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Introduction 
In many countries students experience difficulties in the first year of 
tertiary education (e.g. Minnaert & Janssen, 1992; Norwood & Calhoun, 
1993). This can have various causes, one of which is having difficulties in 
the transition from general secondary education to higher education. In 
the Netherlands, this type of difficulties has been discussed not only by 
researchers and teachers but also by the Ministry of Education and 
Science (Ministerie van Onderwijs en Wetenschappen, 1991; 1992). The 
'transition problem' is particularly severe in the technical and scientific 
sectors of both higher vocational and university education. In these 
sectors, a majority of the students experience difficulties in finishing the 
first-year program within one year~ as required by the schedule. 

At the time the research for this dissertation started (August 1990), the 
causes of this 'transition problem' had been documented only in general 
terms (e.g. Droogleever Fortuijn, Christiaans & Meijer, 1986). Teaching 
staffs in the technical and scientific sectors of tertiary education had 
indicated a lack of problem-solving skills of the entering students as a 
probable cause (Hulshof, 1990). 
While research for this dissertation was being performed, research started 
on other factors such as understanding and self-regulated learning 
abilities (Vermunt, 1992). These factors, however, are related to and 
relevant for problem solving. In addition, it became clear that the idea 
of actively considering the demands of higher education in designing 
examination syllabi and curricula for general secondary education initially 
appeared revolutionary to many teachers and teaching methodologists in 
the field of general secondary science education. Thus, a clear need 
emerged for a thorough study of the various aspects of the 'transition 
problem', centering on the key issue of problem solving, and going 
beyond the current experiences of teachers. Such a study would produce 
concrete clues for the search for a solution of the 'transition problem'. 
Nowadays, many universities and institutes for higher vocational educa
tion have taken initiatives to smooth over the transition from secondary 
to tertiary education (e.g. Universiteit van Amsterdam, 1994; Werkplaats 
VWO-WO, 1994; Taconis, Stevens & Ferguson-Hessler, 1992; IVLOS, 
1992; Terlouw & Roossink, 1993; Van Asselt, 1992; Van Dijk & Gale
sloot, 1992). These are mostly pragmatically oriented, and do not aim for 
a fundamental analysis of the problem. 
Also, a restructuring of general secondary education has been initiated by 
the Dutch Ministry of Education and Science (Ministerie van Onderwijs 
en Wetenschappen, 1991; 1992). A working party has been formed to 
prompt curricular and organizational renewal in general secondary 
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education (Stuurgroep Profiel Tweede Fase Voortgezet Onderwijs, 1994). 
This working party will release a first concept for the new curricula in 
1995. Implementation will start in 1997. The conclusions of this study 
could contribute to the improvement of the various initiatives taken by 
institutes for higher education and the ministry to smooth over the 
transition, by supplying both a contribution to the diagnosis of the 
problem and indications for the solution concerning the sciences and 
physics in particular. 

1. Aim and Structure of the Dissertation 

This dissertation deals with the identification of the problem-solving skills 
in the domain of physics which are relevant for the 'transition problem'. 
It evolves around the questions: "What is the role of problem-solving skills -
and the knowledge base these draw on - in the difficulties students experience 
in proceeding from general secondary education to tertiary technical and 
scientific education; ·and which contribution can instruction regarding prob
lem solving and the knowledge base make to the elimination of these difficul
ties?'~ 

Instructional methods and materials are designed which could offer 
support for the acquisition of these problem-solving skills in general 
secondary education. The research approach and the instructional 
method developed may be used for other sciences as well. The field of 
mechanics served as a primary focus. 
In this way, the dissertation aims at bridging the gap between current 
Dutch secondary physics education and the current demands of the 
technical and science sectors of Dutch higher education. Figure 1 gives a 
schematic representation of the different parts of the dissertation. 

Part I is an attempt to diagnose the 'transition problem', concentrating on 
the· key issue of problem solving. This study was commissioned by the 
Institute of Educational Research in the Netherlands (SVO) at the 
request of the Dutch Ministry of Education and Science. In contrast to 
earlier research, it is not based on the opinion of teachers, but on an 
analysis of the examination requirements of higher and secondary educa
tion as they appear in reality, that is, in a number of examination prob
lems. The analysis identified a number of general and specific problem
solving skills, which were used in constructing a test. In a correlational 
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Part I Part II Part Ill 

·1 (general) Small-seal 
solution 

~ (problem Theoretical · attempt 
Solvlng) elaboration 

Empirical 
elaboratlon 

Figure 1: Schematic overview of the contents of the dissertation. 

study this test was used to study the relation between the initial mastery 
of problem-solving skills and success in higher education. Chapter 3 
describes the general aspects of this study. Under the title ''Problem 
Solving in Secondary Physics and Success in the Propaedeutic Year of Higher 
Technical Education" it has been submitted to the Dutch journal "Tijdsch
rift voor Onderwijsresearch" (Taconis, Ferguson-Hessler & Verkerk, 
submitted). 
The diagnosis is elaborated in Part II. Here, attention is given to other 
aspects of the 'transition problem' than problem solving, in particular to 
understanding. This study was partly performed within the context of the 
VF research-program 'Leren en instructie van cognitieve strategieen' 
[Learning and instruction of cognitive strategies] of the Graduate School 
of Teaching and Learning of the University of Amsterdam (Van Hout
Wolters, 1992). This part has two sections, one dealing with theoretical 
and one with empirical aspects. The theoretical section (Chapter 4) 
results in the proposal of a model of the problem-solving process as a 
product of the problem solver's knowledge and understanding of the 
domain. This model was presented at the 1993 AERA Conference at 
Atlanta under the title ''.A problem-solving perspective on misconceptions" 
(Taconis & Ferguson-Hessler, 1993a). 
The model is employed - and thereby tested - in an experiment described 
in the second section of Part II (Chapter 5). The results yield insight into 
the actual knowledge base and skills of students preparing for the final 
examination of general secondary education in the field of physics. A 
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paper titled ''De samenhang tussen de kennisbasis en probleemoplossings
vaardigheden van eindexamenkandidaten van HA VO en VWO onderzocht bij 
het vak mechanica [The knowledge base of pupils preparing for the Dutch 
secondary final examination related to problem-solving skills in mechanics]" 
(Taconis & Ferguson-Hessler, 1993b) presented at the 1993 ORD 
Conference at Maastricht concerns this research. 
Together, the model and conclusions from Part II form the basis for the 
contribution to a solution of the 'transition problem' presented in Part III 
(Chapter 6). Here, an instructional model is developed that emphasizes 
the acquisition of problem-solving skills in relation to 'understanding' and 
'learning to learn'. Deficiencies concerning the latter two were identified 
as other probable causes of the 'transition problem' in the general 
diagnosis (Figure 1). The instructional model is designed for application 
both in secondary and tertiary education. It employs cooperative learn
ing as the instructional format. 
The instructional model was elaborated into concrete teaching material 
on mechanics in secondary education. This prototype material covers 2 
to 4 lessons. The material is part of a program for teaching skills and 
understanding currently being developed. Chapter 6 comprises the de
scription of the model and the material as well as a report on a first 
evaluation (Taconis & Van Hout-Wolters, in preparation). 
Recently, a study that includes the evaluation of material for tertiary 
education has been started on the basis of a grant by SVO (Taconis, 
1994), but this study falls outside the scope of this dissertation. 

Apart from the practical goal of contributing to the diagnosis and solu
tion of the 'transition problem', this dissertation has a theoretical aim. It 
seeks to create links between the domain-oriented approach to physics 
education characteristic of teaching methodology (Dutch: vakdidactiek) 
and the more general approach of educational and cognitive research on 
learning and problem solving. The first approach has been dominant in 
the Netherlands with respect to the design of secondary physics educa
tion. The 'transition problem', however, has first been described within 
the scope of the second approach. 
From the perspective of educational and cognitive research, general and 
domain-independent skills are emphasized - for instance general prob
lem-solving skills - together with 'learning to learn' and self-regulation. 
Sometimes, this approach tends to overlook the impact of the structure 
and specific properties of domain knowledge on learning, problem 
solving, understanding, and instruction. 
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On the other hand, teaching methodology - in our view - sometimes 
overemphasizes the role of academic understanding and misconceptions. 
In some cases, the concept of 'skill' is even denied an independent 
position in research and education (Lijnse, 1994). 
In our view - further elaborated in Chapter 6 - both approaches may 
benefit from an open-minded exchange of ideas on problem solving, 
misconceptions and learning - or, even better - by mutual cooperation. 
Thus, a second bridge may be built to which this dissertation could 
contribute. 

This theoretical aim has implications throughout the work. In Part I, 
skills are principally treated as being dependent on the situation in which 
they are applied and on the knowledge required to apply them. Howev
er, a series of analogous problem-specific skills are assumed to merge 
into a more general skill if these are systematically demonstrated over a 
series of differing problems or domains. Part II provides a theoretical 
foundation where both problem solving and misconceptions have a place, 
and where the influence of misconceptions on problem solving is de
scribed. Finally, Part III shows how a combined approach could result in 
a renewed educational practice which could contribute to solving the 
'transition problem' and could improve science education in general. 

2. Basic Theoretical Concepts 

Before engaging in a detailed description of the research accomplished, 
we will introduce the key concepts used in the dissertation. These con
cern the 'transition problem' on the one hand, and problem solving and 
understanding on the other. 

2.1. On the 'Transition Problem' 

A minimum of information on the Dutch educational system is necessary 
to be able to situate this dissertation. There are two types of general 
secondary education preparing for higher education in the Netherlands: 
pre-university education (VWO) and higher general secondary education 
(HA VO) which prepares for higher vocational education. In both of 
them, the students can select their subjects (Mathematics, French etc.) 
within certain limits. For each subject chosen, the student has to take a 
final examination. These final examinations consist of two parts: a 
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school-bound part and a national part. Grades ranging from 1 to 10 are 
calculated as the average of these. A grade of six is just sufficient to pass 
the examination. 
There is no separate entrance examination to higher education. The 
institutes of higher education, however, can demand applying students to 
have taken certain subjects in general secondary education, two at the 
most. They cannot require applying students to have achieved certain 
grades above six. For most of the disciplines in the technical and scien
tific sectors, physics and mathematics are required. 

In this situation, propaedeutic success rates may be expected to depend 
strongly on the attunement between the final examination syllabi and 
tasks on the one hand and the demands of tertiary education on the 
other. Relatively high correlation coefficients (r=0.7 typically) between 
final examination grades and propaedeutic examination grades have been 
reported (Nijgh, 1987; Janssen & de Neve, 1988). Unfortunately, no 
unequivocal identification of the causal mechanisms producing this high 
correlation coefficients is available. 
Various direct and indirect causal factors for success in high~r education 
have been identified (Pascarella, 1985). Among these are: ~(a) student
background, (b) pre-college traits (aptitude, achievement,· personality, 
ethnicity, etc.), (c) characteristics of the institution (e.g. enrollment, 
faculty-student ratio, selectivity), and (d) interactions with agents of 
socialization (peers, in faculty). So, the significant correlation coefficients 
indicated above clearly do not necessarily represent a causal relationship 
between the correlated variables. The correlation coefficient may result 
from causes such as social background that independently facilitate both 
high grades in secondary education and high grades in tertiary education. 

In this study, however, the analysis of the transition problem mainly 
focuses on the causal effects of the individual's learning gain from 
secondary education and their relevance for success in tertiary education 
(Chapter 3). A key term used in this analysis is 'qualification' or 'study 
qualification' (Dutch: kwalificatie; studiekwalificatie). It has been defined 
by Van Aalst (1987) as: "The knowledge, skills and attitudes acquired in 
secondary education that allow the accomplishment of study tasks in 
tertiary education". The definition used in this dissertation is: "The 
knowledge, skills and attitudes that are - or could be - acquired in secondary 
education that allow the productive accomplishment of study tasks in tertiary 
education" (Taconis, Stevens & Ferguson-Hessler, 1992). 
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The various components of qualification are mutually dependent. For 
example: problem-solving skills in physics essentially depend on knowl
edge of the domain (Alexander & Judy, 1988; Perkins & Salomon, 1989). 
De Jong and Ferguson-Hessler (1993) have stressed the relations between 
problem solving and learning, in particular for the sciences. The interre
latedness of qualifications has consequences for the analysis of the 
problem (Chapter 3) as well as for solution attempts (Chapter 6). 

2.2. On Problem Solving and Understanding 

Problem solving and understanding are key aspects of cognition. Both 
problem-solving skills and understanding depend on the so-called knowl
edge base. A knowledge base can be defined as "the structured total of 
knowledge relevant for a particular class of tasks". This may concern 
problem solving in a given domain, but may also concern other tasks such 
as performing an experiment (see also Chapter 5). 
Whether a knowledge base is adequate for a particular task or not, 
depends on both the contents and the organization of the knowledge 
base. De Jong & Ferguson-Hessler (1986) showed that a knowledge base 
adequate for solving physics problems comprises knowledge of four 
different types: declarative knowledge (concepts, scientific laws, etc.), 
situational knowledge (the knowledge that tells you what declarative 
knowledge can be used in a particular situation), procedural knowledge 
(how to use the declarative knowledge), and strategic knowledge (knowl
edge about problem-solving strategies and how to use these). In an 
adequate knowledge base the knowledge elements of the various types 
are strongly interconnected. 

It is important to distinguish between problem-solving skills on the one 
hand and problem-solving activities and strategies on the other. In this, 
problem-solving activities could be defined as: "cognitive or metacognitive 
activities directed at - or contributing to the solution of a problem". 
Strategies could be described as a particular combination of cognitive 
activities aimed at or contributing to a certain goal (Van Hout-Wolters, 
1992). The term skills refers to: "the degree to which an individual has the 
potency to perform adequately a particular (meta)cognitive activity or strategy 
in a particular class of situation and under particular circumstances" (Taco
nis, Stevens & Ferguson-Hessler, 1992). According to these definitions, 
problem-solving skills may be positioned anywhere along a scale running 
from general on the one hand, and domain-specific and situation-specific 
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on the other (Taconis & Ferguson-Hessler, 1994). Generality, however, 
includes availability for use in various situations and requires empirical 
proof. 

Traditional approaches to problem solving in physics emphasize the 
importance of general heuristics over that of the knowledge base. This 
has shaped both the current Dutch educational practice of teaching 
problem-solving skills and research (Mettes & Pilot, 1980). Later, an 
expertise approach (Chi, Feltovich & Glaser, 1981) evolved that explicitly 
takes the knowledge base into account. In the Netherlands this line has 
been taken by De Jong (1986) and Ferguson-Hessler (1989). 
Within an expertise approach, problem solving and learning appear to be 
closely related (e.g. De Jong & Ferguson-Hessler, 1993). In addition, the 
expertise approach links problem solving with a line of research that is 
concerned with the notion of 'misconceptions' (e.g. Chi, 1992). The work 
of Viennot (1979) showed that students often hold particular persistent 
alternative ideas about situations and problems within the domain of e.g. 
physics. This may occur both before formal and during formal physics 
education. Misconceptions are not just arbitrary mistakes. They stem 
from an alternative body of knowledge. Here we introduce the term 
'non-canonical knowledge' which - unlike the term 'misconception' -
uniquely refers to a content of the knowledge base that is not in agree
ment with the scientific canon. The latter is composed of so-called 
'canonical knowledge'. 
Many researchers have analyzed the problems that misconceptions 
present to the instructional process. Less interest has been devoted to 
the role that misconceptions play in problem solving (for an exception 
see e.g. Shaughnessy, 1985). 

Different meanings of the word 'understanding' can be distinguished 
(Taconis & Ferguson-Hessler, 1994). First, understanding can refer to a 
person's cognitive situation with respect to a particular problem or part 
of a subject matter. This personal understanding requires both a knowl
edge base with particular qualities and the person's awareness of his or 
her own knowledge base (Prawat, 1989). Different kinds of such personal 
understanding can exist. 
Secondly, the term understanding may refer to a standard. A particular 
discipline may specify a certain kind of personal understanding as desir
able. This implies a standard for the knowledge base students should 
acquire. 
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For example: One could state that a main characteristic of the kind of 
understanding students should acquire is making valid predictions of the 
development of a given system. On the other hand, students themselves 
may be aiming for understanding of a teleological kind (Chapter 6). 

An important foundation for analyzing learning, understanding and 
problem solving is presented by schema theories of memory. These 
consider schemata as the building blocks of cognition (Rumelhart, 1980). 
Schemata represent both declarative and procedural knowledge (Rumel
hart, 1980), and resemble mental models such as are used in research on 
misconceptions (Brewer, 1987). The schema approach also provides a 
view of learning (Rumelhart & Norman, 1978) and hence produces 
directives for designing education (e.g. Gick & Holyoak, 1983). 
For a definition of the concept of schema the following is proposed 
(Chapter 4): A schema is a unit in human memory representing a functional 
package of knowledge. In this, functionality should be taken broadly. It 
may concern actions from every-day life or answering reproductive exami
nation tasks. It may also concern physics problem solving or producing 
answers to questions such as used in studies on misconceptions. 

One particular class of schemata is formed by the so-called problem 
schemata (Chi, Feltovich & Glaser, 1981). Problem schemata concern a 
particular class of problems for which they contain an adequate problem
solving approach. On the other hand, an attempt may be made to 
describe schemata that represent non-canonical knowledge that underlies 
misconceptions. Such a schema could represent common knowledge 
about falling objects. 
It is argued in this dissertation that the kind of functionality required 
from - and sought by - the learner is of decisive value for the schemata 
acquired, and hence for the acquisition of problem-solving skills and 
scientific understanding. 
A more recent approach to cognition is taken in connectionist models 
(Bechtel & Abrahamsen, 1991). Up till now, these appear to be in 
agreement with schema theories for the greater part (Rumelhart, Smo
lensky, McClelland & Hinton, 1986). These models clarify some aspects 
of schemata such as their sometimes fleeting nature. We will now start 
our report on the first part of the dissertation. 
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Part I: Problem Solving Skills in Dutch 
General Secondary Education, 

Pre-University Education, Higher 
Vocational Education, and University 

In this part the role of problem-solving skills in de difficulties students 
experience when entering tertiary education from general secondary education 
are investigated. This research was commissioned by the Institute of Educa
tional Research in the Netherlands (SVO) on request of the Dutch Ministry of 
Education. 



3. Problem Solving in Secondary Physics Education and 
Success in the Propaedeutic Year of Higher Technical 
Education• 

3.1. Introduction 

In many countries problems arise in the transfer from general secondary 
to higher education. This is also the case in the Netherlands. This 
'transition problem' is particularly severe in the technical and scientific 
sector of both higher vocational education and university. In these 
sectors, a majority of the students experiences difficulty in finishing the 
propaedeutic programma within one year, as is required by the schedule. 
The causes of this transition problem have not yet been fully identified. 
Teaching staffs have indicated a lack of problem-solving skills as a 
probable cause (Van Dyck, 1990). Therefore, we have chosen to concen
trate our study on these skills. Other cognitive aspects, motivation, and 
effort of the students are not discussed here. 

3.2. Aim 

The aim of this study is the identification of problem-solving skills that 
are relevant for success in higher education but get little attention in 
physics in general secondary education. The detailed description of these 
skills provides a concrete basis for measures to facilitate successful 
transfer from secondary to higher education. For example: (a) modifica
tion of curricula (both for higher education and for secondary physics), 
(b) instructional improvements, and (c) changes in the policy concerning 
the admittance of students to higher education. 
A minimum of information on the Dutch educational system is necessary 
to understand the design of this study. There are two types of general 
secondary education preparing for higher education in the Netherlands: 
pre-university education (VWO) and higher general secondary education 
(HA VO) which prepares for higher vocational education. : In both of 
them, the students can select their subjects within certain limits. For 
each subject chosen, the student has to take a final examination. These 
final examinations consist of two parts: A school-bound part and a 
national part. Grades (from 1 to 10) are calculated as the average of 
these. A mark six is just sufficient to pass examination. 

1This research was commissioned by the Institute of Educational Research in the 
Netherlands (SVO) on request of the Dutch Ministry of Education and Science. 
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There is no separate entrance examination to higher education. The 
institutes of higher education, however, can demand applying students to 
have taken certain topics in general secondary education, two at the 
most. They cannot require applying students to have achieved certain 
grades. For most of the disciplines in the technical and scientific sectors, 
physics and mathematics are required. 

