. Fragmented. The flow charts in this category had no structure,  as can be seen in 
Figure 11. The temperature was connected to the quantities such as pressure and 
volume, but there was no directionality in the link between the quantities to show 
how to proceed, or the connection between the quantities was unphysical. In most 
cases, the flow charts included also unnecessary concepts. On the basis of these 
flow charts, it was difficult to see how the quantity temperature develops and what 
the essential steps in constructing the temperature quantitatively are. 
 

 
Figure 11 Typical student’s flow chart in Fragmented category. 
 
2. Centralized. The  flow  charts  had  a  simple  structure  with  the  temperature  at  the  

centre of the representation, as can be seen in Figure 12, where one typical 
example  of  this  category  is  shown.  Other  concepts,  such  as  the  volume,  pressure  
and entropy were connected with the temperature, but in a simple way without 
expressing how the connection between concepts might be established. Also the 
directionality of the link between the concepts was, in most cases, rather obscure 
and often unphysical. 
 

 
Figure 12 Typical student’s flow chart in centralized category. 
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3. Mixed. In this category, the structure of the flow chart was similar to the structure 

of flow charts in the fragmented or centralized category, but there were hints of a 
hierarchy,  as  can  be  seen  in  Figure  13.  The  phases  of  construction  of  the  
temperature quantitatively can be now recognized, which is an aspect missing from 
the two previous categories.  
 

 
Figure 13 Typical student’s flow chart in mixed category. 
 
4. Hierarchical. In hierarchical representations, there is a clear organization of 

structure, as is seen in Figure 14, where a typical example of this hierarchical 
category is presented. In these representations, the quantitative development and 
generalization of temperature are clearly displayed. In these kinds of flow charts 
also the different “hierarchical” steps are recognized and represented clearly. 
Moreover, there are significantly more model-, law- and theory-type attributes than 
in the other categories. In hierarchical representations, there are several 
temperature concepts equipped with a sub-index that explain the position of each 
temperature concept in the network. 
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Figure 14 Typical student’s flow chart in hierarchical category. 

6.3.3 Qualitative and quantitative concepts in different structural categories 

Within these four categories of structure, the concepts included in the flow charts were 
classified to qualitative (e.g., sensory experience of warmness, observations, and different 
phenomena) and quantitative (e.g., quantities, laws, models, theories, quantitative 
experiments) ones. The frequencies of qualitative and quantitative concepts within the 
categories of structure are given in Table 9. For example, the flow chart in Figure 12 has 
both qualitative (e.g., change of state, radiation) and quantitative (e.g., pressure, work) 
concepts, while the flow chart in Figure 14 has only quantitative concepts. The tendency 
to include qualitative concepts in flow charts is strong in the first three categories 
(fragmented, centralized, and mixed) and it decreases in the last, hierarchical, category. It 
should be noted that although the qualitative concepts are often correct, they are yet 
unnecessary from the viewpoint of quantitative development. 

 
Table 9 Frequencies of qualitative and quantitative concepts in students’ initial and final flow charts within 
the categories of structure of the flow chart. 
Category of 
structure 

Initial Category of 
structure 

Final 
Qualitative Quantitative Qualitative Quantitative 

Fragmented (8)   63% (5)   88% (7) Fragmented (-) - - 
Centralized (13)   77% (10) 100% (13) Centralized (-) - - 
Mixed (3) 100% (3) 100% (3) Mixed (2) 100% (2) 100% (2) 
Hierarchical (-) - - Hierarchical (12)   17% (2) 100% (12) 
All (24)   75% (18)   96% (23) All (14)   29% (4) 100% (14) 
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6.3.4 Consistencies and differences between different categories  

It is noteworthy that most of the initial flow charts belong to first two categories of 
structure, fragmented (33%) and centralized (54%), and most of the final flow charts to 
last, hierarchical, category (see Table 8). In the initial flow charts, only 13% belonged to 
the mixed category, and there were no representations in the hierarchical category. Most 
of the initial flow charts included both qualitative and quantitative concepts (see Table 9). 
The common feature to these initial flow charts in the fragmented and centralized category 
is  that  temperature  just  exists  and  different  concepts  just  relate  to  or  are  connected  to  it  
somehow. Owing to the fact that there is no logical structure in these representations, there 
is no possibility, therefore, to conceive the temperature as a measurable quantity, because 
the relation of concepts is such that it does not make possible the operationalization of the 
temperature (i.e., designing measurement to quantify the temperature). The connections 
between concepts are established on the basis of the most obvious appearances (e.g., 
warmness, expansion) or model-like attributes (e.g., change in volume, specific heat), 
which, however, are left rather ambiguous. 