3.3. Theoretical Background 

3.3.1. Factors influencing success in higher education 

Various factors influencing the accomplishment of success in higher 
education have been identified (Pascarella, 1985). Among these are 
personal aptitudes (e.g. intelligence), social skills, affective factors, and 
cognitive abilities. Some of these desired dispositions can be acquired in 
secondary education and will be called 'qualifications'. We define 
qualifications for study in higher education as: knowledge, skills, and 
attitudes that are needed for the accomplishment of study tasks in higher 
education, and that have been acquired, or could be acquired, in second
ary education. Study tasks in scientific and technical disciplines in higher 
education involve problem solving. Provided that these problem-solving 
skills can be acquired in secondary education, they are likely to be 
qualifications. The question remains which problem-solving skills are 
qualifications and which are not. 

3.3.2. Problem solving 

In case of a problem a subject is presented with some initial state and 
wants to reach some target state. However, we will only consider a 
'initial-state - target-state combination' as a problem, if the target state 
can not be readily reached (De Jong, 1986). This depends on the 
particular subject. As a consequence a 'situation - target-state com
bination' or question that is a problem to one student may not be a 
problem to another student. If the target· state cannot be readily 
reached, problem-solving skills are required to reach the target state. 

3.3.2.1. Problem-solving activities and skills 

We have adopted the view of cognitive psychology in which problem 
solving is regarded as information processing (Newell & Simon, 1972). 
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This involves the execution of several cognitive and metacognitive activi
ties. Cognitive activities operate on knowledge and information. Meta
cognitive activities are defined as activities that regulate cognitive activi
ties. 
Cognitive problem-solving activities are characterized by the kind of 
information and knowledge they process and produce. For example, 
'analyzing' operates on the information provided in the problem state
ment and produces a mental problem-representation. 'Planning' operates 
on this representation and produces a plan. 
There is a fundamental difference between problem-solving skills and 
problem-solving activities. A problem-solving skill refers to the mastery 
of a problem-solving activity of an individual. These should be activities 
that are fundamental or elementary in a psychological sense. We do not 
use the term skills to refer to the mastery of concrete tasks as a whole. 
Tasks require a collection of cognitive and metacognitive activities. 
Therefore, the measurement of problem-solving skills requires the 
identification and description of such problem-solving activities. Prob
lem-solving activities, and the associated skills, differ in their range of 
applicability and the domain of relevance. We have specified three strata 
of problem-solving activities and skills along this continuum: general, 
generic, and problem-type specific skills. General problem-solving activities 
and skills are relevant to the solution of almost all problems. Generic 
problem-solving activities and skills are usefully applicable to only a 
particular class of problems like 'mechanics problems'. Such skills 
require domain knowledge. Problem-type specific problem-solving activities 
and skills are usefully applicable to only a small class of problems (e.g. 
statics problems). These require specific domain knowledge. 
For a specific problem, a general problem-solving activity can encompass 
one or more generic problem-solving activities. These generic problem
solving activities can in turn be decomposed into problem-type specific 
activities. For example: Analyzing a particular problem ca,,n consist of a 
conglomerate of activities like 'collecting information', 'making a scientific 
interpretation of the situation and the goal', and 'structuring the informa
tion'. For a particular mechanics problem, for example, 'structuring the 
information' could comprise the problem-type specific activity 'construc
ting a free-body diagram'. 
The question as to which stratum of skills reflects the psychological 
reality best, is the subject of a fundamental international discussion 
(Alexander & Judy, 1988). In practice, it may be difficult to tell whether 
a particular subject uses general skills within the context of a specific 



18 Chapter 3 

problem, or whether he uses situation-specific skills. Leaving alone this 
fundamental discussion, we will treat the strata of problem-solving skills 
as levels of generality on which activities and skills are described. 

General activities 

Analyzing 

Planning 

Elaborating 

calculating 

Checking 

<-> 

Collecting information 

Sketching the situation 

Analyzing the situation 

Interpreting implicit information 

Analyzing of goal 

Elaborating one's awn knowledge 

Drawing a diagram 

Selecting one or more CR's (Central Relation) 

Ev.iluating the applicability of CR's 

Selecting a standard solution method 

Identifying partial problems 

Constructing a solution route 

reading a lext 
reading a diagram 

analysis of forcu 

of forces 
of electric circuit 

Problem-type specific ac1ivi1ies 

of electric/magnetic field 

stating a set of equations 
identifying sub-problems 

Making strategical choices about the application system, coordinate-axes, center of rotation, 
of the formalism contour for integration, position of earthpoint 

(electric circuit) 

Partitioning the problem into analogous parts 

Transforming the problem 

Eliminating answers 
(Multiple.choice questions) 

Interpreting information 
(on basis of the solution plan) 

Checking (partial) results 

algebraic operations 
calculations with numbers 
vector operations 
solving a set of linear equations 

by recalculating 
by formal arguments 
by reality 

Figure 1: Overview of the cognitive problem-solving activities considered in this 
article. 
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The problem-solving activities examined in this study are defined on the 
basis of work by De Jong (1986), Ferguson-Hessler (1989), and Mettes 
and Pilot (1980). Taking this work as a starting point, five general 
problem-solving activities and skills are distinguished: 'analyzing', 
'planning', 'elaborating', 'calculating', and 'checking'. Figure 1 shows 
general, generic and problem-type specific activities, each placed in a 
separate column.Some of the activities in Figure 1 need further explana
tion. Planning usually encompasses the identification of a so-called 
central relation. A central relation is a law or principle of physics, that 
plays a central role in the solution of the particular problem. The 
selection of such a central relation may be all the planning necessary to 
solve a particular problem. On the other hand, the solution of other 
problems requires several central relations at the same time or the 
identification of sub-problems. 
Planning may also involve the recognition of the applicability of a 
standard solution method (e.g. the Systematic Problem Approach (SPA) 
by Mettes and Pilot, 1980). A standard solution method is defined as a 
generic or general problem-solving algorithm or heuristic which has been 
taught explicitly. 
Elaboration of the planning may be needed to decide how to apply the 
formalism. In physics, this typically involves 'making strategical choices 
about the application of the formalism'. Such choices are arbitrary from 
the perspective of the scientific formalism. From a strategic point of 
view, however, there are only a few options that lead to practical calcula
tions. For example: In mechanics one may have to choose a coordinate
system strategically in order to find components for the forces that allow 
manageable calculations. 

3.3.2.2. The role of the knowledge base in problem solving 

Domain knowledge plays a critical role in problem solving in a semanti
cally rich domain such as physics (Chi, Feltovich & Glaser, 1981; Alexan
der & Judy, 1988; Perkins & Salomon, 1989). De Jong and Ferguson
Hessler (1993) distinguish four types of knowledge necessary for effective 
problem solving in physics. These types are defined by criteria concern
ing the function of the knowledge within the problem-solving process. Of 
these types, three are clearly domain-specific. Strategic knowledge is 
knowledge of problem-solving strategies, either general or domain 
specific. Declarative knowledge consists of facts and principles of the 
specific domain. Procedural knowledge comprises the actions that can be 
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carried out, and how this is done. Situational knowledge is defined as 
knowledge allowing the recognition of both the crucial features of the 
problem and the recognition of the applicability of the declarative and 
procedural knowledge (Taconis, 1993). The total of the knowledge that 
is relevant for problem solving in a certain domain is denoted as the 
knowledge base. A knowledge base adequate for problem solving 
contains elements of al four types defined above (Ferguson-Hessler, 
1989). 
Problem-solving activities differ in the kind of knowledge required for 
successful performance. Generic problem-solving skills require domain 
knowledge of a more general kind (i.e. knowledge about the need to 
draw diagrams on scale in solving mechanics problems). Problem-type 
specific skills require domain knowledge specific to the problem type (i.e. 
knowledge about the solution methods for problems about horizontally 
thrown objects). On the other hand, both generic and problem-type 
specific skills may involve general scientific concepts. Such concepts are 
defined to be applicable in a wide range of situations. These are general 
from a formal point of view. However, this is not necessarily the case 
psychologically. A subject may be able to use such concepts in only a 
limited class of problems. 
In addition to the content of the: knowledge base, its structure is crucial 
for effective problem solving. Chi, Feltovich and Glaser (1981) showed 
that the expert's knowledge-base is built up of so-called 'problem 
schemata'. A problem schema represents applicable knowledge about a 
basic problem type together with its typical problem-solving approach. 
Ferguson-Hessler and De Jong (1987) have described such problem 
schemata for the field of electricity and magnetism. 
Taconis (1993) has employed the schema concept for the description of 
adequate knowledge bases, and of knowledge bases inadequate for 
problem solving due to misconceptions. The knowledge base may 
contain both inadequate schemata (misconceptions) and adequate 
schemata (problem schemata), which compete for activation in the 
problem-solving process. 

The measurements of problem-solving skills 
As concluded above the measurement of problem-solving skills requires 
the determination of problem-solving activities. As a consequence of the 
dependence of problem-solving skills on the knowledge base, two other 
aspects should be taken into account: (a) the presence of the required 
knowledge, and (b) the accessibility of it. The latter depends on the 
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circumstances under which the activity is performed or should be per
formed. 
For this we have defined the 'situated level of difficulty' of an activity. 
Key factors determining it are: complexity and unfamiliarity of both the 
situation and the activity. In addition to the 'situated level of difficulty', 
the 'level of performance' (e.g. swiftness, accurateness) can be defined. 

3.4. Design 

Our study comprises four research questions. The answers to these 
questions are pursued in four partial studies. Skills of various level of 
generality are included. The studies are restricted to the topics 'mechan
ics' and 'electricity and magnetism' which are known to produce relatively 
severe difficulties (Hulshof, 1990) for Dutch propaedeutic students. 

3.4.1. Research questions 

1. Which problem-solving activities and skills are formally required in 
the examination syllabi for physics in higher general secondary 
education (HAVO) and pre-university education (VWO)? 

2. Which problem-solving skills are demanded to successfully complete 
actual problems of these final examinations? 

3. Which problem-solving skills are demanded to successfully complete 
exams from the propaedeutic year of higher vocational education 
(HBO) and university (WO)? 

4. What is the relation of success in the propaedeutic year of higher 
education (HBO and WO) and the level of skills at the moment of 
entering higher vocational education or university? 

3.4.1.1. Overview of the studies 

The first study concerns the analysis of the examination syllabi. Since 
skills depend on the knowledge base, both the required skills and the 
required knowledge are considered. The consistency of the educational 
objectives concerning skills with those concerning knowledge is evaluated. 
In the second study the problem-solving skills actually tested in the final 
examination are identified by analysis of a sample of examination tasks. 
The results are compared with the results of the analysis of the examin
ation syllabi since the examination tasks might represent tacit objectives 
concerning problem solving that are not described in the syllabi. 
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In the third study, representative problems which cause difficulties at 
propaedeutic examinations for students, are analyzed. Other disciplines 
than technical ones that demand physics in the propaedeutic year are 
included. The skills identified are compared with the skills demanded in 
the final examination. This yields a list of problem-solving skills relevant 
for success in higher education, but not included in actual general 
secondary education. 
These skills are implemented in a problem-solving test (see Appendix A 
for an example). This test essentially requires only the knowledge 
covered by general secondary education curricula. In the fourth study, 
this test is presented to students starting their study in a discipline of the 
technical or scientific sector of higher education. The scores on the 
problem-solving test are correlated with two indices of 'success' in higher 
education: (a) the mean grade for the propaedeutic examinations, and 
(b) the fraction of examinations passed. In addition, an analysis of 
variance is performed with 'success' as the dependent variable and 
'problem-solving skill' as the independent variable. In this, the physics 
grade achieved in general secondary education was controlled for by 
treating it as a covariate. 

3.4.2. Research techniques 

It is worthwhile to describe in more detail the method used in analyzing 
problems from examination tasks (second and third study) and the 
method used to analyze written answers to the test problems (fourth 
study). These methods are elaborations of rational task analysis and 
empirical task analysis, respectively (Gardner, 1985). 

3.4.2.1. Rational task analysis 

Rational task analysis operates on the problems themselves, and does not 
comprise the analysis of actual solutions as produced by subjects. Ratio
nal task analysis of a problem comprises both the identification of the 
relevant problem-solving activities and the determination of the skills 
necessary to perform these activities. The identification of the relevant 
problem-solving activities requires the reconstruction of adequate prob
lem-solving processes in terms of elementary problem-solving activities. 
Since rational task analysis operates on the problems themselves, it is 
biased against metacognitive activities. These skills can not be included 
in the rational task analysis. The determination of the skills necessary to 
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perform these activities requires the determination of the 'situated level 
of difficulty' for each of the activities demanded (see page 21). Conse
quently our method of rational task analysis consists of two phases. For 
each of these we have designed a procedure. 

Phase 1: Reconstruction of the problem-solving process 
Our catalogue of problem-solving activities (Figure 1) provides a theoreti
cal basis for identifying the elementary activities relevant for solving a 
problem. Since we perform the rational task analysis on examination 
tasks, we primarily have to deal with the problem-solving skills intended 
to be tested. These are part of the 'Intended Solution Process' (ISP) which 
we should reconstruct. In general, an ISP has to meet three require
ments. It has to be: 
1. successful in that it produces a correct answer if executed correctly, 
2. in accordance with the skills and knowledge which are intended to be 

tested by the problem, 
3. inclusive. That is, it essentially includes problem-solving activities 

listed in Figure 1 as necessary or useful. 

Due to the requirements of successfulness and accordance, the ISP will 
be uniquely defined for most examination problems. Moreover, the 
requirement of accordance prevents the inclusion within the ISP of skills 
that are in no way part of the curriculum. The requirement of inclusive
ness causes the exclusion of questions that are not a problem according 
to our definition. For such questions, no ISP can be found. Consequent
ly, the ISP represents the actual educational goals concerning problem
solving skills. 
Production of a valid ISP involves four steps: 
1. collection of the problems, their standard solution, the answers, and 

information on the curriculum which preceded the exam, 
2. solving the problem and reconstruction of a provisional ISP, 
3. verification of the validity of the provisional ISP, and 
4. modification if necessary. 

Step 1 can involve the selection of a subset of the problems, for example 
concentrating on representative problems causing difficulties for relatively 
many students. 
Step 2 is performed on sub-tasks of the problems (i.e. question la, lb, le, 
etc.) which are the units of analysis. In this two researchers cooperate. 
The researchers aim at an ISP in close harmony with the intention of the 
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problem within the exam. The latter is derived from the additional 
material gathered in step 1. 
For identifying each of the activities in Figure 1, a comprehensive guide
line for coding has been developed (Taconis, Stevens & Ferguson
Hessler, 1992).. The various activities defined in Figure 1 can show 
various degrees of relevance for the completion of the ISP. A particular 
activity can be either useless, useful but not essential, or essentially 
needed for the completion of the ISP. Both 'essential' and 'useful' 
activities are included in the ISP. 
In step 3 it is checked whether the ISP is really in accordance with the 
intentions of the teacher e.g. by consulting them. Step 3 leads to modifi
cation of the ISP if necessary until an ISP is found that represents the 
actual educational goals concerning problem-solving skills. 

Phase 2: Analysis of the ISP 
In the second phase, the ISP for each of the problems is analyzed to 
measure the required skills. Two researchers cooperate in performing 
this analysis. Since the degree of relevance of the various problem
solving activities has already been determined, the analysis of the ISP 
concentrates on the 'situated level of difficulty' of the activities previously 
identified as 'useful' or 'essential'. The required level of performance 
(e.g. speed) is not taken into account in our analysis. 
The 'situated level of difficulty' of a problem-solving activity for a particu
lar problem is operationalized in terms of three aspects: (a) complexity of 
the activity, (b) unfamiliarity of the activity with respect to the preceding 
education and (c) support within the task (e.g. by previous sub-tasks of 
the same problem). 
Complexity is an ordinal variable which can take either of five values 
ranging from 1 (simple) to 5 (extremely complex). Depending on the 
activity it refers to, it reflects: (a) the number of the assumptions involved 
in analyzing the problem, (b) the number of sub-problems to be recog
nized in planning the solution, or (c) the number of steps involved in 
calculating the solution of the problem. 
Unfamiliarity is an ordinal variable which can take either of three values 
ranging from 1 (familiar) to 3 (new). These values reflect whether the 
activity under consideration has been attended to or practiced within the 
previous education. Moreover, unfamiliarity depends on the degree to 
which the test problem resembles the exercises and examples used during 
the preceding education. A comprehensive guideline for coding (see 
Appendix B) has been developed containing detailed criteria for as-
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s1gnmg the values for complexity and unfamiliarity for each of the 
problem-solving activities (Taconis, Stevens & Ferguson-Hessler, 1992). 

3.4.2.2. Empirical task analysis 

In the fourth study an empirical task analysis is performed on the written 
answers to the problem-solving test. In general, there are several ways to 
solve a particular problem. In an empirical task analysis one wants all 
students to be tested on the same skills. The problems of the test are 
therefore designed to have only one successful solution. 
The analysis of the answers is performed for each of the problems 
individually. The previously constructed ISP is used as a mask 
(Venselaar, Van der Linden & Pilot, 1986). This implies that only those 
skills are measured that concern the activities described in the ISP. The 
results of these measurements are called 'ISP-scores'. There is a set of 7 
ISP-scores for each of the problems. These ISP-scores reflect the prob
lem-solving skills: 'collecting relevant information', 'analyzing', 'planning', 
'making strategical choices about the application of the formalism', 
'elaborating', 'checking' and 'on-line regulating'. Comparison with the 
rational task analysis shows that two skills appear added: 'making 
strategical choices about the application of the formalism' and 'on-line 
regulation'. The former was given an independent place since it ap
peared of particular interest. The latter is of metacognitive nature and 
could not be included in the rational task analysis. 
These ISP-scores can take one of three ordinal values: 'faulty and/or 
inadequate', 'partly incorrect or partly adequate' and 'correct and 
adequate'. In the case that an activity that is essential to the solution is 
not performed, 'faulty' is assigned. Again a comprehensive guideline for 
coding (Taconis, Stevens & Ferguson-Hessler, 1992) has been used. In 
Appendix A, an example is given from the guideline for coding corre
sponding to the problem presented there. 
The analysis was performed by two researchers. Cohen's kappa was used 
as an estimate of the inter-judge agreement. A value of 0.7 was found. 
Since our categories are actually ordinal, and cases of disagreement 
nearly always involved neighboring classes, kappa is a pessimistic mea
sure. Hence is was concluded that agreement between the judges was 
satisfying (Taconis, Stevens & Ferguson-Hessler, 1992). 
The ISP-scores per problem for the various skills principally hold infor
mation about general as well as generic or problem-type specific skills. 
However, ISP-scores per problem are taken primarily as indices of 
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generic or problem-type specific skills. In order to arrive at variables 
reflecting general skills, averages are taken over all test problems for 
each general skill. These averages reflect more general problem-solving 
skills, provided that the scores for the various problems show sufficiently 
high mutual correlation coefficients. This procedure is analogous to the 
formation of a scale. Sufficiently high mutual correlation coefficients 
correspond with the homogeneity of the 'scale'. 
Taking the average over the variables representing the skills 'analyzing', 
'planning', 'making strategical choices about the application of the 
formalism' and 'elaborating' yields an index of the 'total problem-solving 
skill'. 
Although the test problems were designed to have only one successful 
solution process, solution attempts may occur that encompass one or 
more problem-solving activities that are not part of the ISP. Such 
deviant solution attempts can reflect relevant problem-solving skills which 
are excluded from the ISP-scores. Therefore, the empirical task analysis 
was repeated without using the ISP as a mask. This produces the so
called 'DEV-scores', which are analogous to the ISP-scores. Directives 
for assigning DEV-scores were incorporated in the guideline for coding 
which was also used assigning ISP-scores. Deviant problem-solving 
activities can contribute both positively and negatively, depending on the 
quality of the performance. The DEV-scores have the disadvantage that 
they do not necessarily reflect the same skills for all subjects. 
The empirical task analysis is made more complex by the fact that the 
lack of a particular skill may obstruct the problem-solving process. This 
prevents the subject from getting to the point where it is necessary to 
demonstrate a certain other skill. Therefore, the latter skill cannot be 
measured. For example: A missing or inadequate analysis can block the 
problem-solving process and thus hinder the measurement of e.g. skills 
concerning solving a set of equations. This produces missing values for 
the problem-solving skill that requires the (previous) execution of other 
problem-solving activities. 

3.S. The four studies: Data collections, Results and Discussion 

We will now describe each of the studies and present the results selected 
to be relevant for the reader outside the Netherlands. Results, however, 
are described more extensively by Taconis, Stevens and Ferguson-Hessler 
(1992). 
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3.5.1. Study 1: Problem solving in the syllabi for Dutch general second
ary education 

3.5.1.1. Data collection and method of analysis 

Two physics examination syllabi were analyzed: The (old) CMLN one 
(Het eindexamenbesluit MAVO-HAVO-VWO, 1984), and the (new) 
WEN one (Eindexamen programma's natuurkunde, 1989). Both describe 
examination demands for general secondary education (HAVO) as well 
as for pre-university education (VWO). Each of the syllabi comprises 
two sections: a knowledge description section and a skill description 
section. The knowledge description sections were analyzed to identify the 
types of the required knowledge elements and the way these are related 
within the section. In this, the model of a problem schema as presented 
by Ferguson-Hessler (1989) was used. The result indicates to what 
degree problem schemata are described. It was combined with the result 
of the identification of skills from the skill description section. 

3.5.1.2. Results and conclusions: Answer to research question 1 

The skill description sections of the syllabi include some problem-solving 
skills. However, the list is neither complete nor systematic. For example: 
An essential skill like checking a (partial) solution, is not mentioned in 
the WEN Syllabus for higher general secondary education (see Taconis, 
Stevens & Ferguson-Hessler, 1992 §4.2). 
Stack-taking of the various types of the knowledge elements described, 
shows that the knowledge description sections on mechanics all focus on 
declarative knowledge and do not include relations between knowledge 
elements. The description of procedural knowledge for mechanics is 
somewhat meager (16% to 30% of the elements), particularly in the 
CMLN syllabi (see Table 4.2.2-1 from Taconis, Stevens & Ferguson
Hessler (1992). Moreover, most declarative elements in the list are not 
accompanied by procedural knowledge at all. The knowledge description 
on electricity and magnetism contains even less procedural elements (9% 
to 12% of the elements). 
For mechanics, 21 % to 41 % of the knowledge elements is of situational 
nature. For electricity and magnetism this is 33% to 44% of the knowl-

. edge elements. However, most of the situational knowledge elements are 
not explicitly related to the problem-solving process. In the WEN 
program, situational knowledge is mainly restricted to physical situations 
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in which the students should be able to apply their knowledge: the so
called 'concepts of context' (Dutch: contextbegrippen) (Eindexamen 
programma's natuurkunde, 1989). So, the syllabi do describe situational 
knowledge, though not elaborated or systematical with respect to the 
problem-solving process. 

We conclude that the syllabi do not really cover problem solving. 
Problem-solving skills are not fully described. The knowledge description 
sections do not reflect the objective of the acquisition of a schema
structured knowledge base. Cross-references between the skill descrip
tion sections and the knowledge description sections are absent which 
conflicts with our view that problem-solving skills and domain knowledge 
cannot be fully separated. Moreover, poor attunement of the required 
skills and the required knowledge is observed. 

3.5.2. Study 2: Problem-solving skills in the final examinations of Dutch 
general secondary education 

This study is aimed at an explicit description of the skills required or 
profitable for passing the final examinations of general secondary educa
tion. This can be regarded as the reconstruction of actual educational 
goals concerning problem-solving skills. 

3.5.2.1. Data collection and method of analysis 

Examination tasks were collected from the national part of recent 
examinations (1988, 1989 and 1990) for both higher general secondary 
education (HA VO) and pre-university education (VWO). Nearly all 
examination tasks required some of the problem-solving skills attended to 
in our study, and are 'problems' in the sense of our definition. For each 
of these the ISP was constructed. An experienced teacher was consulted 
in order to validate these. 
The examination problems were analyzed to determine general skills, 
generic skills and problem-type specific skills. For higher general second
ary education, all problems on the topic 'electricity and magnetism' are of 
the same problem type: The 'network-type' which focusses on calculations 
of elements of an electric circuit (Taconis, Stevens & Ferguson-Hessler, 
1992 §4.4.3). Since we have taken the stand that generality of a problem
solving skill requires that its successful use is demonstrated over a variety 
of problems (§3.4.2.2), the demands these problems pose on the students 
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can not be uniquely identified as either the general skills or problem-type 
specific skills. Therefore, only the more efficient problem-type specific 
analysis was performed. 

3.5.2.2. Results 

Table 1 (left part) shows the results of the analysis of general and generic 
problem-solving activities. The entries depict percentages of problems for 
which the skill could be evaluated ('valid percentages'). 

Final examination problems Stumbling-block problems from 
examinations 

HAVO vwo HBO 

Mech. Mech. E&M Mech. Mech. E&M 
(n=27) (n=23) (n= 18) (n= 19) (n=32) (n=16) 

ANALYSIS 

Total useless 46% 32% 28% 16• 26% 24% 
useful 21 32 24 11• 19 25 
essential 33 36 48 67* 55 51 

Collecting useless 
information useful 

essential 

. Make sketch useless 52 30 33 5• 15* 0 
useful 37 57 61 58* 41* 69 
essential 11 13 6 37• 44• 31 

Ana1ysis of useless 0 0 6 o• 3 0 
situation useful 48 30 33 5• 16 12 

essential 52 70 61 95• 81 88 

Analysis of useless 66 52 50 37* 41• 68 
goal useful 19 35 11 16* 9• 13 

essential 15 13 39 47• so• 19 

Elaborating useless 100 100 100 100 100 
on one's useful 0 0 0 0 occa- 0 
knowledge essential 0 0 0 0 sional 0 

Make diagram useless 81 53 50 37• 7 19 
useful 4 30 17 5• 19 31 
essential 15 17 33 58* 44 50 

Table 1: General and generic problem-solving activities in examination problems. 
The entries depict 'valid percentages'. An asterisk indicates an significance at a 10% 
level of the difference when comparing HA VO to HBO, or VWO to University. The 
abbreviation 'Mech.' indicates the topic 'Mechanics' while 'E&M' indicates the topic 
'Electricity, Magnetism and Electrical circuits'. 



Table 1 (continued) Fmal examination problems Stumbling-block problems from 
propaedeutic examinations 

HAVO vwo HBO University 

Mech. Mech. E&M Mech. Mech. E&M 
(n=27) (n=23) (n=18) (n=l9) (n=32) (n= 16) 

PLANNING 

Planning by useless 33 4 11 23 23 0 
Central useful 15 13 0 0 3 0 
Relation essential 52 83 89 77 74 100 

Evaluating the useless 89 74 94 65* 81 88 
applicability of useful 11 9 0 0* 3 6 
CR's essential 0 17 6 35* 16 6 

Selecting a useless 100 100 100 100 
standard solu- useful 0 0 0 often rare 0 
tion method essential 0 0 0 0 

Identifying useless 19 30 7 6 3 6 
partial useful 4 0 0 0 0 13 
problems essential 77 70 83 94 97 81 

Constructing a useless 43 66 55 17* 41 56 
solution route useful 23 4 0 18* 7 0 

essential 34 30 45 65* 52 44 

ELABORATING 

Making useless 59 65 83 41 31* 31 
strategical useful 0 9 6 0 10* 13 
choices essential 41 26 11 59 59* 56 

Partitioning useless 100 68 
the problem useful 0 13 

essential 0 19 

Transforming useless 
the problem useful 

essential 

Eliminating useless 100 100 100 100 100 
answers useful 0 0 0 occasional 0 0 

essential 0 0 0 0 0 

Interpreting useless 22 44 22 18 32 6 
information useful 0 4 11 6 3 13 

essential 78 52 67 76 65 81 

CALCULATING 

Calculating useless 12 9 33 0 6 0 
useful 7 0 0 12 3 0 
essential 81 91 67 88 91 100 

CHECKING 

Checking useless 
(partial) useful 
results essential 
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For a fairly large fraction of the problems from general secondary educa
tion, most activities under 'analysis', 'planning' and 'elaborating' are 
neither necessary nor useful. This is particularly true for higher general 
secondary education. 

Table 2 (left part) shows the distribution of the values found for the 
aspects of the 'situated level of difficulty' (see Appendix B) averaged over 
the problems and over the essential or useful problem-solving activities. 
The entries depict percentages of problems for which the skill could be 
evaluated ('valid percentages'). 

HAVO vwo HBO WO 

Mech. Mech. E&M Mech. Mech. E&M 
(n=27) (n=23) (n= tS) (n= t9) (n=32) (n= t6) 

Support yes t0% 11% S% 7% 13% 9% 
no 90 S9 92 93 S7 9t 

Unfamilia- standard 70 68 7t 54 48• 53 
rity partly known 29 28 27 33 39• 4t 

unknown 2 4 3 13 13• 6 

Complexity simple 34 22 t7 7• t9• t5 
slightly c. 46 57 50 32• 23• 33 
complex 13 t7 29 30• 20• 26 
very c. 7 4 3 ts• ts• 2t 
extremely c. 0 0 t t4• t5* 5 

Table 2: The percentages of the aspects of the 'situated level of difficulty' averaged 
over the problems. The entries depict percentages of problems which for the skill 
could be evaluated ('valid percentages'). An asterisk indicates an significance at a 
10% level of the difference when comparing HA VO to HBO or VWO to University. 
The abbreviation 'Mech.' indicates the topic 'Mechanics' while 'E&M' indicates the 
topic 'Electricity, Magnetism and Electrical circuits'. For HAVO and HBO, the 
analysis of the topic 'Electricity, Magnetism and Electrical circuits' was only per
formed on the problem-type specific level. Such problems from higher general 
secondary education (n= 10) and for higher vocational education (n= 10) are not men
tioned here. 

The problem-solving activities relevant for solving the problems as 
intended mostly are standard and hardly ever unknown from previous 
education and exercises. The activities mostly are only slightly complex 
but often simple and rarely complex (median: slightly complex). Support 
provided within the problems themselves is present in only a few cases. 
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3.5.2.3. Conclusions: Answer to research question 2 

It is concluded that the physics examination tasks for the topics under 
investigation do not require comprehensive problem-solving skills. This is 
in accordance with the conclusion of study 1. The problems mainly 
require the identification of one single central relation that can be found 
without really understanding the problem by means of the knowledge 
taught. Calculating is prominent in the solution of these problems. 

3.5.3. Study 3: Problem-solving skills in the propaedeutic examinations 
in the technical and scientific sectors of Dutch higher education 

This study is aimed at an explicit description of the problem-solving skills 
required or profitable for passing propaedeutic exams from technical and 
scientific disciplines of both higher vocational education and university. 

3.5.3.1. Data collection and method of analysis 

A large number of problems was collected from examinations of various 
institutes of higher vocational education and universities. The institutes 
were selected at random and spread throughout the country. The disci
plines were selected for the following reasons: (a) they requir~ entering 
students to have taken physics in secondary education, (b) physics knowl
edge is elaborated during tertiary education, and (c) the propaedeutic 
curricula contain at least one of the topics under investigation as a main 
subject or as a subsidiary subject. In addition, the disciplines were spread 
over the technical sector (9 studies from HBO, 7 studies from WO), the 
para-medical sector (3 studies from HBO, 1 study from WO), and the 
agricultural sector (1 study from HBO, 1 study from WO). 
In order to identify the skills hindering students from pas8ing these 
exams, the analysis concentrates on so-called 'stumbling-block problems'. 
A stumbling-block problem is defined by three criteria: (a) less than 50 
percent of propaedeutic students is able to solve the problem adequately, 
(b) the problem is relevant for the further study of that discipline, and (c) 
the problem represents the core of a particular topic or discipline. 
For higher vocational education, 19 stumbling-block problems on me
chanics and 10 stumbling-block problems on electricity, magnetism and 
electric circuits were identified. For university education, 32 stumbling
block problems on mechanics and 16 stumbling-block problems on 
electricity, magnetism and electric circuits were identified. 
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The problems were analyzed by the procedure described above. In order 
to allow the valid reconstruction of the ISP for each of the problems, 
additional information was gathered from the teachers. It concerned: (a) 
the curriculum, (b) the textbooks used, (c) teaching practice, and (d) 
standard solutions. The teachers were consulted in most cases to validate 
the ISP's and to check whether the ISP makes implicit educational goals 
explicit rather than introducing new educational goals. 

3.5.3.2. Results 

General level 
All stumbling-block problems required problem-solving skills and are 
'problems' in the sense of our definition. Table 1 (right part) shows that 
calculating is a central skill needed to solve the stumbling-block prob
lems. Stumbling-block problems often require a substantial analysis of 
the problem. The problems often involve a set of central relations rather 
than one single central relation. This requires additional planning of a 
solution route. Making strategical choices about the application of the 
formalism is required for a majority of the stumbling-block problems. 

Table 2 (right part) shows that the relevant problem-solving activities are 
standard in about half of the cases and rarely unknown from previous 
education and exercises. 
The activities are mostly only slightly complex but rarely simple and in 
more than 50% of the cases at least complex (median: complex). 

Problem-type specific level 
At the problem-type specific level four problem types are identified that 
are typical for higher education, though problems of other types occur in 
the examinations. The four types are: STROT-problems, Network
problems, Contour-problems, and Integration-problems (for a full de
scription see: Taconis, Stevens & Ferguson-Hessler 1992 page 46, 49, 64, 
and 65 respectively). 

STROT-problems occur most frequently (approximately 40% of the 
stumbling-block problems). STROT is an abbreviation of 'statics or 
rotation problem type'. Such problems may concern either a dynamic or 
a static situation and may involve linear as well as rotational motion or 
degrees of freedom. The required skills are in close harmony with the 
results on the level of general problem-solving skills. Figure 2 presents a 
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STROT-problem together with the associated problem-type specific 
activities. STROT-problems dominate stumbling-block problems from 
higher vocational education but also occur frequently in stumbling-block 
problems from university. 

Collecting relevant 
information 

Analyzing 

Planning 

Making strategical choices 
about the application of the 
formalism 

Elaborating 

Checking 

A hollow ball moves without slipping over a table. 

Calculate the acceleration. 

Reading a technical diagram 

Drawing a diagram of forces in two dimensions 
Making geometrical calculations and interpretati
ons 

Formulating a set of two or more lineai; equations 

Choosing strategical partial systems 
Choosing a strategical center of rotation 
Choosing a strategical set of coordinate axes 

Solving a set of two or more linear equations in 
algebraic symbols 
Decomposition and addition of forces in two di
mensions 

Mostly recalculating the answer in a second (inde
pendent) way 

Figure 2: An example of a problem of the STROT-problem type with the associated 
problem-solving skills. The degree of relevance of these skills may vary with the 
actual problem. 
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3.5.3.3. Conclusions: Answer to research question 3 

All stumbling-block problems typically require problem-solving skills. 
This supports our initial assumption that a lack of these skills is one of 
the causes of poor performance in higher education, and in the technical 
and scientific sectors in particular, since stumbling-block problems 
represent examination problems particularly related to low success in 
higher education. The analysis in terms of problem types and the 
associated skills provides a compact overview of the difficulties students 
experience. 

3.5.3.4. Comparison of stumbling-block problems with problems from · 
general secondary education 

Comparison of this result with the results of study 2 can be performed in 
order to identify skills that possibly need more attention in either second
ary or higher education in order to improve the students' results in 
higher education. In addition to this explorative goal, testing statistics 
can be used to detect meaningful differences. The non-parametric 
Kolmogorov-Smirnov test (Hays, 1988 p. 816} was used. In the case that 
the comparison turned out to produce significant (p< .1) values, the 
entries in Table 1 and Table 2 are marked with an asterisk. 
Table 1 shows that the skills 'analysis' and 'planning' - constructing a 
solution route in particular - are required more often in HBO stumbling
block problems than in HA VO examinations. For university, Table 1 
shows that 'analysis' and 'making strategical choices about the application 
of the formalism', are required more often in stumbling-block problems 
from university than they are in VWO examinations. 
An additional comparison concerning the 'situated level of difficulty' 
(Table 2) shows that stumbling-block problems on mechanics are signifi
cantly more complex than the problems from the final examinations. 
Those of university are also significantly less familiar with respect to the 
previous education. 

On a problem-type specific level, it is concluded that the general second
ary education examination tasks are not of the problem types to which 
the stumbling-block problems most frequently belong. Freshmen might 
therefore lack important problem-type specific skills, e.g. skills associated 
to the STROT-problem type like 'formulating a set of equations'. 
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3.S.4. Study 4: The relation between success in the propaedeutic year of 
the technical sector of Dutch higher education, and freshmen's 
problem-solving skills 

We assumed that one of the causes of low success in higher education is 
the freshmen's lack of problem-solving skills. Using the results of the 
studies described above, we hypothesize that this is due to the skills 
identified in the stumbling-block problems for which there is low atten
tion in general secondary education. The fourth study addresses this 
hypothesis empirically. 

3.S.4.1. Design, instrument, and statistical processing 

For this, a problem-solving test has been developed. The test comprises 
4 problems and takes approximately 90 minutes to complete. All test 
problems are analogous to the problem types of the stumbling-block 
problems and require approximately the same skills. On the other hand, 
the test essentially requires only knowledge from general secondary 
education. This could be achieved, for example, by translating a STROT
problem into a problem concerning linear motion only. The latter topic 
is covered in general secondary education. However, the test problem 
still requires many of the skills typical for solving STROT-problems. 
The written answers to the test were analyzed following the procedure for 
empirical task analysis indicated above, and statistical analysi~ was per
formed. Success in the first year of higher education was operationalized 
in two types of indexes: the fraction of all examinations passed, called 
'pass', and the average grade on these, called 'grade'. Grade was calcu
lated on the basis of quartile scores for each examination. This eliminat
ed the bias due to differences in average grades between groups of 
students from different institutes and undesired weighting of the various 
examinations. 

3.S.4.2. Data collection 

The test was presented to 191 students in one of the first weeks of their 
sojourn in higher education. These students were from three universities 
and two institutes for higher vocational education. Their grades for their 
general secondary education examination topics and their grades 
achieved in the first half year in higher education were collected. 



Problem solving and transition 37 

3.S.4.3. Results 

As expected (Nijgh, 1987), strongly significant (p<.01) Pearson correla
tion coefficients (r = .46 up to r = .64) were found between the indexes for 
success in the first year of higher education and the physics grade for the 
final examination of secondary education. Pearson correlation coef
ficients were calculated between the indexes for the more general prob
lem-solving skills and both indexes for success in higher education 
(§3.4.1.1) and are shown in Table 3 . 

Analysis 
collecting information 

Analysis 
other 

Planning 

Elaborating 
strategical choices 

Calculating 

Checking 

On-line regulation 

Total 

HAVO 

mean grade fraction of 
achieved examinations 

passed 
(n=91) (n=91) 

ns ns 

.33* .56* 

.32* .19* 

.36* .29* 

.19 ns 

.29 ns 

.47* .30* 

vwo 

mean grade fraction of ex-
achieved aminations 

passed 
(n=91) (n= 100) 

.17 .15 

.37** .37** 

ns ns 

.42* 

.46** .43** 

Table 3: The correlations of success in higher technical education and the scores for 
the various general problem-solving skills. The values are all significant at a level of 
p<.10. One asterisk indicates that p<.05, two asterisks indicate that p<.01. 

Concerning problem-type specific skills, the various scores per test
problem were correlated with the indexes of success in higher education. 
This yielded particularly high values for Pearson's correlation coefficients 
for skills associated with the test-problems derived from the STROT
problem type, e.g. 'strategically choosing sub-systems' and 'formulating a 
set of equations• (see Taconis, Stevens & Ferguson-Hessler, 1992 Tables 
5.4.1-11 and 5.4.2-11). In the case of university students, additional rela
tively high values were found for 'algebraic calculations' (using mathemat
ical symbols). 
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In order to evaluate any effect of problem-solving skills on success in 
higher education, the correlation coefficients were also calculated within 
groups of students that gained the same physics grade in secondary 
education (Table-splitting; in Dutch 'tabelsplitsing' Swamborn, 1982 
p.326). Significantly positive coefficients are found and no negative 
values were found for 'grade' as well as for 'pass' (see Taconis, Stevens & 
Ferguson-Hessler, 1992 Tables 5.4.1-111 and 5.4.2-IV). This indicates that 
an independent effect may be present. 
To verify this, a series of analyses of covariance was carried out with the 
indexes for success in higher education as dependent variables. The 
various general problem-solving skills were treated as factors. The 
general secondary education physics grade was treated as a covariate. 
The effect of the covariate was calculated before determining the effect 
of the factor. Values of F (see Hays, 1988 p. 331) ranging from F=3.4 
up to F = 4.0 were found using 'grade' as an index of success in higher 
education, and 'total problem-solving skill' was used as a factor. These 
values are all significant at a level of p<.07. Higher values of F were 
found for some of the general problem-solving skills: 'analyzing' (HBO), 
and 'planning' (HBO and University) and 'making strategical choices' 
(HBO) (see Taconis, Stevens & Ferguson-Hessler, 1992 pp. 114-115). 
For these, values of F up to 7 (p<.05) were found. 