In the final flow charts, only two flow charts were categorized as mixed (14%) and the 
rest were categorized as hierarchical ones (86%) (see Table 6.2). The final flow charts are 
very different from the initial ones, as examples in Figures 12 and 14 show. In Figure 14, 
there is an evident level of increasing abstraction (upwards in the shown case), which 
clearly indicates that the idea of evolving quantity is understood. The tendency to relate 
the temperature to the models, laws, and theory (i.e., to quantitative concepts) increases 
(100%), while concepts related directly and ambiguously to the phenomena decrease 
(29%) (see Table 9). The simple structure that was observed in the initial flow charts 
disappears. In addition, now the connections include or make it possible to design the 
quantifying experiments and operationalize the quantity. This aspect was missing from the 
initial flow charts in the fragmented and centralized categories. 

6.3.5 The efficacy of the DRoS 

Most  of  the  final  flow charts  were  hierarchical  (Table  8),  and  the  different  levels  of  
reconstruction are also recognizable in them, like in Figure 14. One purpose of the 
interviews was to find out how the students evaluated the usefulness of the flow charts and 
what the advantages of the charts were for their learning process in their own opinion. 
From students’ responses, it can be inferred that they felt that they learned to distinguish 
different abstraction levels in their final representations and that they recognized the 
different roles of measurements with respect to different concepts and quantities. For 
example: 

 
This is clearly the region of mechanics . . . more empirical-level things . . . empirical gas 
laws are here; it is perhaps the closest connection to experimentality . . . [W]hen one 
comes to the ideal gas law, it begins to be on a higher [level of hierarchy] .  .  .  and the 
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absolute temperature, it is a rather high-level concept, and finally we have these axiomatic 
theories of thermodynamics . . . they are [at] the highest [level of the hierarchy]. 

 
The reconstruction also helped students to think in an organized and logical way by 

giving them a structured means to approach subject content. Students stated that, for 
example: 

It is a kind of scaffolding. I automatically start to think what concepts are interrelated . . .  
and in which order I represent things. 

I have also in my mind right now such a map in which I know, where and how to connect 
these [quantities] to each other. 

Learning physics is like climbing upwards step by step, and every step is needed. This is 
useful [making network presentations] because it organizes thinking and one easily 
recognizes in what step something is missing. It is possible to build a whole structure of 
what one has learned. 

 
There are also responses which clearly confirm that the students have understood the 
underlying principles and truly formed a new and better understanding of the subject 
matter: 

You can interrelate different quantities to each other and understand where you need 
them; earlier they have perhaps been just a mishmash in your mind 

It has been nice to build the concept hierarchy . . . obscure connections become more 
definite and probably some new connections emerge.  

The topics [physics contents] discussed in this course are familiar from previous 
[introductory] courses, but now it becomes a bit clearer how different things [concepts] are 
related. In previous courses a thing [concept] has been named . . . and then we have done 
some calculations. 

 
The interviews thus support the conclusion that the reconstruction has helped students 

to learn the topic under discussion and in addition, has helped them to achieve a more 
general level of thinking about physics. Moreover, students are clearly aware themselves 
of the positive effect and utility of the reconstruction. 

A common thing to all the interviewed students was that they could explain their flow 
charts easily from the thermal expansion and the level of experimental laws to the ideal 
gas law. However, the temperature at the level of theory (excluding the ideal gas law) was 
difficult for them to explain, and they even failed in explaining their flow charts and the 
relationships between the concepts at this level, especially in the case of micro theory. 
This indicates that the interviewed students have understood the existence and the need of 
this level of theory in the construction of temperature as a quantity, but they have not 
understood the concepts involved and the connections between the concepts in depth.  
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6.4 Conclusions 

The instructional sequence described here uses the DRoS in a narrow context in a case of 
one quantity: temperature. However, in many cases, the use of DRoS has very similar 
features and it is plausible that many of the findings can be generalized to similar kinds of 
situations for different concepts or laws (see, e.g., article I). The results show that, when 
the initial and final flow charts are compared with each other, the students needed more 
support for the utilization of the reconstruction of structure than the broad and general 
discussions in the lectures provided. The learning to use the reconstruction and recognize 
the detailed role of quantitative experiments seems to take place only when the general 
ideas are contextualized and applied in detail. One difficulty students apparently had was 
that they were not familiar with thinking of quantities as evolving or process-like 
structures. Although they had previously learned how the construction of new quantities is 
always based on the already existing quantities through quantifying experiments they 
yet did not realize that this process can be continued and that it extends and generalizes the 
meaning  of  the  quantity.  On  the  other  hand,  from  the  research  results  given  here,  the  
following conclusions can be drawn (numbers refer to the research questions): 

6.1 Students learn to understand the role of quantifying experiments in the process of 
constructing  quantities.  This  is  seen  from  the  development  of  the  flow  charts.  The  final  
flow charts had experiment-based connections between concepts that were missing from 
the most of the initial flow charts.  