3.5.4.4. Conclusions: Answer to research question 4 

We have shown that freshmen who do better on the problem-solving test 
do better in the first part of the propaedeuses of scientific or technical 
disciplines. This is even true within groups of students that achieved the 
same physics grade for the general secondary education final examina
tion. 
'Analyzing' and 'planning' and the problem-type specific skills associated 
with the STROT-problem type emerge as particularly relevant. Algebraic 
skills appear to be particularly relevant for university students. Other 
problem-solving skills appear to be less relevant in our study, but it 
cannot be concluded from our data that these are irrelevant. 

3.6. Overall Conclusions and Recommendations 

We developed a method for the identification and description of prob
lem-solving skills forming relevant prerequisites for success in higher 
education and getting little attention in general secondary education. We 
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have described these skills explicitly for the Dutch situation (Taconis, 
Stevens & Ferguson-Hessler, 1992). 
In addition, our studies suggest a causal impact of the presence of 
particular problem-solving skills at the start of higher education, on the 
achievement of students in the technical sectors of higher vocational 
education and university. The particular skills identified are relevant are: 
the general problem-solving skills (analysis, planning), the generic prob
lem-solving skills (making strategical choices, algebraic calculations) and 
problem-type specific problem-solving skills (e.g. choosing a free body for 
force calculations). 
For the Dutch situation it is concluded that: 
1. The general secondary education does not systematically attend to 

problem-solving skills (see study 1 and 2). 
2a. Disciplines of higher education requiring physics as a prerequisite, 

demand problem-solving skills in their propaedeutic examinations 
(study 3). 

2b. Many students lack these skills, even after they have taken courses in 
higher education (study 3). 

3. The initial presence of these skills probably facilitates success m 
technical and scientific sectors of higher education (study 4). 

3.6.1. Discussion and relevance for education 

Our results are relevant for both secondary and higher education. 
According to the Dutch government, a Jack of communication contributes 
to problems in the transfer from secondary to higher education. Teach
ers of both educational layers should discuss each other's curricula. Our 
description of relevant skills and problem types can contribute to the 
agenda of such a discussion. Meanwhile, it might stimulate discussions 
within general secondary education and higher education concerning the 
educational aims and the teaching strategies. 
Our results pose two questions to general secondary education. The first 
is whether these skills ought to be attended to in general secondary 
education. The second is whether these skills can effectively be taught in 
general secondary education. Only if this is the case, problem-solving 
skills can be seen as qualification in the sense of our definition and be 
incorporated in qualification profiles that could replace or supplement 
the contemporary examination syllabi. 
Our results can stimulate awareness of the demands posed to freshmen in 
higher education. This may lead to modification of curricula if judged 
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necessary. Moreover, our results question the effectiveness of the present 
didactical methods to teach problem-solving skills. An initial lack of 
problem-solving skills is found to hinder success despite the use of these 
methods. 
We think that effective instructional strategies for boosting problem
solving performance and skills are essential for solving the transition 
problem. The availability of instructional strategies that are effective in 
general secondary education would allow further research following an 
empirical design. This could yield more evidence for a causal relation
ship of success in higher education and prerequisite problem-solving 
skills. 
In search of effective instructional strategies, it is important to note that 
a lack of problem-solving skills can stem from an inadequate knowledge 
base. A small-scale pilot study concerning the answers to the problem
solving test (Van Lipzig, 1992) suggests that the presence of misconcep
tions within the knowledge base impedes an adequate analysis of the 
problems. At the moment further research is being conducted along this 
line, aiming at the design of an instructional strategy for the acquisition 
of the problem-solving skills described here. 
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Appendix A: Example from the problem-solving test 

Two wooden blocks are connected with a thin st
ring. the string runs over a pulley which can rotate 
without friction. The tension in the string is Fs. 
One of the blocks hangs from the table. The mass 
of the hanging block is m2• The other block has a 
mass m1 an can slide over the table surface in the 
case of which is experiences a frictional force Fr. 

Show the validity of the equations below. 

(1) m2g - Fr = (m1 + m2)a 

(2) F. = m2(g - a) 

GUIDELINE FOR CODING (EXCERPT) 

Problem-solving skills Criteria ISP-score DEV-sco 

Analysis 

Planning 

Elabora
tion 

Etcetera ... 

Force diagram 

Stating a set of 
equations 

Choose free 
body 
strategically 

Perfect diagram 
No diagram 
Mistake in diagram 
Stated that a=O 
Given equations ignored 
Argumentation about 
whether or not the blocks 
start moving 
Perfect solution but no 
explicit analysis 

Correctly derived 
No use of F=ma 
Makes no sense 
Equations only derived 
for particular case (a=O) 
Starts with given equa-
tions 

Two free bodies 
Only m1 OR m2 
Only m1+m2 
No free body chosen 

3 
0 
subtract 1 
subtract 1 
subtract 1 

add 1 

3 

3 
1 
0 

1 

2 

3 
2 
1 
0 



Appendix B: Guideline for the rational task analysis (excerpt) 

Necessity Support 

The problem requires a particular problem-solving activity + + 
without giving support; the relevance of the activity is not 
explicitly indicated in the problem 

The problem requires a particular problem-solving activity, + -
but this is indicated in the problem 

Adequate performance of the problem-solving activity will 0 Missing 
contribute to solving the problem 

Performing the problem-solving activity does not contribute - Missing 
to solving the problem 

Unfamiliarity 

The problem-solving activity has been presented and exer- 1 
cised in the preceding eduction, or is part of the required 
prior-knowledge. The implementation of the activity within 
the problem is identical to the situations in which it was pre-
sented or exercised in education. 

The problem-solving activity has been presented and exer- 2 
cised in the preceding eduction, or is part of the required 
prior-knowledge. However, the implementation of the activi-
ty within the problem is NOT identical to the situations in 
which it was presented or exercised in education. 

The problem-solving activity has NEITHER been presented 3 
or exercised in the preceding eduction, NOR is part of the 
required pre-knowledge. 

Complexity• 

No assumption( s )/sub-problem(s )/ calculation(s) necessary 1 

One assumption/sub-problem/calculation(s) is necessary 2 

Only simple assumption(s)/sub-problem(s)/calculation(s) are 3 
necessary 

One of the necessary assumption(s)/sub-prob- 4 
lem(s)/calculation(s) is compound 

Several of the necessary assumption(s)/sub-prob- 5 
lem(s)/calculation(s) are compound 

• For the activity 'analysis' read assumption, for the activity 'planning' read sub
problem, for the activity 'calculating' read 'calculation'. 



Part II: The Relation between Problem 
Solving, Knowledge and Understanding 

Jn this part a theoretical and empirical foundation is developed for relating 
the research on problem solving and the research on understanding. Problem 
solving is a cause of the 'transition problem'. Understanding is a main theme 
in general secondary education. 



4. A Theoretical Framework for Relating Problem 
Solving and Misconceptions illustrated for Mechanics 

4.1. Introduction 

This paper addresses the role of misconceptions within the problem
solving process. Problem solving is an important topic in educational 
research. Problem-solving skills - general as well as generic - have been 
found to correlate positively with success in higher education (Taconis, 
Stevens & Ferguson-Hessler, 1992; Ferguson-Hessler & Taconis, 1992). 
In semantically rich domains such as physics, problem solving requires 
both general and generic problem-solving strategies and domain knowl
edge (Perkins & Salomon, 1989). Both the presence of the knowledge 
and the way the knowledge is organized within memory are relevant. 
Adequate domain knowledge appears to be organized in a problem
oriented manner (Chi, Feltovich & Glaser, 1981). 
"Misconceptions", "preconceptions", "lay-ideas", "alternative frameworks" 
and "naive physics" play an important role in secondary and tertiary 
education. Significant negative correlation coefficients have been report
ed between the occurrence of these phenomena among students and 
their performance in tertiary education (Halloun & Hestenes, 1985a, 
1985b). "Misconceptions", "preconceptions", "lay-ideas", "alternative 
frameworks" and "naive physics" are commonly seen as the result of "non
canonical domain knowledge" (McDermott, 1984; Hayes, 1990) that is: 
Domain knowledge that does not correspond to the domain knowledge 
of experts. 
Since knowledge about the domain is a crucial factor determining prob
lem-solving processes and performance in physics, it is expected that the 
presence of "non-canonical domain knowledge" is relevant to problem 
solving (Shaughnessy, 1985). Since we expect non-canonical knowledge 
to hinder problem solving even if much of the knowledge necessary is 
present, we will use the term "misconception" as a general term for the 
phenomena indicated above. 
It is widely accepted that "misconceptions" have a critical influence on 
classroom learning (Posner, Strike, Hewson & Gertzog, 1982). Though 
they are sometimes perceived as frustrating the learning process, it has 
been argued that these phenomena represent a natural and relevant 
aspect of the learning process (Driver, Guesne & Tiberghien, 1985). This 
could be an argument to reject the term "misconception". We do not do 
so, because of the expected hindering role of misconceptions in problem 
solving. 
In contrast to our expectation of a hindering influence of misconceptions 
on problem solving e.g. answering examination questions, studies on 



46 Chapter 4 

problem solving usually do not take the results of studies on misconcep
tions into account. Neither do studies on misconceptions explicitly take 
findings concerning problem solving into account. It therefore seems a 
challenging goal to relate these fields. As a first step, an integrative 
theoretical framework was formulated which is presented in this paper. 
This framework could facilitate the empirical evaluation of the role of 
misconceptions in problem-solving processes and performance. On the 
other hand it could contribute to research on misconceptions. 
Relating research on problem solving and research on misconceptions 
also has direct practical value. Take for example the Dutch situation. 
Problems occur in the transition from secondary physics education to 
higher technical education. The former tends to focus on minimizing 
misconceptions, while the latter demands problem-solving skills. An 
integrated approach can facilitate better tuning. Dealing with misconcep
tions can prove to be an important aspect of improving problem-solving 
performance. On the other hand problem solving is recognized as an 
activity closely related to learning (Prawat, 1989). For example: Both 
require the intertwining of knowledge and new information. Results 
from research on problem solving can help design education that facili
tates the students understanding of the domain. 

4.2. Objective and Aims 

The main objective of this paper is to present a theoretical framework for 
the integrated descriptions of phenomena concerning problem solving 
and misconceptions. This includes a demonstration of the framework's 
application and relevance. The relevance of the framework is illustrated 
for students in their final year of Dutch senior general secondary educa
tion and pre-university education (which roughly agrees with the first year 
of university mechanics in the USA), and the problems these students 
typically work on. 
First, a theoretical background is given on problem solving, misconcep
tions and the acquisition of skills and knowledge. A critical review of 
empirical studies on misconceptions in mechanics is presented, which 
stresses the need for an integrative framework. 
Then the framework will be developed. It is elaborated into two 'working 
models' (that is: models for practical use but still to be tested thorough
ly). The first working model deals with the process of constructing a 
problem representation by applying domain knowledge (be it 
misconceptional or canonical). The second working model is a descript-
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ional model for domain knowledge, applicable to both canonical knowl
edge and knowledge associated with misconceptions. Together, the 
models may be used to analyze misconceptions, problem-solving behavior 
and their interaction. The models can produce predictions of problem
solving behavior by which they can be tested. 
The application and relevance of the working models is demonstrated in 
two examples from mechanics. The first example is mainly based on 
literature, the second is extracted from preliminary data gathered in a 
card-sorting experiment currently being performed (Taconis, 1993). Con
clusions from the examples are presented and discussed. Finally the 
framework and the working models are evaluated and implications are 
discussed. 

4.3. Theoretical Background on Problem solving, Learning and Mis
conceptions: A literature overview 

Cognitive processes can be investigated within several paradigms. The 
"information processing paradigm" takes cognitive processes primarily as 
processes in which the information supplied and the knowledge extracted 
from memory are processed jointly (e.g. Newell & Simon, 1972). In this, 
two key aspects can be recognized (a) the contents and nature of memo
ry, and (b) the nature of the information processing mechanisms. 
One way to formalize the knowledge that underlies problem solving is the 
ACT-theory (Anderson, 1982, 1987). ACT stands for Adaptive Control 
of Thought. Problem-solving knowledge is represented by so-called 
production systems. A production system consists of a set of productions, 
which are rules for solving a problem. Productions typically consists of a 
goal, some application tests, and an action. Productions can be domain
general as well as domain-specific (Anderson, 1990, pp. 242-244). 
Besides this, Anderson presented a theory of the acquisition of problem
solving skills (Anderson, 1987). 
Another group of theories within the information processing paradigm, 
are schema theories. Schema theories (Rumelhart, 1980; Alba & Hasher, 
1983; Anderson, 1990) primarily concern memory but can be applied to 
various types of cognitive processes such as text comprehension, learning 
and problem solving (Chi, Feltovich & Glaser, 1981). 
More recently, connectionism (Bechtel & Abrahamsen, 1991; Rumelhart 
& McClelland, 1986) has offered a picture of the microstructure of 
memory and information processing mechanisms, relating these to the 
neural nature of the brain. Many aspects of this picture are found to be 
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consistent or in agreement with schema theories (Rumelhart, Smolensky, 
McClelland & Hinton, 1986; Shastri & Feldman, 1986). However, this 
approach may reveal new aspects of problem solving (Anderson, 1990). 
We will now describe the main features of schema theories and give an 
overview of problem solving in physics and relate it to schema theories. 
Finally, an overview of misconceptions in physics will be given. 

4.3.1. Schema theories 

Schema theories provide a model of human memory and knowledge as 
well as a general description of the information processing mechanisms. 
They are rooted e.g. in the work on frames by Minsky (1975), work on 
scripts by Schank and work by Rumelhart & Norman (1973, 1981, 1985). 
The core of schema theories lies within their view of the organization and 
functioning of memory. Human memory is considered to be schema
organized. Schemata are regarded as the basic units of memory and 
cognition (Rumelhart, 1980). 
The concept of schema was first presented by Bartlett in 1932. He de
scribes a schema as an organized structure that captures our knowledge 
and expectations of some aspect of the world; a model of some part of 
our environment and experience (Baddeley, 1990 pp. 335). Rumelhart 
and Norman (1981) define a schema as a specialized procedure that is 
employed in the interpretation of events in our environment. Schemata 
"connect" situations to behaviors (Guidoni, 1985). Schemata are relevant 
to our understanding of, and our functioning adequately within our 
environment. A central aspect of these schema-concepts is that they all 
relate knowledge to its functions. 
We therefore propose as a general definition for the schema-concept: A 
schema is a unit in human memory representing a functional package of 
knowledge. This definition covers a wide variety of knowledge-structures 
that show typically different contents or structural characteristics. 
In this, functionality should be taken broadly. Both the knowledge 
necessary to anticipate the motion of the ball in a tennis game and 
knowledge to solve problems concerning the parabolic trajectory of 
thrown objects are functional; though for different situations. We will 
argue that both can be described as schemata. These schemata have 
different functions and probably differ in content and structure. 
Another approach to the schema-concept is taken by Rumelhart and 
Norman in their earlier work on schemata (Rumelhart & Norman, 1973). 
They defined a schema as an activated part of a semantic network. To 
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us, this definition is not satisfactory, because it employs a specific theoret
ical representational model: the semantic network. Alternative represen
tational model exist. For example, the connectionist model (Rumelhart, 
Smolensky, McClelland & Hinton, 1986). Nevertheless, we think the 
semantic network representation can be compatible with the general 
definition proposed above. To us, this requires that perceptional and 
actional aspects are taken into account, e.g. by including such compo
nents within the semantic network. 
Minsky (1975) emphasized the fundamental importance of the explicit 
inclusion of perceptional processes in order to arrive at real meaningful 
knowledge. He stated (quoted in Baddeley, 1990), "In order to under
stand the way we think about physical problems and to gain insight in 
semantic memory and processes, it is not enough to analyze the interre
lations between concepts. It is essential to take perceptional processes 
into account." Otherwise one can never break out of the "maze of 
interrelated symbols" (Johnson-Laird quoted in Baddeley, 1990) and get 
some real meaning. 

4.3.1.1. Characteristics of schemata 

The power of the schema approach is based on the properties of schema
ta. Following Rumelhart (1985), Baddeley (1990) lists characteristics of 
schemata. Schemata: 
1. represent knowledge and experience rather than abstract definitions 
2. represent knowledge at all levels of abstraction 
3. are active recognition devices 
4. have variables (slots) 
5. can be embedded within one another 

We will address each of these points. 

ad. 1. Schemata represent knowledge and experience rather than abstract 
definitions 

The general definition we propose places this characteristic at the center 
of the concept of schema. Rather than being identical to a functional or 
structured amount of knowledge, a schema represents knowledge 
(Baddeley, 1990). The contents of memory is regarded as a collection of 
schemata. In such a view, memorizing requires integration within some 
sort of a schema, although such a schema can turn out to be inadequate 
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for applications requested later on (e.g. a fact can be remembered by 
means of an aid to memory irrelevant to relevant tasks). 

ad. 2. Schemata are able to represent knowledge at all levels of abstraction 
This makes the concept of schema very broadly applicable. On the other 
hand, such a broadly applicable concept runs the risk of getting fuzzy and 
less scientific. It can become a panacea lacking eloquence. However, the 
explicit description of schemata in semantic networks provides testable 
predictions about cognitive behavior thus preserving the scientific value of 
the schema-concept. 
A schema can e.g. represent the knowledge necessary to recognize a face, 
a scientific concept or it can represent a certain class of problems con
cerning mechanics sharing the same method for solution. 

ad. 3. Schemata are active recognition devices 
When you are confronted with a 'familiar face' or 'a problem of a well
known type', a schema in memory that matches the information leads to 
recognition. In this, the schema is said to become activated. When this 
occurs, the knowledge represented by the schema becomes available, thus 
allowing you to complete and interpret the information given. 

ad. 4. Schemata have variables (slots) 
The activation of a schema can occur even when the information partly 
mismatches the schema or is incomplete. Part of the knowledge repre
sented by a schema does not need to have the character of a fixed value 
(e.g. 'Amsterdam is the capital of Holland') but may have the character 
of a variable e.g. 'A country has a capital'. Parts of a schema that can 
take different values are called slots. In the example both 'country' and 
'capital' can be seen as variables that can take values like 'Holland' and 
'Amsterdam' respectively. It is the type of values that such variables can 
take, rather than the values themselves that are part of the schema. 

Slots have default values corresponding to the most common situation. 
The default values are taken in case no information about the actual 
value of the variable is provided. Hence, given a sentence like, "The man 
drinks the coffee," we would probably assume that the coffee was hot 
unless it were otherwise specified. In the coffee-drinking-schema, the slot 
'temperature' has 'hot' as the default value. 
Connectionist interpretations of the schema-concept provide an elegant 
description of processes that could account for such completion of partial 



Problem solving and misconceptions 51 

missing information. A connectionist network consists of a multitude of 
processing units that can activate each other along connections which 
have variable weights (Dinsmore, 1992, pp. 6-11). Schemata can be 
represented by a group interconnected units. These connections show a 
specific pattern of weights causing the group of units to be activated 
coherently (Rumelhart, Smolensky, McClelland and Hinton (1986). 
Some of these units may represent relevant fragments of input informa
tion. However, the activation of the complete schema will be accom
plished even if a (limited) number of such fragments are not given. In 
that case some - most probable value - appears to be taken for the unit 
involved. Note that no rigorous distinction between a variable part or 
non-variable part of the schema is necessary in this connectionist inter
pretation. 

ad 5. Schemata can be embedded within one another 
Schemata are not mutually exclusive, but can be nested. The sub-sche
mata 'nose' and 'eyes' are embedded within the super-schema 'face' 
(Baddeley, 1990). Moreover, schemata can be linked to each other. One 
schema can activate another. 

4.3.1.2. The processing of information in schema theory: activation 

It. is a basic assumption of schema theory that new information can only 
be interpreted and processed by mediation of existing schemata 
(Rumelhart & Norman, 1981). Text comprehension, learning and 
problem solving in semantically rich domains are therefore critically 
influenced by the nature of the schemata available. A key process in 
schema based information processing is the process in which schemata 
become available: activation. Two principal mechanisms leading to 
activation of a schema are distinguished. 
First, schemata can be activated in a Bottom-Up process, which is akin to 
a recognition process. Bottom-Up activation accounts for selection, 
abstraction and interpretation of the information, and adds knowledge to 
it. In this way an integrated body is formed (Alba & Hasher, 1983). 
Bottom-Up activation can be pre-conscious. It is of a paraJlel nature in 
that several such processes can take place simultaneously. In many cases 
ultimately the activation of one single schema results. This is the schema 
that matches the information given most closely. 
It is usually presumed (Wijderveld, Jaanus & van Hoorn, 1990) that only 
in the case of Bottom-Up activation is hindered e.g. by the absence of a 
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schema adequately matching the data, a Top-Down activation process will 
take place. Top-Down processes are of a serial (or cyclic) nature and can 
be accompanied by conscious activity. Top-Down activation is governed 
by schemata of a more general applicability (Wijderveld, et aL, 1990). As 
an example, we can look at problem solving. If a problem is not immedi
ately recognized, a problem solver can turn to strategies like 'comparing 
the entities given and asked in the problem, to the entities appearing in 
known formulas.' This strategies can be represented in a schema which 
activates other schemata in a Top-Down manner. The latter may con
cern: searching and interpreting symbols, looking up for formulas in a 
book of tables, etc. 

4.3.1.3. Learning in schema theory 

Text comprehension and problem solving will usually be accompanied by 
learning processes. Learning can be defined as the acquisition of knowl
edge or skill (Elshout, 1987). This implies that learning occurs, even if 
the acquired knowledge or skills contradict with the intended learning 
outcomes. 
In schema theory, the acquisition of both knowledge and skills is consid
ered dependent on the construction of appropriate schemata. For this, 
Rumelhart and Norman (1981) distinguish three processes. Firstly, 
accretion which is the encoding of new information in terms of relevant 
preexisting schemata which are changes by this process. SeconPiy, tuning 
which is a process of slow modification and refinement of a schema as a 
function of the application of the schema. Finally, restTUcturing which is 
the process in which a new schema is created. In their example, 
Rumelhart and Norman show how tuning modifies a schema to make it 
applicable to a broader class of situations. On the other hand, a schema 
could become more refined in the actions it implies, while becoming 
applicable to a smaller class of situations. This could be the result of the 
encounter with a large number of relatively akin cases. This process 
could be called differentiation. 
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4.3.2. Problem solving in physics 

4.3.2.1. The problem-solving process: Cognitive and meta-cognitive 
activities 

The problem-solving process comprises various cognitive acttv1ttes and 
meta-cognitive activities. Cognitive activities can be defined as activities 
operating on the information provided (Vermunt & van Rijswijk, 1988). In 
the case of problem solving in physics, this requires domain knowledge. 
In schema theory this is understood as the activation of schemata. This 
involves the processing of information from the problem. 
Cognitive problem-solving activities are described by several authors 
(Newell & Simon, 1972; Mettes & Pilot, 1980; Ferguson-Hessler & De 
Jong, 1987; Mayer, 1992). Although these activities can be ordered in 
phases like analysis, planning, and elaboration, the sequence of the 
activities can vary. However, the succession of the information processing 
activities is restricted by their demands regarding the input-information. 
Some information-processing activities require the previous execution of 
other information-processing activities. For example: Planning of the 
solution-path can only be done if an analysis of the problem has previ
ously been performed. However, this analysis may be incomplete or 
partly inadequate. 
The analysis of a problem involves the construction of a problem repre
sentation (Larkin, 1983; Chi & Bassok, 1989). In this, information is 
selected, gets interpreted and should become intertwined with domain 
knowledge. The problem representation forms the basis for further 
problem-solving activities (Newell & Simon, 1972). 
Chi and Bassok (1989) distinguish a "basic problem-representation" and a 
"physics problem-representation". The former mostly consists of explicit 
entities and their interrelations. In addition, the latter includes physics 
entities generated that are not explicitly described, their interrelations 
and their relations to explicit entities. It is in the 'physics problem
representation' that domain knowledge becomes intertwined with infor
mation. 
Apart from the cognitive activities, meta-cognitive activities are relevant 
in the problem-solving process (Flavell, 1976). Meta-cognitive activities 
can be defined as: Those activities regulating the cognitive activities 
(Vermunt & van Rijswijk, 1988; Flavell, 1976; 1979) primarily by reflec
tion. Planning, Monitoring, Diagnosing, Repairing and Evaluating the 
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problem-solving process, are examples of meta-cognitive activities 
(Vermunt & van Rijswijk, 1988). 
Like cognitive activities, meta-cognitive activities such as diagnosing and 
planning require a particular knowledge. For this, the term meta-knowl
edge is used. De Jong & Ferguson-Hessler (1993) ,restrict the meaning of 
the concept to its literal meaning: "knowledge about knowledge". Howev
er, the execution of metacognitive activities would also require knowledge 
about the desired qualities of the cognitive processes and their outcome. 
Such knowledge is typical for the type of task and the domain under 
consideration. For problem solving for instance, the dimension (e.g. 
'meters' or 'seconds') of a derived formula should be correct. This 
knowledge can be used in a metacognitive procedure while solving a 
certain class of problems. 
From a schema-theoretic point of view, its is unsatisfactory to accept 
functional knowledge without explicitly mentioning a (hypothesized) 
schema that represents that knowledge. A meta-schema could both 
represent meta-knowledge and underlie meta-cognitive skills. This 
approach suggests that an activation process is needed in order to 
perform metacognitive activities. Hence these would be principally 
situation specific. 

4.3.2.2. The role of knowledge in problem solving 

Several authors have concluded that problem-solving skills in semantically 
rich domains strongly depend on domain knowledge (Perkins & Salomon, 
1989; Alexander & Judy, 1988). They stress the importance of both the 
content and the structure of this knowledge. The term knowledge base 
will be used to denote the whole of the memory content relevant for a 
certain set of tasks (De Jong & Ferguson-Hessler, 1993). For a particular 
task, the knowledge base can turn out to be either adequate or inade
quate. Several aspects can be identified that distinguish adequate 
knowledge bases from inadequate ones. These concern the contents of 
the knowledge base, as well as its structure. A person with an adequate 
knowledge base for a certain set of tasks will hereinafter be called master. 
This is in contrast to an expert, who is a master for a number of such 
sets, and also masters more difficult problems. 

Content of the adequate knowledge base 
Domain knowledge holds an important place in the knowledge base 
adequate for problem solving in semantically rich domains, although the 
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knowledge base comprises more general knowledge too. Analyzing the 
knowledge base adequate for problem solving as a collection of interre
lated knowledge-elements, De Jong & Ferguson-Hessler (1993) distin
guish four types of knowledge necessary for effective problem solving in 
physics. These types are defined by their function within the problem
solving process. In addition to knowledge of general and domain specific 
problem-solving strategies (strategic knowledge), three types of domain 
specific knowledge are defined. Declarative knowledge is defined as 
knowledge of facts and principles of the specific domain. Procedural 
knowledge is defined as knowledge how to carry out actions. Situational 
knowledge is defined as knowledge of situations and their characteristics, 
to which specific principles and actions are applicable. Situational knowl
edge allows the recognition of crucial features of a problem that indicate 
the applicability of the declarative or procedural knowledge. Besides this, 
masters and experts have adequate meta-knowledge or meta-schemata at 
their disposal. 

Structure of the adequate knowledge base 
The structure of the knowledge base can be addressed in several ways. 
Considering concepts and their interrelations, Reif & Heller (1982) 
concluded that physics concepts are ordered according to an hierarchical 
structure within the adequate knowledge base. 
Approaching the problem by analyzing the result of a classification task 
considering mechanics problems, Chi, Feltovich, and Glaser (1981) 
concluded that the experts' knowledge base is built up of so-called 
problem schemata. Such a problem schema allows the recognition of a 
class of problems, sharing the same basic problem-solving approach, and 
the immediate recognition of this approach. 

In an analytical description, the adequate knowledge base shows three 
general structural characteristics (Resnick & Ford, 1981): Integration, 
connectedness and correspondence. Integration is defined as strong 
interrelations between knowledge of all four types. Connectedness is 
defined as the relatedness of the domain knowledge to knowledge 
outside the domain. Correspondence is defined as the harmony of the 
knowledge base with canonical knowledge bases. 
Using such an approach, Ferguson-Hessler and De Jong (1987) empirical
ly evaluated the structure of the adequate knowledge base for the field of 
'electricity and magnetism' in terms of the knowledge-elements and their 
interrelations. They concluded that the adequate knowledge base is 
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characterized by an organization of the knowledge in structures associat
ed with problem types; problem schemata. These problem schemata 
encompass knowledge of all the four types mentioned above. They 
explicitly describe such problem schemata for the field of 'electricity and 
magnetism'. 

Inadequate knowledge bases as demonstrated by novices and poor peiformers 
The expert problem solver and master problem solver can be contrasted 
with two distinct categories of non-masters. The novice and the poor 
performer. A novice has by definition enjoyed relatively little physics 
education. A poor performer is defined as a person who shows serious 
shortcomings in meeting the master standard and even fails to meet 
moderate standards of competence, even though the poor performer has 
enjoyed physics education to roughly the same degree as the master has. 
Considering the content of the knowledge base, one can conclude that 
novices lack relevant domain knowledge of all types, although a good 
novice may have well-developed general strategies. Poor performers 
usually lack crucial elements of domain knowledge too, especially proce
dural and situational knowledge relevant to problem solving (Ferguson
Hessler & De Jong, 1990). Besides this, the novice and poor performer 
probably lack adequate meta-knowledge as well. 
Card-sorting experiments have shown that novices (Chi, Feltovich & 
Glaser, 1981) and poor performers (De Jong & Ferguson-Hessler, 1986) 
tend to categorize according to superficial characteristics. So, the 
novices' and poor performers' knowledge base is not organized :as a set of 
problem schemata. 
It is tempting to conclude from this that the novice's and poor per
former's knowledge base is poorly integrated. In our view, this need not 
necessarily be the case. Investigations into misconceptions suggest that 
both the novice's and the poor performer's knowledge base contains 
inadequate, but stable, or even persistent, alternative structures of 
domain knowledge (Gilbert & Watts, 1983). 

4.3.3. Misconceptions 

4.3.3.1. Definition and terminology 

A wide variety of terms is used to denote the persistent and coherent 
'mistakes' pupils make with regard to physics (Abimbola, 1988). In the 
field of physics, the phenomenon of misconceptions can be defined as: 
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The occurrence of utterances about a class of physics situations that are (a) 
deviant from current scientific theories, (b) consistent within groups of age, 
culture etc., and (c) stable and hard to modify through education. 
Usually, underlying stable or even persistent alternative structures of 
domain knowledge are presumed (Gilbert & Watts, 1983; McDermott, 
1984; Hayes, 1990). This associated knowledge is expected to have a 
negative influence on problem-solving performance (Shaughnessy, 1985). 
Therefore, we prefer the term misconception, even though we consider 
the occurrence of misconceptions during the learning process as natural 
rather than as a sign of learning-difficulties. 
Most authors on misconceptions do not explicitly distinguish between the 
observed mistakes and the associated knowledge in their terminology. 
This can easily cause confusion. Observations within the context of, for 
example, a problem-solving process, do not directly reflect the contents of 
memory in its pure form (Brewer, 1987). From a schema-theoretic point 
of view, the observations concern the result of the activity of one or more 
schemata. In search of a description of the knowledge base, careful 
reconstruction of the schemata must be performed on the basis of a valid 
model of the processes. It also requires a terminology that reflects the 
distinction between the contents of the knowledge base and the observed 
results of the mental activities. 
Yet, another distinction needs to be reflected in terminology. This con
cerns the differences in their origin. Misconceptions can occur even 
before formal education starts but can also result from formal education 
as natural by-products of the process of knowledge-acquisition (Driver, 
Guesne & Tiberghien, 1985). The former will be called preconceptions 
hereinafter, while the latter while be indicated as 'induced-misconceptions'. 
Figure 1 shows the terminology we designed. The relation to education 
is reflected in the vertical dimension. The horizontal dimension depicts 
whether the term denotes an observable, or something in the knowledge 
base. 
We use the term 'utterances' to indicate that we explicitly refer to the 
observational result of mental activity. By applying the terms 
'knowledge', 'knowledge-structure' or 'schema' we explicitly refer to the 
associated contents of memory that has to be reconstructed from the 
utterances. 
In addition we will use 'non-canonical knowledge' as a general term that 
embraces both naive knowledge and misconceptional knowledge. The 
term 'misconceptions' will be used as a general term for both 
'preconceptions' and 'induced misconceptions'. 
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Contents of mem- Observable Psychological 
Type--+ ory status not 

specified 

Relation to education ! 
Formed without naive naive preconceptions 
influence of physics - knowledge/ utterances 
education - knowledge 

structure/ 
. schemata 

Formed partly by misconceptional misconceptional induced 
physics education - knowledge/ utterances misconceptions 

- knowledge 
structure/ 

- schemata 

Figure 1: An overview of the terminology concerning misconceptions. 

4.3.3.2. Characteristics of misconceptions 

Several additional characteristics of misconceptions (including preconcep
tions) have been reported (Driver, Guesne & Tiberghien, 1985; Gilbert, 
Watts & Osborne, 1982). Misconceptions: 
1. are contextually dependent 
2. are perceptually dominated or orientated 
3. contain linear causal reasoning. 

Although misconceptions are sometimes considered to be contextually 
dependent (Driver, Guesne & Tiberghien, 1985) and carry idiosyncratic 
characteristics, several authors have attempted to describe the charac
teristics of possible common cores within the contents of various miscon
ceptions. 
Emphasizing the influence of perception, Di Sessa (1983), Ogborn (1985) 
and Hayes (1990) explicitly indicated hypothetical primitive knowledge
structures (e.g. falling, triggered processes, and situations concerning 
springs) considered to underlay c'Jmmonly recognized misconceptions in 
the field of mechanics. 
Misconceptions are often found to resemble early or medieval scientific 
theories (Halloun & Hestenes, 1985b; Nersessian, 1989). In these, 
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Aristotelian theories about causation have a prominent place. Andersson 
(1987) has explicitly described causation as an hypothesized common core 
to well-known misconceptions in various fields of physics. 
Several mechanisms are proposed as being responsible for development 
of misconceptions (and preconceptions). Preconceptions are commonly 
considered to be the result of everyday life perception and experience 
(Mccloskey, 1983; Mccloskey, Washburn & Felch, 1983; Gowin, 1987). 
Language and parlance are indicated as a factors facilitating the occur
rence of both preconceptions and misconceptions (Gilbert, Watts & 
Osborne, 1982). It influences the educational process by causing the 
student to create a meaning out of textual and verbal messages, which 
differs from the meaning which was intended. On the other hand, it can 
be argued that such a non-corresponding reconstruction of meaning can 
be the result of the application of domain-bound naive knowledge. Chi 
(1992) has argued that misconceptions can be produced by faulty attribu
tion of a concept to an ontological category (e.g. 'living things' or 
'abstractions'), suggesting properties incompatible with the properties of 
the scientific concept. For example: The concept of force can be 
interpreted as an human attribute (Carey, 1986). This delusively implies 
that the magnitude of the force a person exerts, correlates with his or her 
mass. 

4.3.3.3. Paradigms considering the approaches to misconceptions and 
concepts 

Concepts play an important role in comprehending, learning and applying 
mechanics and physics, in solving problems and in performing experi
ments. Some studies on misconceptions focus on an individual concept. 
Other studies on misconceptions focus on alternative interpretations of 
physical situations as a whole (Gentner & Stevens, 1983), or on scientific 
laws or principles like Newton's second law. Terms like 'alternative 
frameworks' and 'alternative mental models' are used to indicate the 
hypothesized, underlying and more extended knowledge-structures, which 
can involve several concepts. 
Gilbert and Watts (1983) specify three views on the notion of a concept 
relevant to investigations with respect to misconceptions. In the "classical 
view", concepts are considered to be definable by a necessary and suffi
cient set of properties common to all instances. The "relational view" of 
concepts takes the meaning of the concept to be determined by its 
interrelations with other concepts. The "actional view" of concepts is 
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characterized by statements like, "Concepts are ways of organizing our 
experiences" (taken by Gilbert and Watts from Freyberg and Osborne), 
"Conceptualizing is 'a kind of doing"' (taken by Gilbert and Watts from 
Neisser), and "All cognitive learning involves some degree of re-conceptu
alizing our existing knowledge." This idea is the core of the constructivist 
view of science education (e.g. Driver, Guesne & Tiberghien, 1985). 
Besides this, concepts can be regarded as essentially functional, not only 
within the learning process, but within other processes such as problem 
solving as well. Well-developed scientific concepts allow for cognitive 
actions e.g. calculations (Layton, 1991). A scientific concept has the 
aspect of being a tool. Such a notion of concept will be called functional 
hereinafter. Since we place functionality at the core of our approach to 
the knowledge base and problem solving, we will now describe the 
conceived functionality of canonical and non-canonical knowledge, and its 
implications for the knowledge base and problem solving. 

4.4. Relating Problem Solving to Non-Canonical Knowledge 

We will now argue that functionality is a fundamental feature that is 
common to both non-canonical knowledge and domain knowledge 
adequate for problem solving. Since we have argued that a schema can 
be defined as a functional· body of knowledge, this would imply that the 
schema-concept is a suitable basis for an integrative theoretical frame
work. It will be shown that various types of canonical and non-canonical 
knowledge can be described as schemata. 
We will then argue that the particular function required of some body of 
domain knowledge, has strong implications for its contents and structure. 
The requirements posed by the particular functions of these bodies of 
domain knowledge, will be described together with their implications for 
the content and structure of the knowledge. From a empirical point of 
view one might ask: "Do empirical studies relate non-canonical knowl
edge to problem solving and do these studies take advantage of function
ality as a common fundamental aspect of non-canonical and canonical 
knowledge?". A review of literature is performed to answer this: question. 

4.4.1. Functionality: A common core to domain knowledge 

Nelson (1989) argues that functionality is a key factor in cognitive 
development. The cognitive system adapts to its environment by generat-
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ing schemata functional for that particular environment through a natural 
learning process. 
It is noted here that functionality should not be confused with adequacy. 
Striving for functional knowledge directs learning towards adequate 
schemata, but does not guarantee that this goal will be reached. Never
theless, we think that the particular functional requirements the environ
ment poses, have a profound influence on the contents and structure of 
the schemata constructed. But, although functional - and to some extend 
adequate for the original situation -, the thus formed schemata may be 
useless or even counterproductive in other situations. It is also noted 
here that functional requirements do not necessarily imply the construc
tion of highly specialized bodies knowledge that show no transfer. 
Schemata are of generic or general nature (Brewer, 1987) and have some 
range of applicability. 

Natural thinking about the physical world - and the knowledge required 
for it - has an important specific role in driving behavior in everyday life 
(Guidoni, 1985). Besides this, we think that the knowledge a child 
gathers is aimed at understanding and anticipating everyday life phenom
ena. It has affective implications and allows the child to communicate 
meaningfully with other about its experiences, and to understand others. 
Learning processes that take place in schools, can also be described as 
students adapting by generating functional schemata. The knowledge a 
student gathers about physics through formal education serves to pass 
exams and to reach other personal goals (e.g. understanding). Usually, 
exams require a particular degree of understanding of the canonical 
theories and their applications as well as problem-solving skills. This 
makes rote-learning dysfunctional. However, rote-learning will be 
functional if exercises and exams do not require understanding or prob
lem-solving skills. We conclude that functionality is a common feature of 
domain 
knowledge, even though the particular function of these bodies of knowl
edge may be diverse. 
The naive knowledge gathered during childhood turns out to be useless 
or even dysfunctional once the child has become a college student and 
has to solve problems (Shaughnessy, 1985). The latter requires the 
application of a formalism, the performance of calculations and problem
solving skills. These are not incorporated in naive knowledge, since they 
are of no importance to a child. 
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In order to discuss the impact the functional requirements have on the 
contents and structure of the domain knowledge, we will use of the 
schema-concept. As indicated above (page 48), we consider functionality 
the defining characteristic of schemata. We define four aspects of func
tionality of a schema: a situational aspect, a declarative aspect, a proce
dural aspect and a strategic aspect. These correspond to the knowledge
types that Ferguson-Hessler and De Jong (1987) found to be components 
that constitute their problem schemata. However, we consider our 
aspects to be fundamental aspects of all schemata. 
The situational aspect concerns the denotation of the data required for 
the Bottom-Up activation of the schema. The declarative aspect allows 
the schema to be verbally addressed or to be 'interrogated' as Rumelhart 
& Norman (1981) put it. The procedural aspect reflects its power to 
imply mental or material actions. The latter aspect can comprise strate
gic implications with respect to problem-solving processes or other 
processes (e.g. performing experiments). The importance of these aspects 
of a schema depends on the functional requirements that particular 
schema meets. 