6.2 Students learn to understand that a quantity is an evolving process. For example the 
temperature just exists in most of the initial flow charts, but the final flow charts have 
several temperature quantities, which show the evolving meaning of temperature. 

6.3 Students  learn  to  integrate  quantities  as  a  part  of  the  network.  This  is  a  sign  that  
students learn to utilize the reconstruction in supporting their learning. 
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7 Discussion and conclusions 

The first part of this dissertation consists of the development of didactical reconstructions 
of processes (DRoP) and structures (DRoS) of physics knowledge. This part starts with 
taking into account the pedagogical aspects of teaching and learning and the professional 
competencies of physics teachers. Then it continues with the conceptual and philosophical 
analysis of physics history, especially with the analysis of experiments’ role in 
constructing knowledge and the role of models in this process. This forms the theoretical 
part of the work and introduces the theoretical underpinnings of the work. Finally, these 
two parts are combined in the designing and production of the DRoP and DRoS.  

In  the  second  part  of  the  dissertation,  the  usefulness  of  DRoP  and  DRoS  in  physics  
teacher education is evaluated. This is the empirical part, which provides empirical 
information on what is gained in practical teaching by using the developed methods and 
approaches. The advantages and usefulness of didactical reconstructions were evaluated in 
two different contexts (concept temperature and electromagnetic induction law). This task 
has been approached through specific research questions, which have made possible a 
methodologically controlled division of the main research questions in smaller sub-
problems. This has been necessary in order to make the extensive and complex field of the 
main research questions tractable. 

The main research questions posed in Section 4 were broadly concerned with pre-
service physics teachers’ organization of physics knowledge and the role of structural and 
processual aspects in it. The research questions are now answered mainly through 
introducing the DRoS and DRoP and by evaluating their uses in contexts of 
electromagnetic induction law and temperature. In summary,  

 Research question I has been answered in Chapter 3, based on articles II, III and 
IV. 

 Research question II.a has been answered in article V and in Chapter 5 through 
detailed research questions 5.1 5.3 (p. 47). 

 Research question II.b has been answered in article VI and in Chapter 6 through 
detailed research questions 6.1 6.3 (p. 58). 

 Research question III has been answered in articles V and VI and in Chapters 5 
and 6 through detailed research questions 5.4 and 6.1 6.3. 

Chapters 3, 5, and 6 already contain the results concerning the design and use of DRoP 
and DRoS. It is, however, necessary to make a short overview of the main findings and 
result as they relate to research questions. In what follows, the original research question is 
repeated and then a short summary of how it was answered is given. 

 
I. How the didactical reconstructions and the flow charts based on them enable students to 
express their ideas about the structure of physics knowledge and the process of its 
production? 
 
The didactical reconstructions are designed to enable students to express their ideas about 
the  structure  of  physics  knowledge  and  the  process  of  its  production.  First,  a  kind  of  a  
cognitive historical analysis of the uses of experiments and models was done (3.1 3.4 and 



 
 
 
 

69

articles III and IV). Second, the results of analysis were simplified and adapted to reach 
the needs of the pre-service physics teachers, and DRoP was produced. The key aspects of 
DRoP that enable students to express the ideas about the structure of physics knowledge 
and the process of its production are: 

 it can be presented as a fixed flow chart (Figure 4, p. 30) 
 it is organized to reflect the three-level hierarchy of physics: qualities, quantities 

and laws, and theory 
 it has recognizable steps between the stages of knowledge production 
 it makes the use of experiments and models in knowledge production explicit. 

The  role  that  experiments  and  models  have  in  DRoP is  justified  by  the  analysis  of  their  
role in knowledge production of physics.  

Similarly,  the  aspects  of  DRoS  that  enable  students  to  express  their  ideas  about  the  
structure of physics knowledge and the process of its production are: 

 it can be presented as flow chart 
 it makes the connections between concepts explicit 
 it requires that the connections are justified and directed 
 it forms a hierarchy between concepts. 

Both DRoP and DRoS can be presented in graphical form and can be used as 
metacognitive tools for organizing knowledge for purposes of learning and teaching.  
 
II.a How did students organize their knowledge about the conceptual structure of physics 
by using DRoP?  
 