4.4.1.1. General description of canonical and non-canonical schemata 

We will now describe the functional requirements on four varieties of 
knowledge-structures: (a) scientific concepts, (b) problem schemata, (c) 
naive knowledge, and (d) misconceptional knowledge-structures (see 
Table 1). This yields insight in the characteristics of the categories of 
schemata corresponding to these knowledge categories in terms of the 
aspects mentioned above (page 62). Besides this, we will discuss other 
typical characteristics of these schemata like: 'the range of situations to 
which the schema matches', 'the range of fruitful applicability' and 
'inclusiveness in terms of embraced sub-schemata'. 

Scientific concepts 
Scientific concepts can be regarded as a way of 'organizing experience'. 
This experience includes the results of experiments. Scientific concepts 
have a well-defined range of applicability. So, the situational aspect of 
such schemata is partially formalized. General concepts like 'energy' and 
'force' match an extremely wide range of situations. 
On the other hand, well developed scientific concepts are intended to be 
cognitive tools e.g. in solving problems, in doing experiments and gather
ing new knowledge (Layton, 1991). Well developed scientific concepts, 
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allow for cognitive actions and therefore show well-developed procedural 
aspects. For example: Labudde, Reif and Quinn (1988) emphasized the 
relevance of procedures to define and teach the scientific concept of 
acceleration. 
The declarative aspect of scientific concepts comprises formal definitions, 
and both quantitative and qualitative relations. According to Reif and 
Heller (1982), scientific concepts ought to be organized in an hierarchical 
structure to facilitate understanding and problem solving. 

Adequate problem schemata 
The schemata meeting the functional requirements of problem solving 
are called problem schemata (Chi, Feltovich & Glaser, 1981). Ferguson
Hessler (1989) argues that these comprise situational, declarative, and 
procedural knowledge and considers strategic knowledge to be an inte
grated part of the knowledge base. Problem schemata are Bottom-Up 
activated for problems of a certain type showing certain characteristics for 
which the procedures implied by the problem schema are adequate. 
Problem schemata can embrace or relate to several schemata represent
ing scientific concepts. For example: A problem schema comprising 
Newton's second law has a schema representing the concepts of 'force' 
and a schema representing 'acceleration' embedded within. 

Naive knowledge 
The perceptional and experiential roots of preconceptions are commonly 
recognized (e.g., Gilbert, Watts and Osborne, 1982; McCloskey, 
Washburn & Felch, 1983). What is more, preconceptions are reported to 
work quite well in everyday life. Therefore naive knowledge-structures 
are clearly functional. However, their functionality is restricted to under
standing, anticipating and dealing with phenomena from everyday life 
(Guidoni, 1985), and does not include solving physics problems from text 
books. 
Naive schemata are not formalized, do not include complex quantitative 
relations and focus on observable objects. The situational aspect of naive 
schemata probably reflects their perceptual roots. Such schemata are 
activated by the directly observable aspects of a situation. The strategic 
aspect is probably absent. The declarative aspect does not hold a promi
nent position and subjects have difficulties in verbalizing the contents of 
their naive schemata. The procedural aspect probably reflects the effect 
of personal actions in everyday life like employing a force to keep an 
object in motion that is submitted to friction. Naive schemata can match 
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very general classes of situations (e.g. the schema representing causation; 
Andersson, 1987). 

Misconceptional knowledge 
Misconceptional knowledge - which is by definition constructed under the 
influence of physics education - can be regarded as the result of the 
students' attempt to understand or reproduce what is taught. It is the 
student's way to 'survive' within the educational environment. It is 
emphasized here that the construction of misconceptional knowledge as 
such, should be regarded a normal phenomenon in learning (Driver, 
Guesne & Tiberghien, 1985). Difficulties especially come about when the 
constructed misconceptional knowledge is not dissolved when learning 
goes on (which happens to poor performing students in particular). 
Therefore, misconceptional knowledge is functional within the learning 
process, just like the knowledge students construct during education 
which turns out to be in agreement with established physics theories. 
In constructing misconceptional knowledge, students apply their previous
ly acquired naive knowledge. We therefore expect misconceptional 
schemata to show characteristics intermediate to schemata representing 
scientific concepts and problem schemata on the one hand, ·and naive 
schemata on the other. 
Misconceptional schemata can comprise a single concept or can be of 
larger scale (alternative frameworks). Such more extended, 
misconceptional schemata can embrace both schemata representing 
scientific concepts and schemata representing distorted versions of 
scientific concepts. As compared to naive schemata, misconceptional 
schemata probably match smaller classes of situations since 
misconceptional schemata may be linked to situations typical for physics. 
We conclude that both knowledge adequate for problem solving, scientif
ic concepts and non-canonical knowledge are functional constructs of 
knowledge and can therefore be described as schemata. Situational, 
declarative and procedural aspects can be described for all of these. Of 
the four kinds of knowledge-structures discussed above (page 62), a 
strategic aspect is relevant for problem-solving schemata only. These 
four types of schemata vary concerning their inclusiveness and the 
generality of the data required for Bottom-Up activation. Note that 
strategies may as well be represented in other schemata than problem 
schemata. In general, we will call schemata that include a strategy 
'strategic schemata'. They have the ability to activate other schemata in a 
Top-Down manner. 
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Now that we have shown that these four categories of knowledge can be 
described as schemata, one might ask what the knowledge base as a 
whole looks like. Although this question will be addressed later on, it 
must be stated here that fundamentally there is no reason why non
canonical and canonical schemata could not coexist in memory. Masters 
can be provoked to produce misconceptional utterances by specially 
prepared tasks. A person can have an adequate problem schema repre
senting problem solving by means of Newton's second law, and a non
canonical schema representing the use of the energy-concept in solving 
problems. Adequate canonical schemata and non-canonical schemata can 
even be closely interrelated or overlapping. For example: The non
canonical schemata mentioned above, can represent a concept of energy 
that is inadequately separated from the concept of force. In that case the 
canonical schema (Newton's second law) would embrace an non-canoni
cal one (the faulty concept of force). The coexistence and intertwine
ment of canonical and non-canonical schemata has far-reaching conse
quences for the modelling of processes leading to misconceptional 
utterances. Schemata representing canonical ideas, schemata including a 
strategy and non-canonical schemata will compete for activation in such 
processes. 

4.4.2. Review of empirical research on misconceptions in mechanics 

From a empirical point of view one might ask whether functionality and 
the corresponding aspects of non-canonical knowledge have been taken 
into account in or employed in empirical research. With respect to 
problem solving this is beyond doubt, but this is not the case with respect 
to research on misconceptions. A small-scale review of literature was 
performed to investigate this for the field of mechanics. 

4.4.2.1. Set-up 

Three aspects of the studies were addressed: methodology, paradigm, and 
relevance for the performance of the students. The research questions 
were: 

1. Which data-collection techniques have been used? 
2. Has a clear distinction been made between the recorded utterances 

and the hypothesized knowledge-structures? 
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3. Do the data-collection techniques used allow for valid inferences, 
leading to the hypothesized knowledge-structures? 

4. What are the focus and scope of the study? 
5. What notion of 'concept' has been used? 
6. Has the relevance of the misconceptions for the learning process 

been discussed? 
7. Has the relevance of the misconceptions for the problem-solving 

process been discussed? 
8. Have non-declarative aspects (situational, procedural or · strategic 

aspect) of the non-canonical knowledge been discussed? 

Question 2 is answered by classifying the studies as follows: 'No' if 
utterances and knowledge are identified, and 'yes' if the differences 
between utterances and knowledge are explicitly addressed. Question 3 
is answered using the overview on techniques for investigating the 
knowledge base by De Jong (1986) and De Jong and Ferguson-Hessler 
(1993) as well as the overview on techniques for investigating naive 
knowledge by Sutton (1980). Question 4 is answered by classifying the 
studies as focusing on 'formal units' (e.g. concepts, rules, procedures or 
laws) or focusing on 'pragmatic units' (e.g. typical situations, experiences, 
problem types). The scope of the studies may be a single concept, a 
single relation between concepts or a single situation on the one hand, or 
a field of concepts, relations or situations on the other. The notion of 
concept (question 5) is classified by applications of the definitions given 
above ('classical', 'relational', 'actional' or 'functional'; page 59). 
Question 8 addresses aspects of the non-canonical knowledge-structures 
considered relevant for problem-solving skills and performance. Con
cerning the questions 6, 7 and 8, the value 'implicit' is assigned in the 
case the particular issue is mentioned without explicit discussion. 

The analysis was performed on studies previously collected as a prepara
tion for research into the mechanics knowledge base (Taconis & 
Ferguson-Hessler, 1993). Hence the results are explorative, rather than 
conclusive. Only empirical studies were considered. Most StJCh studies 
turned out to be published in the 80's (Pfundt & Duit, 1991). :Data were 
gathered from as many different journals as were available to the writers 
('Physics Education', 'European Journal of Science Education', 'American 
Journal of Physics', 'Journal of experimental psychology', 'Memory and 
Cognition', 'International Journal of Science Education', 'The physics 
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teacher'. The Appendix A gives the bibliography of the studies reviewed, 
sixteen in all. 

4.4.2.2. Results 

Table 1 (Page 68) presents the stock-taking of the articles considered. 

Methodology 
The studies employ tasks like: Making prediction about an demonstrated 
experiment or a described situation, explaining described phenomena and 
indicating the magnitude and direction of the force or acceleration 
vectors. In a many of the cases transcripts are taken. Such tasks can be 
seen as problems demanding a careful analysis but no substantial plan
ning or elaboration. Conclusions about the respondent's knowledge
structure are drawn from his/her responses to these tasks. One study 
uses card sorting (MacGuire & Johnstone, 1987). None of the studies 
reviewed employs concept-mapping or comparable techniques (e.g. 
Gentner, 1983). However, this technique has been introduced (e.g. 
Gowin, 1987) and used (e.g. Leinhardt, 1989) more recently. 
In 7 studies, no distinction between what is observed and the hypothe
sized knowledge-structure is made. In 6 studies, such a distinction seems 
to be made, although not explicitly discussed. Such a discussion was 
found in only two studies. So, for the vast majority of the studies a 
theoretical basis for drawing conclusions about the knowledge base from 
the observations appears unsatisfactory to us. 



Paradigm 

Data collection on non-i:anonical Distinction be- Scope and topic 
ideas tween utterances 

and knowledge-
structures 

Aguirre & Making predictions about a single No Single concept 
Rankin (1989) demonstrated experiment (vector character of velocity) 

Champagne, - Answering questions and making Implicit (utter- Field 
Klopfer & predictions about an observed ances related to (F= ma; motion of objects) 
Anderson experiment (written, transcripts) Aristotelian phys-
(1980) ics) 

aement (1982) Written test + video taped prob- Implicit (concep- Single 
leDHOlving intel'Yiews tual primitives) (force - motion relationship) 
(no adculations) 

McCloskey, - Paper & pencil problems + Implicit Single (falling objects with 
Washburn & making predictions about ( misperceptions) initial horizontal motion) 
Felch (1983) an observed experiment 

Gilbert, Watts lntel'Yiew About Instances (IAI): Implicit, word Single (examples focus on the 
&Osborne Tape recorded discussion and concept are wont roo:e) 
(1982) (proposed methodology) identified 
(partly empiri-
cal, partly a 
metastudy) 

Gunstone Multiple choice questions No Field (mechanics: mainly the 
(1987) (predictions) about problems and relation of roo:e and motion 

short problems + explanations (velocity, acc:eleration) 

Hake (1987) Written answers to questionnaire No Field (Newtonian mechanics) 
(by Halloun & Hestenes, 1885a); 
predictions and explanations 

Halloun & Written answers to questionnaire No Field (motion and its causes) 
Hestenes (Halloun & Hestenes, 1885a); 
(198Sb) predictions and explanations 

Kaiser, Jonides Making predictions about a Panly (level or . Single situation ( cUcuiar mo-
&Alexander demonstrated experiment recognition of tion) 
(1986) problem is dis-

cussed: cxperi-
ence-based versus 
formalism-based) 

Labudde, Reif Transcripts of answering Yes Single concept 
& Quinn questions about the acceleration (vectorial acceleration) 
(1988) vector in various problems 

Table 1: Overview of the result of the explorative review 
of empirical studies on misconceptions in mechanics. 



relevance for: 

Focus Notion of Leaming Problem solving Attention for non-
'concept' declarative aspects 

Pragmatic - Yes No No 
(motion on 
sideways tilted 
plane) 

Pragmatic Relational Yes Yes (empirically No 
(free fall and (belief (empirically addressed in 
Atwood system) addressed) correlational study but 
machine) not discussed) 

Formal Relational Yes Implicit (mentioned) No 

Pragmatic Actional No No Implicit (Sjtuational: Same 
misconception studies in 
various situations) 

Meaning verses Relational Yes No Implicit (Situational: IAI 
word (Semantic technique involves 

approach) discussion about the 
applicability of a 
word/concept to various 
situations) 

Pragmatic Belief Yes Implicit Implicit (situational: 
Different bodies of 
knowledge are employed in 
different situations real-life 
and in school situations) 

Formal Relational Yes Implicit (Quantitative Implicit (situational: 
(empirically problem solving is generalization over several 
addressed) suppoliC>d to hinder situations) 

conceot-building) 

Pragmatic Relational No No Implicit (situational: 
(belie£ generalization over several 
system) situations) 

Pragmatic - No Implicit Yes (situational: 
comparison real-life-expe-
rience - formalism) 

Formal Functional Yes Yes (p. 90) Yes (Plead for focussing on 
concept (empirically procedural knowledge) 

addressed) 



MacGuire & Recognition of concepts indicated Yes Collection of concepts 
Johnstone by a dummy for various (energy, momentum, force) 
(1987) situations, 

Selecting the applicable equations 
from a set of card for various 
problems, identification of various 
concepts from a series of clues 

Maloney (1984) Multiple choice questions about Implicit Single class situation, Single 
relative magnitude of forces that law 
are related through Newton's (pushing/ pulling: Newton's 
third law for various problems, third law for moving objects) 
written explanation of answer 

Minstrill (1982) Interviews about objects laying No Single class of situations 
down; the forces acting and the (objects laying 'at rest') 
cause of the objects' rest 

Peters (1982) Written answers to exercise& and No Fields (kinematics, dynamics, 
exam problems electricity and magnetism) 

Viennot (1979) Paper 8i. pencil test (questions Implicit Single relation (force - motion) 
about magnitude and direction of 
forces in the case of various mov-
in11: objects) 

WattS 8i. Multiple Choice questions with No Single relation (force • motion) 
Zylbersztajn explanation 
(1981) 

Table 1 (continued) 



Formal Predominantly Implicit Yes (empirically Implicit (situational: 
Actional addressed in concept recognition in 

correlational study) various situations) 

Formal/Prag- Functional Yes Implicit Yes (situational and eroce-
ma tic dural/strategic: impact or 

systematic variation of 
situational characteristics on 
responses studied and 
described as 'productions') 

Pragmatic - Yes No Implicit (situational: 
teaching canonical 
knowledge by a subsequent 
analysis of the 'at rest' 
condition of objects in a 
sequence of situations) 

Praginatic Qassi- Yes Implicit (difference No 
cal/Actional (vei:y brief) between understanding 

and ability in calculus-
based physics) 

Praginatic - Yes Implicit Implicit ( sityational: 
(Ylll}' brief) (interpretative model) 

Formal Relational 
res 

No No 



72 Chapter 4 

Paradigm 
Most studies (9) have a pragmatic focus. Six studies have a unmixed 
formal focus. The scope of most studies (10) concern a single concept or 
law (e.g., Watts & Zylbersztajn, 1981), or a single situation (e.g., 
Mccloskey, 1983). Though often difficult to determine, the notion of 
concept employed mostly appears as 'relational' (6 studies) or 'actional' 
(3 studies). Two studies employ a functional notion of concept. 
In addition, it is found that language aspects are emphasized in three 
studies (Gilbert, Watts & Osborne, 1982; MacGuire & Johnstone, 1987; 
Watts & Zylbersztajn, 1981). The goal of most studies appears to be the 
description of a smaller part of the knowledge base which - to us - seems 
undesirable when the relation between misconceptions and problem 
solving is to be investigated. 

Perceived relevance for the performance of the students 
The vast majority (13 studies) of the studies discusses - or addresses - the 
relevance of the misconceptions described for the learning process (e.g., 
Gilbert, Watts & Osborne, 1982). Three studies discuss the direct 
relevance of the hypothesized misconeeptional knowledge-structures for 
the problem-solving process and performance. This is implicitly . men- · 
tioned in 6 studies, while 6 other studies do not address it at all. This 
suggests that relation between misconceptions and problem solving is 
mostly recognized as relevant (12 studies in all), but elaborated in only a 
minority (3 studies in all) of the studies. · 
Concerning the non-declarative aspects of knowledge so relevant for 
problem solving, situational aspects of the hypothesized misconceptional 
knowledge-structures is addressed implicitly in 9 studies (e.g., influence of 
perception; McCloskey 1983) and explicitly in only one study. Procedural 
aspects are addressed implicitly in one study (Malony, 1984) and explicit
ly by Labudde, Reif and Quinn (1988). None of the studies addre~d 
strategic aspects. 

4.4.2.3. Conclusions 

From the above we conclude that the relatedness of non-canonical 
knowledge and problem solving plays an implicit role in most of the 
research reviewed. Tasks placing emphasizing on the analyses of prob
lems are dominantly used for a stimulus. On the other hand, most 
studies employ a non-functional notion of concept which - in our opinion 
- hinders addressing the relation of misconceptions and problem solving 
explicitly. Moreover, most studies address non-declarative aspects of 
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non-canonical knowledge and the relation between misconceptions and 
problem solving implicitly or incompletely. 
We think that leaving the relations between non-canonical knowledge 
and problem solving implicit, endangers the validity of the conclusions 
drawn on non-canonical knowledge. In our view, the tasks used in the 
studies reviewed require the construction of a problem representation. 
Inferences about the knowledge base are based on the answers and 
explanations given by the subjects. Since these answers are based on the 
problem representation, drawing such conclusions requires a theory of 
the process that gives rise to this problem representation. No explicit 
description of such a model was found. 
We will now present our theoretical framework, which is the basis for the 
model we propose, and provide a method for the explicit description of 
situational and procedural aspects of non-canonical knowledge. 

4.5. An Integrative Framework 

Having investigated the relations between problem solving and miscon
ceptions both from a theoretical and from an empirical point of view, we 
are ready to present our framework. 
We have chosen not to take affective aspects (e.g. motivation) into 
account although these can - in an unfavorable situation - hamper or 
modify cognitive processes. 
The framework focusses on processes requiring the application of domain 
knowledge. Concerning this, several cognitive and meta-cognitive aspects 
can be distinguished: Selective perception, Linguistic and pictorial decod
ing, Cognitive problem-solving strategies, Knowledge, Meta-cognitive 
strategies, Meta-knowledge, Perceptions and construction of the goal. As 
indicated above, schema theories provide a theoretical basis for the 
modelling of most of these aspects. 
Our framework is elaborated into two connected working models (a) a 
model for the process of building a problem representation, and (b) a 
model for describing the knowledge base. In this, our primary focus will 
be mechanics, though our models proof applicable for other domains too. 

In the first model, the contents of the knowledge base are treated in 
terms of general characteristics of the schemata in it. The second model 
provides the complementary descriptional format for a detailed descrip
tion of both non-canonical and canonical domain knowledge. 
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In constructing our models we aimed at the simplest working models, 
allowing for an integrative description of a knowledge base that can be 
related to both misconceptions and problem-solving skill. Such models 
should grasp the variety of knowledge bases and strategies shown by 
novices, poor performers, masters and experts. This general requirement 
can be broken down into more specific requirements. The models 
should: 

1. Account for both novices', poor performers' and experts' knowledge 
bases and therefore provide a description taking knowledge into 
account of (a) various degrees of generality (e.g. concepts as well as 
problem schemata), and (b) various types (e.g. scientific concepts as 
well as non-canonical knowledge). 

2. Account for both novices', poor performers' and experts' problem
solving strategies. 

3. Present a picture of the impact of misconceptions on problem-solving 
skill and performance and therefore (a) describe the relation between 
possibly coexisting canonical and non-canonical knowledge, (b) 
describe the relation between coexisting knowledge-structures of vari
ous degrees of generality (e.g. relate both scientific and non-canonical 
concepts to problem schemata), and (c) reflect the impact of non
canonical knowledge on problem-solving strategies. 

4. Provide a basis for interpreting problem-solving skill and perfor
mance in terms of characteristics of the knowledge base and the 
strategies applied. 

5. Reflect the functional nature of domain knowledge: problem schema
ta, scientific concepts and non-canonical knowledge. 

We will argue that these requirements are met and explicitly indicate the 
aspects that are built into the models. 

4.5.1. A working model of the process of building a problem represen
tation 

The working model elicits the hypothesized impact of misconceptions on 
problem solving. Since we concluded earlier that research on misconcep
tions typically analyses problem representations (page 73), a working 
model limited to this process probably reflects most of the interaction of 
non-canonical knowledge and problem solving. 
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The model is primarily developed for the mechanics tasks typical for the 
current practice of the final year of Dutch senior general secondary 
education and pre-university education, (which is roughly equivalent to 
the first year of university mechanics in the USA). Students in the final 
year of Dutch senior general secondary education often skip a deliberate 
and extensive analysis of problems which require this (Taconis, Stevens, 
Ferguson-Hessler, 1992) and often process the information given in the 
problem statement (situation description, picture and question) part by 
part reacting immediately to clues in the problem statement. 

The working model is graphically represented in Figure 2. 
Information from the problem statement is first decoded on a basic 
pictorial and linguistic level. This is not necessarily all information in the 
problem statement. In the model, this process - which includes e.g. 
selective perception - is considered separate from decoding of the text 
and pictures in the problem statement by means of basic linguistic and 
pictorial knowledge. 

infonnation from 
probiem statement 

l 
basic linguistic/pictorial 

processing 

( 
meta-knowledge 
goal perception 

o.k. ~ 

1\. judging the 
provisional problem 

representations 

Figure 2: A schematic illustration of the working-model of the process of building a 
process representation. 

The decoded information is processed through activation of schemata 
from the knowledge base. A schema is activated only if it matches the 
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data well enough. Although several schemata can be activated simulta
neously, we hypothesize in our model that the Bottom-Up processes lead 
to the dominant activation of a single schema be it either canonical or 
non-canonical. 
In principle, the schema that matches the data best, becomes dominantly 
activated. The better the schema matches the data, the more decoded 
information can be meaningfully interpreted. Therefore, it is expected 
that schemata representing generic knowledge (that is: knowledge that 
fits to only a moderately large class of problems) matching the decoded 
information, will usually get priority over schemata reflecting general 
knowledge (knowledge that fits a large class of problems), that yields a 
less powerful interpretation of the data. If no well-matching generic 
schema is present, a second-best generic schema that only approximately 
matches the data, or a generally applicable schema becomes dominantly 
activated. 
If the activated schema is non-strategic (we defined a strategic schema as 
a schema that can activate (a sequence of) other schemata in a Top
Down manner; page 64), a provisional problem-representation is pro
duced in which selected and interpreted information from the problem 
statement is intertwined (De Jong & Ferguson-Hessler, 1993) with knowl
edge from the schemata. The activated schema may include slots for 
which no value can be extracted from the decoded information. In such 
a case, the slot will be filled by substituting a default value. In the case 
that the activated schema implies one or more procedures (e.g. sketching 
the situation, constructing the acceleration vector), these are performed. 
In our working model, the Bottom-Up process can also activate a strate
gic schema. Such schemata can also be deliberately activated by the 
problem solver, for example due to an instruction by the teacher. Once 
activated, a strategic schema causes the activation of a sequence of other 
schemata by Top-Down mechanisms while staying active itself. This is 
symbolized in Figure 2 by the arrow running Top-Down from the 
'strategic triangle' to the 'non-strategic triangle'. Each of the schemata 
activated thus contributes to the construction of the provisional problem
representation as indicated above. 
In schema theories it is often assumed that Top-Down processes only 
occur if Bottom-Up activation is hindered e.g. due to the lack of a 
matching schema (Glass & Holyoak, 1986; Wijderveld, Jaanus & van 
Hoom, 1990). In our model Top-Down activation of schemata is gov
erned by strategic schemata. This implies that the Bottom-Up activation 
of a strategic schemata occurs only if no non-strategic schema can be 
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activated. On a practical level this means: If a problem can be recog
nized (Bottom-Up activation) no strategic behavior will occur unless the 
problem solver deliberately chooses to. 
Once a provisional problem-representation is produced, it is judged for 
acceptability by means of meta-knowledge and adequateness by relating it 
to the 'goal as perceived'. If the provisional problem-representation is 
judged to be both acceptable and adequate, the construction process ends 
and the problem solver may proceed with other activities such as plan
ning a solution. 

It is noted here that the 'goal as perceived' itself is the result of interpre
tation and construction under the influence of the problem solver's 
knowledge and intends. This matter is not discussed here because the 
model is primarily intended for the description of the solution of fairly 
standard problem-solving tasks leaving little room for goal-construction. 
If the provisional problem-representation is found to be unacceptable or 
inadequate, further processing is attempted. This can comprise (a) the 
processing of additional (or other) parts of the information from the 
problem statement (e.g. in an attempt to find an appropriate value for 
one of the slots). (b) further processing of the provisional problem-repre
sentation in mind, without considering additional (or other) parts of the 
information from the problem statement, and (c) processing of the 
products of activities previously carried out (e.g. examining a previously 
made sketch of the situation). In all cases the activation of other sche
mata can be involved. 
Eventually, the newly produced problem representation may prove 
acceptable and adequate, and the problem solver may pr0ceed with other 
activities such as planning. 
If no such problem representation is found, the process will eventually 
break down, yielding a troublesome problem-representation which 
probably has an undefined status. Nevertheless, the problem solver may 
proceed by performing calculations he or she guesses are adequate. 

4.S.1.1. Discussion 

The model's potential to account for the occurrence of misconceptional 
utterances is critical to its relevance. Within the model, the process 
producing misconceptional utterances proceeds as follows. 
When a problem is presented, the problem solver seeks to interpret it in 
terms of his or her schemata. Within our model, this results in the 
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Data collection on non-canonical Distinction be- Scope and topic 
ideas tween utterances 

and knowledge-
structures 

Aguirre & Making predictions about a single No Single concept 
Rankin (1989) demonstrated experiment (vector character of velocity) 
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(by Halloun & Hestenes, 188Sa); 
predictions and explanations 

Halloun & Written answers to questionnaire No Field (motion and its causes) 
Hestenes (Halloun & Hcstcnes, 188Sa); 
(1985b) predictions and explanations 

Kaiser, Jonides Malting predictions about a Partly (level of . Single situation (circular ~ 
& Alexander demonstrated experiment recognition of lion) 
(1986) problem is dis-

cussed: experi-
encc-bascd versus 
formalism-based) 

Labudde, Reif Transcripts or answering Yes Single concept 
& Quinn questions about the acceleration (vectorial acceleration) 
(1988) vector in various problems 

Table 1: Overview of the result of the explorative review 
of empirical studies on misconceptions in mechanics. 
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dominant activation of one single schema, in which there is a bias in 
favor of dominant activation of a generic non-strategic schema. However, 
this schema can either be canonical, non-canonical ( casu quo 
misconceptional) or reflect idiosyncratic inadequacies. 
If none of the subject's generic schemata matches the data well enough 
to become dominantly activated, a less appropriate generic schema can 
be accepted, which again can be non-canonical. On the other hand, the 
subject can turn to schema matching with a broader class of problems or 
situations that approximately matches the data. Although this can be a 
schema representing a more or less general strategy, it can also be a non
canonical schema that matches a wide range of situations, like naive 
schemata or misconceptional schemata of a more general nature. 
If a provisional problem-representation has been produced due to non
canonical knowledge, it will only be further modified if it is diagnosed as 
being unacceptable or inadequate. This requires meta-knowledge. If no 
appropriate meta-knowledge is available, the subject will be confident 
about the resulting problem representation although it is 
misconceptional. If meta-knowledge is available the provisional problem
representation is detected as being unacceptable and an attempt to 
modify it will be made. Now it may happen that no canonical schemata 
are available (activated or present) to successfully do so. This ultimately 
results in a problem representation which the subject considers to be 
unacceptable and which can still lead to misconceptional utterances. 
We therefore conclude that our working model states that 
misconceptional (or naive) utterances are the result of a complex inter
play of present non-canonical schemata, the availability of ·applicable 
canonical schemata and the availability of meta-knowledge. The Bottom
Up activation of non-canonical schemata provides a competitive alterna
tive for the activation of canonical schemata or canonical strategic 
schemata. More particularly, even in the case that strategic schemata are 
present, it still can be very tempting to stick to a Bottom-Up activated 
non-canonical schema, rather than to embark on a complex strategic 
approach. 

As a merit of our description of the complex process, in which 
misconceptional utterances are produced, such utterances can now be 
classified. For example, it can happen that the inappropriate activation 
or application of a schema that includes canonical relations between 
concepts, produces an inadequate problem-representation. This can be 
regarded as the result of inadequate situational knowledge and can 
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therefore be called a situational misconception. Such a misconception has 
the interesting property that there is no reason it would occur in a 
different situation. Moreover, its elimination requires a different instruc
tional approach than the elimination of misconceptions arising from 
inadequate declarative knowledge. 
We have given arguments for the coexistence of non-canonical and 
canonical knowledge-structures in memory. As a consequence, even an 
experienced problem solver (master) can produce misconceptional 
utterances. Misconceptional utterances by a master may be provoked by 
clues to misconceptional schemata. When specific information is provided 
that contradicts all available canonical schema, a master may be forced to 
activate either misconceptional or naive schemata. However, an experi
enced problem solver will usually be able to correct himself due to the 
availability of both extended meta-knowledge and an extended body of 
canonical knowledge. 

Some other remarks have to be made. 
1. In the working model, linguistic and pictorial decoding of the text 

and pictures in the problem statement by means of basic linguistic 
and pictorial knowledge are not included. Misinterpretations that 
may occur here, are outside the scope of the model. Besides this, 
these basic decoding processes are seen as being decoupled from the 
domain knowledge bound information-processing which is taken to 
include selective perception. Therefore the model does not account 
for interaction between processing on a basic linguistic and pictorial 
level, and the level of domain knowledge bound processing. This is 
necessary to keep the model manageable. 

2. Although the working model is liillited to the process of building a 
problem representation, this restriction is not rigorous. Schemata 
represent procedural knowledge and we hypothesize in our model 
that the corresponding procedures are performed while building a 
problem representation. This can involve calculations or the con
struction of a diagram. In an extreme case these calculations could 
even prove sufficient to solve the problem and the working model 
would represent the whole of the problem-solving process. 

3. We have excluded the interesting idea of simultaneous activation of 
several schema without one becoming dominantly activated. The 
model accounts for several schemata being involved in the production 
of a problem representation by its cyclic nature. An elaboration of 
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the present model towards a connectionist model, could probably 
allow the inclusion of simultaneous activation of several schemata. 

4. Due to the emphasis on Bottom-Up activation of schemata, our 
working model is primarily 'data-driven'. In this, it resembles the 
connectionist description proposed by Rumelhart, Smolensky, 
McClelland and Hinton (1986). It contrasts with, for example, the 
ACT*-theory by Anderson (1982; 1987), in which the goal as per
ceived plays a crucial role in forming the dynamics of the problem
solving process. In our working model, goal-oriented behavior is 
implemented by means of strategic schemata, that incorporate goal
oriented strategies. The process of goal-construction is not included 

( in the model. This can be accepted since for the type of problems 
we focus on the goal is quite standard, leaving little room for goal
construction. 

5. Strictly speaking, strategies are included in the model only in so far 
as that they are prompted by information from the problem state
ment. This is because strategic behavior is implemented in the model 
by means of strategic schemata within the knowledge base. On the 
other hand, strategic schemata can be activated deliberately by the 
problem solver. 
The strategies implemented in the model, can show various degrees 
of generality. Generic strategies are intermediate between generally 
applicable strategies and specific strategies and are therefore applica
ble to, and activated by problems of a certain class sha~ing certain 
characteristics. In the case that a generic strategic schema is activat
ed, the problem is perceived as solvable by applying the strategy 
reflected by the strategic schema. Like other schemata, strategic 
schemata can be described in terms of the situational, declarative, 
procedural, and strategic knowledge they represent. Take for example 
the knowledge represented by the strategic schema for the solving of 
a problem using energy conservation. This knowledge embraces (a) 
'the time is not a relevant parameter in this problem' as a condition 
for applicability (situational ~nowledge), (b) 'the law of conservation 
of energy' (declarative knowledge), (c) 'procedures for the identifica
tion of all relevant types of energy' (procedural knowledge), and (d) 
'I have to compare the initial and the final situation' (strategic knowl
edge). Some of the problem schemata as defined by Chi, Feltovich, 
and Glaser (1981) can be regarded as generic strategic schemata. 
The model therefore accounts for this important aspect of experts 
behavior (Chi, Feltovich & Glaser, 1981). 



Problem solving and misconceptions 81 

General strategies like: 'drawing a picture of the situation' and 
'general problem-solving heuristics (e.g. checking through a list of 
formulas to find a formula matching to the given and the demanded)' 
are not likely to be activated by a Bottom-Up process as a reaction 
to the specific information in the particular problem statement. 
Instead, these may be prompted by general characteristics of the 
problem (e.g. this is a physics problem), personal style or by 
intentionality. 

6. The role of meta-cognitive activities is restricted to the judgement of 
the problem representation (evaluating in terms of Vermunt & van 
Rijswijk, 1988). This judgement is regarded as being dependent on 
the availability of meta-knowledge and on the goal as perceived. 
Activities such as monitoring of the problem-solving process and on
line regulation of it are excluded. In particular, utilizing the result of 
the judgement of the provisional problem-representation to direct or 
plan further activities is not implemented, except for the case that it 
is incorporated within a strategic schema. Strategic schemata, howev
er, do not necessary involve metacognitive actions. 
On the other hand, the cycle of reviewing the provisional problem
representation and then judging it may take very little time. In the 
extreme case, the working model represents quasi-simultaneous 
judging and construction. What the model excludes is the simulta
neous activation of a schema and the evaluation of the prevailing 
problem-representation. 

4.5.2. A descriptional model for the knowledge base 

Because the knowledge base plays a crucial role within the working 
model of the process of building a problem representation, a second 
working model is needed that permits the detailed description of the 
schemata comprising the knowledge base. 
Two requirements have to be met by this descriptional model. First, it 
should be apt for describing the main characteristics of the novices' and 
poor performers' knowledge base, as well as the masters' and experts' 
knowledge base. When it is applied together with the process model, a 
knowledge base described according to the working model should account 
for the main results of research on both misconceptions and problem 
solving. Therefore the descriptional model should: 
1. Include non-formal relations. 
2. Represent both small-scale and large-scale schemata. 
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3. Reflect the embedding of schemata within one another. 
4. Include an explicit description of situational, declarative, procedural 

and strategic aspects of the knowledge base. 

Figure 3 gives an example in which. the descriptional model is applied to 
describe an imaginary knowledge base. 
Our descriptional model is essentially analogous to a semantic network, 
in which schemata are represented by 'activated parts of the network'. 
Although schemata are sometimes defined as "activated parts of a seman
tic network" (Rumelhart & Norman, 1973) we consider this an approxi
mate description (a connectionist model being an alternative). 
The horizontal and vertical directions roughly represent two basic charac
teristics of schemata: 
1. The vertical direction is employed to reflect the hierarchical ordering 

of the units. This hierarchy is defined by 'X is a kind of Y' -relations, 
which are symbolized by a straight line. This allows for the natural 
representation of the fundamental property of schemata being 
embedded within one another 

2. The horizontal direction is utilized to depict the functionality of 
schemata, which in our view originates from the linkage of knowledge 
of differing types. 

The network comprises three kinds of units. Units denoting declarative 
knowledge (e.g. abstractions) are symbolized by rectangular boxes. Units 
representing situations or characteristics of situations that can tie straight
forwardly recognized without particular knowledge of the domain (e.g. 
'curved path', 'linear motion') are represented by trapezoids. Such units 
can be called observational. Some observational units are strongly 
involved in representing situational knowledge: that is knowledge relevant 
for problem solving. These are called situational units. 'Procedural units' 
(contorted triangles) reflect procedures e.g. 'decomposition of a vector'. 
'Observational units' (c.q. 'situational units'), 'declarative units' and 
'procedural units' each form their own hierarchies. For example: The 
horizontal linear trajectory of an object is a kind of linear trajectory and 
therefore forms a hierarchy of situational units. In order to reflect these 
hierarchies, observational and situational units are concentrated on the 
left hand side of the network, while procedural units are concentrated on 
the right hand side. 
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Figure 3: A general example of the representational model for knowledge-bases 
(imaginative content). The gray area depicts a schema. 

Trapezoids· indicate observational units, rectangular boxes indicate units of declarative 
knowledge and contorted triangles represent procedures. Normal lines indicate 'X is 
a kind of Y' -type relations. The units are orga_nized in a separate hierarchy for each 
of the types. Dotted lines indicate attributes. Wavering lines indicate relations of 
other types. 

Each unit has fixed defining properties that allow for initial activation of 
the unit. Apart from the fixed properties, the unit can carry additional 
attributes some of which can take on various values. For example: The 
concept of vector carries 'direction' as an attribute, which can take e.g. 
the value 'forward'. Attributes are symbolized by an oval connected with 
the unit showing the attribute by a dashed line. 
Due to the hierarchical organization, attributes are incorporated in an 
efficient way since they can be transferred downwards in the hierarchy 
(the special kinds of an instance share the attributes of the more general 
instance; Hayes, 1990). 
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Other relations between the units can be of various types. Examples of 
such special relations are: abilities ('X can Y') and quantitative relations. 
Special relations are indicated by a wavering line and are usually labelled. 
Relations that connect units from different hierarchies (e.g. a situational 
unit to a procedural unit), have special significance for the functionality 
of the knowledge structure. They are therefore called functional relations. 
Since functional relations connect units of dissimilar types that are placed 
in separate hierarchies, these tend to have a horizontal direction. Hence, 
this direction comes to depicts functionality. Schemata appear in the 
network as horizontally stretched structures (grey area in Figure 3). 
In our working models, strategies are implemented as far as they can be 
described by strategic schemata. Such schemata can be described analo
gously to the other schemata. For reasons of clarity this is done in a 
separate though connected network (not shown). 
To permit synergic use of a knowledge base described in this manner 
together with the process model, two activation processes have to be 
described: Bottom-Up activation and Top-Down activation. 
Bottom-Up activation takes place through the activation of all units of 
which defining values are given by the problem statement. that are called 
by name, or that correspond to an 'unknown'. For example: If the 
problem statement contains the sentence "A ball of 500 g rolls with 
constant velocity", this would activate a hypothesized unit corresponding 
to 'constant velocity' since it is called by name, and a hypothesized unit 
depicting "mass" since a value for mass is provided. 
Once initial activation has taken place, activation spreads throughout the 
network by the links. The hierarchical 'X is a kind of Y' -relations only 
allow upward spread of activation (Shastri & Feldman, 1986). In the case 
that a strategic schema is activated in the Bottom-Up process, this will 
induce the activation of selected units within the network by a Top-Down 
process, while staying activated itself. For example: If the "energy
conservation-strategy schema is activated" this will activate units corre
sponding to 'initial energy' and 'final energy' each carrying the attribute 
'magnitude'. 
Attributes of units that become activated due to the spread of activation, 
and of which the value is not specified in the considered part of the 
problem statement, can be seen as 'slots' of the schema. A default value 
can be substituted, but as an alternative these can give rise to a query to 
find a value within the problem statement. 
The model presented here can be further refined. According to Shastri 
and Feldman (1986) conditional relations between the units can be 



Problem solving and misconceptions 85 

included. Another possible refinement comprises the inclusion of 
parameters for each relation corresponding to the likelihood of the 
spread of activation along each of the relations. A network including 
such parameters could be readily translated into a connectionist model 
(Shastri & Feldman, 1986). 

4.5.2.1. Examples and discussion 

We will now present two examples that show how this model can be used 
to describe the knowledge base of both masters and poor performers in a 
way that relates it to problem-solving performance and skills. These 
examples will show that misconceptions are among the inadequacies of 
the knowledge base, which impede problem solving. The examples are 
taken from a card-sorting experiment by Taconis (Taconis & Ferguson
Hessler, 1993; Taconis, in preparation). 
This experiment is analogous to the card-sorting experiment by Chi, 
Feltovich & Glaser (1981). Duos of students preparing for the final 
examination of Dutch general secondary physics education, were asked to 
sort a deck of problems according to the solution approach as they saw it. 
Transcripts of the discussion in the duos were taken and analyzed to 
identify the knowledge applied. This experiment is more extensively 
described in Taconis (in preparation). 