In the case of electromagnetic induction law, students could explain fluently and in 
rational order how to construct the law from phenomena and how the new law is annexed 
to theory and how it expands the theory. Students also understood the role of qualitative 
and quantitative experiments in the (re)constructing the electromagnetic induction law, 
and the role of models and theory in designing and interpreting the experiments and 
results. The students understand that the methodological aspects included in the DRoP can 
be applied to other topics of physics also. 
 
II.b How did students organize their knowledge about the conceptual structure of physics 
by using DRoS?  
 
Students learned to organize their knowledge about the structure of physics quantities. In 
the case of the temperature, students understood the role of experiments in the 
construction of quantities and connections between them. This means that they also 
learned to integrate quantities as parts of a network. They also understood that quantities 
are evolving processes, and that through the different ways of operationalizing quantities, 
their meaning evolves. 
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III. How can the development of students’ knowledge be recognized from the flow charts? 
 
In the both case studies, the structure of flow charts developed. In the case of 
electromagnetic induction law, the connectivity of the flow increased, and the simple 
linear chains or disjointed elements disappeared. In the case of temperature, the 
fragmented and centralized structures were replaced by hierarchical structures. The results 
show that generally when the structure improved, also the elements of the content, such as 
coherent knowledge chains or relevant use of concepts, improved. This is related to the 
matured understanding of the role of experiments and models in (re)constructing 
knowledge. All of this can be seen as signs of improved knowledge of students. The 
students themselves also recognized the changes in the initial and final flow charts and 
understood that the changes reflected the development of their thinking.  
 
The answers to the research questions show that in the design of DRoP and DRoS, much 
knowledge about expert knowledge and its structure, and the processes behind its 
formation, was included. The design of the DRoP and DRoS also took into account many 
desirable aspects of epistemology and methodology of scientific knowledge, thus lending 
authenticity to the learning and teaching. The design of the DRoP and DRoS formed the 
majority of the theoretical part of the study.  

The empirical part answers the research questions about how the DRoP and DRoS 
were actually used and what was gained by using them. Broadly, the results show that the 
DRoP and DRoS helped in organizing physics knowledge through giving students 
guidelines for how to start and proceed in reaching “new” knowledge, and how 
experiments and models can be used to support this process. The results also showed that 
the learning to use these DRoP and DRoS apparently took place only when the general 
ideas were contextualized and applied in detail. This notion underlines the importance of 
contextualized teaching and learning.  

The practical starting point of this work was the notion that in physics, a teacher 
education tool for organizing pre-service physics teachers’ knowledge was urgently 
needed. A common problem is that after traditional teaching, the students’ knowledge of 
physics is often fragmented and unorganized, and prospective physics teachers are not 
able to answer questions about “what they know” and “how they know what they know.” 
These problems, in 2001, prompted several projects aimed at finding useful and 
productive teaching approaches and learning tools. Three particular challenges had to be 
met in helping prospective physics teachers to develop expertise they need in their future 
profession.  The  first  challenge  is  related  to  the  organization  of  physics  knowledge.  The  
second is to give a meaningful role to experiments and models in organizing the 
knowledge and in understanding the process of knowledge formation in physics. The third 
challenge is to give students opportunities and resources to meet the first two challenges in 
order to reflect upon and develop their knowledge. The contribution of the present work in 
answering these challenges comes mainly in the form of two specific learning tools for 
describing the construction and organization of knowledge. The first one is DRoP, which 
represents the formation of new quantities and laws in physics through using experiments 
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and models in this process. The second one is DRoS, which represents the hierarchical 
structure of physics that forms through using DRoP.  

The didactical reconstructions designed here help student to organize and manage their 
knowledge, to reflect their knowledge and to gain expert-like knowledge. However, what 
is needed in addition to suitable tools is enough time and opportunities to collect the 
already acquired pieces of knowledge into a structured whole. This would enable the 
prospective physics teachers not only to understand some pieces of knowledge or 
structures made of these pieces, but in addition, helps them to understand why the 
structure of knowledge is at it stands, what justified alternatives there are, and how 
knowledge becomes acquired and justified. In summary, the didactical reconstructions 
developed here seem to have many aspects which help the students to organize their 
knowledge from fragmented to structured knowledge and which help them to reach a 
reflective and metacognitive view in regard to their knowledge. 

Design, use, and evaluation of the didactical reconstructions described in this work 
have also been my main research-based contribution to the development of a physics 
teacher education program. With regard to practical teaching and teaching practices, the 
theoretical basis used to design DRoP and DRoS has apparently been rational and justified 
enough that these methods were adopted as a standard part of the physics teacher 
education  program  of  the  Department  of  Physics,  University  of  Helsinki.  The  empirical  
part has been the major source of information when decisions and judgments have been 
made of the methods and approaches to be used in the current and future teacher education 
and in finding its new directions in the Department of Physics. 
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