Example I: Finding a way to solve a problem 
In the card-sorting experiment by Taconis (in preparation), subjects 
preparing for the final examination of Dutch senior general secondary 
education and pre-university education, were asked to sort a set of cards 
depicting problems on mechanics according to the way they could best be 
solved. 
Analysis of the categories formed by poor performers and average 
performers revealed that the problems within one category mainly shared 
situational aspects and more particularly the nature of the trajectory of 
the moving object. Typical categories formed can be described as 
'inclined plane', 'horizontal motion' and 'vertical motion'. Note that 
these characteristics are all directly observable. 
Nevertheless, most of the subjects claimed that they had sorted the cards 
according to 'ways to solve the problem'. This was consistent with the 
result of an analysis of the names these subjects gave to the categories. 
These names reflected concepts, laws or procedures that according to the 
subjects characterized the 'way to solve the problems'. 
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Figure 4 shows the diagram of the knowledge-structure considered 
responsible for this result. A hierarchy of situational units denoting 
characteristics of the motion state of an object is shown. Functional 
relations commonly occurring are shown in the diagram. For example: 
The occurrence of an inclined plane in the problem statement implies to 
the students that decomposition of forces should be used to solve the 
problem. Though often useful, these functional relations are not neces
sarily true for all problems. They may therefore impede problem solving 
in such cases. Our model can describe this since it treats situational, 
declarative knowledge and procedural knowledge as separate entities and 
makes their functional links explicit. 

Figure 4: A network representing the hypothesised poor performer's "problem
schema" for problems involving objects in motion (Taconis, 1993). 
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Example II: Force, causation and motion 
In this example we will use our descriptional model to make an approxi
mate reconstruction of hypothetical non-canonical knowledge-structures 
from a review of literature and the results from the card-sorting experi
ment done by Taconis mentioned above. The cards used in this experi
ment contained problems with abundant contextual information referring 
to everyday life, that were constructed to pose conceptual difficulties so 
that misconceptions could be detected. 
One of the transcripts analyzed showed a subject explicitly discriminating 
between tasks about 'accelerating while in motion' and tasks about 
'setting in motion'. In the former case the presence of a force to acceler
ate the object in motion was presumed. In the latter case, an additional 
force was considered present in order to change the 'at rest state' to an 
'in motion state'. In this the student referred to resistance without 
making this more explicit. 
We will reconstruct the knowledge-structure accounting for this result by 
utilizing our working models. It has to be emphasized that such a recon
struction will not provide a complete picture, since one can only recon
struct the knowledge base in as far as it is activated in performing the 
task. 
Moreover, we should take the complex interaction of competitive alterna
tive schemata and the availability of meta-knowledge into account, to be 
sure of the validity of the conclusions. Our model for the process of 
building a problem representation can be used for this. For now we will 
suffice with the assumption that the observations above are the result of 
the activation of only one schema and that the availability of meta
knowledge does not play an important role in producing it. 
A theoretical basis concerning misconceptions about the relation between 
'force' and 'motion' is needed. Such misconceptions are well-known from 
literature. Two features common to these misconceptions can be recog
nized. In many situations pupils consider 'force' and 'velocity' to be 
proportional (Viennot, 1979). Apart from this, pupils often consider 
'force' and 'velocity' to have the same direction (Clement, 1982). Inter
preting such results, Watts (1983), Mccloskey, Washburn and Felch 
(1983), Maloney (1984) and others conclude that novices seem to use the 
term 'force' to indicate the cause of motion or displacement. It is 
commonly recognized (e.g. Champagne, Klopfer & Anderson, 1980; 
Nersessian, 1989) that historically the scientific concept of force has been 
closely related to the concept of cause. 
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Andersson (1987) proposes a model for causation: The 'Experiential 
gestalt of causation', claiming that it is a common core to a wide range of 
misconceptions, including misconceptions concerning 'force' and 'motion'. 

Using Andersson's description of this hypothesized knowledge-structure, 
the part relevant for this example is translated into the diagram of Figure 
5 by utilizing our working model. An 'agent' having the variable 'effort' 
as an attribute, causes a 'patient' to undergo a certain 'effect' which is 
observable. In this, the agent sets a goal. Because the agent strives to 
reach the goal, the effect will have the desired direction. For example: If 
the goal is to lift an object, the effect will be upward motion or displace
ment. On the other hand, the effect may be insufficient to actually reach 
the goal. Moreover, Andersson (1987) shows that effort and effect are 
proportional. 

The network shown in Figure 5 represents a schema that accounts for the 
transcript. In Figure 5, the 'causal schema' is explicitly related to the 
concept of force. 

I 
contact 

force 

Figure 5: A hypothesised knowledge-base fragment concerning 'force and motion'. 
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' 
The unit named 'force' mainly depicts a kind of causal agent needed to 
change the kinetic state of an object. Functional relations are included, 
linking the causal schema to two distinct cases of observable change of 
kinetic state: 'change of velocity' and 'changing rest to motion'. These 
correspond to the categories of problems the subject formed. 
The way this network accounts for the transcript can be demonstrated by 
applying the rules for the spread of activation. One of the problems is 
concerned with a man attempting to push his car which is out of gasoline 
in order to reach a gas-station. The car is not yet in motion. At the very 
least the information activates the unit depicting 'goal' and the unit of 
depicting 'setting in motion'. The other problem is concerned with a man 
increasing the speed of a rumbling cart containing his children by pulling 
it in an attempt to catch up with his wife. This information activates the 
unit depicting 'goal' and the unit of depicting 'speed up' at the very least. 
In both cases the activation of these units is sufficient to activate the 
'causal schema' by spread of activation. 
The causal schema thus activated implies the existence of a non-zero 
effort and an agent doing it. Therefore, a force is needed to accomplish a 
change of kinetic state. In the case of the first card, the force is consid
ered to be necessary to set the car in motion, and for the subsequent 
increment of the car's speed that is considered necessary by the subject. 
In the case of the second card, only a force to make the cart go faster is 
considered necessary. 
Although not implemented in Figure 5, it has to be stated that if a direct 
misconceptional relation between 'force' and 'setting in motion', together 
with a direct telation between 'force' and 'speed up' was present, the 
network would still allow the reproduction of the data. However, this 
requires that these relations are in accordance with the interpretation of 
force as a causal agent. From the data discussed here, it is impossible to 
conclude whether they result from employing the general preconceptional 
schema concerning causation, or from the use of misconceptional knowl
edge concerning the relation between 'force' and 'setting in motion'. 
It is interesting to explore what a scientific concept of 'force' would look 
like, if would be depicted according to our descriptional model. This 
network would include a unit depicting 'linear accelerations' as a kind of 
'change of kinetic state'. This unit would have the attribute 'magnitude'. 
This attribute would be linked by Newton's second law, to the unit 
depicting the magnitude of the scientific concept of 'force'. 



90 Chapter 4 

4.6. Conclusion 

We have explicated our models and their limitations and illustrated their 
use. Preliminary conclusions can be drawn. 

4.6.1. The model for building a problem representation 

This model has two main implications. 
First, our model emphasizes that non-canonical knowledge plays a role 
in problem solving, problem solving by non-experts in particular. More
over, it suggests that recognition of a problem in term of non-canonical 
knowledge competes with recognition in term of canonical knowledge 
(problem schemata) as well as problem-solving strategies. The model 
provides a basis for further investigations on the impact of non-canonical 
knowledge on problem-solving. 
Second, our model emphasizes that misconceptional utterances occurring 
while solving problems are the result of a complex interplay of non
canonical knowledge, available canonical knowledge, available strategic 
knowledge or strategies, and the availability of meta-knowledge at the 
vary least (Figure 2). 
Therefore, we think that it is methodologically hazardous to employ such 
misconceptional utterances to reconstruct non-canonical knowledge-struc
tures, without explicitly taking the cognitive processes reflected in such 
utterances into account. The process of building a problem representa
tion is a critical component of these processes. Our model can contrib
ute to the methodological clarity concerning research in misconceptions 
by employing problems, since it provides a way to make a clear distinc
tion between what is constructed and what can be considered to be the 
underlying memory contents. 
Example II shows that misconceptional utterances can be the result of 
the unfounded application of naive and general 'everyday life schemata', 
instead of being replicas of some generic non-canonical schemata. In 
addition, it shows that attention should be paid to the question how to 
find out what is the case. This further stresses the need for a clear 
methodological distinction between the observed misconceptional utter
ances and the hypothesized non-canonical knowledge. 
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4.6.2. The descriptional model for the knowledge base 

Our descriptional model allows for the conjunct description of both 
small-scale knowledge-structures (e.g. non-canonical concepts, generic 
canonical knowledge, scientific concepts) and large-scale knowledge
structures (e.g. problem schemata, naive schemata). This is facilitated by 
the hierarchical organization of the networks. Since schemata of these 
various types are simultaneously present in memory, a conjunct descrip
tion is necessary to relate misconceptions and problem solving. 
Moreover, the model allows for the explicit description of the situational, 
procedural and strategic aspects of domain knowledge. We consider 
these aspects necessary to reflect the functional nature of domain knowl
edge, and scientific concepts in particular. 

4.6.3. The examples 

Our examples demonstrate the impact of non-canonical knowledge in the 
classification of problems. From example I we can conclude that schema
ta implying a problem-solving approach contain components of a situa
tional, declarative and procedural type. Each of these can be meaningful 
as such, but as a whole they may still inadequate and hamper problem 
solving due to dysfunctional links between the components. In the 
example, the situational characteristic 'inclined plane' which is relevant to 
problem solving, is coupled to the canonical procedure 'decomposition of 
vectors' in a ineffective way. 
In example II, problems are classified by applying a non-canonical 
schema, which corresponds to misconceptions known from literature. This 
shows that these can hinder problem solving. Since the results of classifi
cation tasks on problems correlate with problem-solving performance 
(Chi, Feltovich & Glaser, 1981), the examples suggest that our working 
models can account for results both in the field of misconceptions and in 
the field of problem solving. 
In summary, we can conclude that we have shown that our models allow 
misconceptions to be described in such a way that they can be related to 
problem-solving performance, even though our models are limited and 
not yet fully validated. 
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4.6.4. Discussion and implications 

Although our models are primarily intended to be descriptional. are 
clearly limited and need further empirical evaluation. we think they carry 
interesting implications that can be discussed as hypotheses. 
Our schema-theoretical approach to misconceptions suggests. that 
education focusing on misconceptions should take the functional aspects 
of the prerequisite knowledge and the knowledge to be acquired into 
account. In other words. the declarative aspect of knowledge. its situa
tional aspect, its procedural aspect and its strategic aspects. 
For example, the construction of the canonical concept of 'energy' by the 
students can be encouraged by emphasizing that one of its faces is that it 
is a tool for solving a certain class of problems. In this, the situational 
characteristics of these problems should be pointed out, and students 
should be provided with procedures to solve these problems. 
Since we regard the content of scientific knowledge as influenced by the 
required functionality for example in problem solving, we think scientific 
concepts can best be understood adequately when they are embedded 
within the context of the scientific or technological endeavor. Like other 
settings characterizing science, problem solving therefore potentially 
provides an educational setting favorable to the construction of canonical 
knowledge. In such a setting. the acquisition and application of dysfunc
tional knowledge would constantly be discouraged provided that favor
able educational circumstances were created. 
On the other hand, we conclude that non-canonical knowledge and the 
availability of meta-knowledge play a important role in problem solving. 
We therefore think that education focusing on problem solving should 
not ignore non-canonical knowledge and should pay explicit attention to 
the availability of meta-knowledge. 
Our models provide a classification of misconceptional utterances that 
can be useful for educational purposes. since the elimination of miscon
ceptions of a certain . type probably requires a educational strategy specific 
to the type. A rough classification distinguishes two dimensions: 'origin 
of the misconceptional utterance• and 'area of dysfunctionality within the 
non-canonical schema'. As regards the origin of the misconceptional 
utterance, three types can be distinguished (a) unavailability or a lack of 
'canonical knowledge', (b) unavailability or a lack of 'strategic knowledge' 
,and (c) unavailability or a lack of 'meta-knowledge'. Concerning the 
'area of dysfunctionality within the schema' three types can be distin
guished: 'inadequate situational knowledge', 'inadequate declarative 
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knowledge' and 'inadequate procedural knowledge'. Besides these, non
canonical knowledge could be characterized by dysfunctional or faulty 
links between knowledge-structures each as such meaningful and useful. 

The second example provides an interesting suggestion about a process 
producing a new schema; misconceptional in this case. It was concluded 
that if a schema representing the concept of 'force' were present, it would 
show relations analogous to those of the concept of 'causal agent'. It can 
be hypothesized that such relations could be formed if the concept of 
force was initially interpreted as a special kind of causal agent. In that 
case a learning process would occur in which relations between units 
(instances) within a more generally applicable schema (the causal schema 
in this case), are 'projected' into relations between units reflecting special 
kinds of instances, in which a more specific sub-schema is constructed out 
of a general super-schema. We called this process differentiation. In 
example II the proportionality of 'effort' and 'effect' would produce a 
proportionality of 'the magnitude of a force' and a special kind of 'effect' 
like for example 'speed up'. This process of differentiation is in agree
ment with the process proposed by Chi (1992), in which misconceptions 
are considered the product of faulty attribution of concepts to ontological 
categories (e.g. living things). However, we do not limit the process of 
differentiation to ontological categories, nor to non-canonical concepts. 
Differentiation is also in agreement with the way Anderson (1982, 1987) 
describes the construction of productions as analogous to learning a 
concept by induction (Mayer, 1992). Differentiation may be an important 
mechanism for the acquisition of large-scale schemata which can be 
adequately represented in our descriptional model due to its hierarchical 
organization. 

We have presented models that allow the description and classification of 
non-canonical knowledge in a way that relates them to problem-solving 
performance. The model for describing the ·knowledge base may proof 
fruitful in describing learning processes as well. Besides this, our models 
can contribute to a better understanding of the problem-solving approach 
and performance of novices and poor performers in particular. More
over, they may pave a way for empirical research that explicitly relates 
these fields. 
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5. Description of the Mechanics Knowledge Base of 
Students from Upper General Secondary Education 

5.1. Introduction 

A lack of problem-solving skills causes students to fail in the technical 
and scientific sectors of Dutch higher education (Taconis, Stevens & 
Ferguson-Hessler, 1992). 
Problem solving is an important topic in educational research, in particu
lar research concerning science education. It has been shown that 
problem solving in semantically rich domains such as science critically 
depends on domain knowledge (Chi, Feltovich & Glaser 1981; Ferguson
Hessler & De Jong, 1987; Alexander & Judy, 1988). Apart from its 
contents, the structure of the domain knowledge is relevant for problem 
solving. The structured total of domain knowledge relevant for problem 
solving will be called the knowledge base. 
It has been pointed out that the knowledge base is built up in a personal 
process of construction performed on the basis of prior knowledge and 
within a social context (Klaassen, 1994). Moreover, learning can be 
regarded as a 'struggle for understanding' (Gick, 1986). In science, this 
often takes place while problems are being solved. 
The starting point of building a knowledge base is the prior knowledge of 
the student. Students entering science education are known to already 
have knowledge about the situations the discipline deals with. Even 
students that enjoyed no previous science education have prior knowled
ge (Viennot, 1979). These students have so-called 'naive ideas' or 
'preconceptions'. These ideas usually deviate from the scientific canon. 
That is, they are not in accordance with generally accepted scientific laws 
and the definitions of concepts (Taconis & Ferguson-Hessler, 1993a). 
These ideas are rooted in so-called non-canonical ·domain knowledge. 
Again, preconceptions may facilitate the construction of another type of 
non-canonical domain knowledge which can be indicated as 'misconcepti
ons'. Misconceptions can be regarded as blends of naive ideas and 
scientific notions. So we must expect that the students' knowledge base 
comprises both canonical and non-canonical domain knowledge. 
It has been indicated that non-canonical knowledge impedes problem 
solving (Shaughnessy, 1985). Therefore, we feel that research which 
relates problem solving and the knowledge base, should not limit itself to 
canonical knowledge only. It should also attend to non-canonical domain 
knowledge. A study of the knowledge base that attends both canonical 
and non-canonical domain knowledge is also relevant for education that 
is concerned with the 'elimination' of non-canonical knowledge and with 
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the acquisition of scientific understanding. Besides this, a lack of scienti
fic understanding due to non-canonical knowledge was identified as 
another probable factor causing students to fail in the technical and 
scientific sectors of higher education (Halloun & Hestenes, 1985a; 
1985b). 

In the study presented here, we will first give a description of the know
ledge base for (classical) mechanics of students preparing for the final 
examination of Dutch general secondary education and pre-university 
education. Both poorly and well performing students are included. We 
will then explore the relations between the contents and structure of the 
knowledge base on the one hand, and problem-solving skills and the 
occurrence of non-canonical utterances on the other. 

5.2. Theory 

5.2.1. Problem solving and the knowledge base 

The relation of domain knowledge to problem-solving skills has long 
been an important international theme in psychology, in particular in 
educational psychology (Alexander & Judy, 1988; Perkins & Salomon, 
1989). Expertise models consider domain knowledge to play a crucial 
role in problem solving (Chi, Feltovich & Glaser, 1981). 
It has been demonstrated that the knowledge base adequate for problem 
solving shows three typical structural characteristics (Resnick & Ford, 
1981; Ferguson-Hessler & De Jong, 1987). First, the elements within an 
adequate knowledge base are well integrated. Secondly, these are 
connected with knowledge outside the knowledge base. The third aspect 
concerns the correspondence of the knowledge base with the knowledge 
base of experts. 

In investigating the relation of problem solving and non-canonical knowl
edge a suitable theory for the description of the knowledge base is 
needed. For this we employ schema theories which consider memory to 
be organized according to schemata. Schemata can be regarded as the 
building blocks of cognition (Rumelhart, 1980). These can be represen
ted in semantic networks in which they emerge as parts that are activated 
as a whole (Rumelhart & Norman, 1973) since the connections between 
the units within a schema are relatively strong. The number of units in a 
schema and the generality of the meaning of the units involved may vary. 



The mechanics knowledge base 103 

Rumelhart & Norman (1973), Rumelhart, Smolensky, McClelland & 
Hinton (1986) as well as Shastri & Feldman (1986) show that schemata 
represent knowledge and underlie (mental) activities. Rumelhart and 
Norman (1981) argue that schemata represent both declarative and 
procedural knowledge. They argue that knowledge exists embedded in 
specialized procedures that are employed in the interpretation of events 
in our environment. These can be represented in a network. Declarative 
knowledge is revealed when the network is 'interrogated'. The funda
mental mode of schema use, however, involves the execution of (mental) 
action and the demonstration of skill. Alba & Hasher (1983) describe 
how the activation of schemata allows us to select, interpret and complete 
the information given. 
Schemata can be considered generic models of classes of situations 
(Brewer, 1987). On the other hand, schemata can be quite general in the 
sense of 'relevant to a wide variety of situations'. General and generic 
schemata coexist. 
Three basic mechanisms underlie the way schemata represented in 
semantic networks can account for skills: (a) Bottom-Up activation (e.g. 
activation of a unit in the network by association with a particular aspect 
of the situation), (b) Top-Down activation (activation of the schema as a 
whole by mediation of a higher-level cognitive structure) and, (c) spread 
of activation (once a unit in the network is activated, it activates the units 
it. is strongly connected with). The latter mechanism causes schemata -
being groups of strongly interrelated units - to become completely 
activated, even when only some of its units are initially activated. 

For the purpose of investigating cognitive processes such as problem 
solving, we define a schema from a pragmatic point of view as: a unit in 
human memory representing a functional package of knowledge (Taconis, in 
preparation a). Although this definition is compatible to the network
definition by Rumelhart and Norman (1973), it imposes two demands on 
the network representation of a schema: the inclusion of so-called 
'observational units' and 'procedural units'. Taconis & Ferguson-Hessler 
(1993a) and Taconis (in preparation a) proposed a convention for 
representing the knowledge base as a network meeting these demands. 
Figure 4 (page 140) can be read as an example of this descriptional 
model. 

In this convention, the vertical dimension is employed for ordering the 
units hierarchicaJly. The hierarchy is defined by 'X is a kind of Y' 
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relations, which are symbolized by straight lines. This hierarchical 
ordering is apt to describe knowledge bases that comprise both schemata 
and generic schemata simultaneously (Taconis & Ferguson-Hessler, 
1993a; Taconis, in preparation a). 
The network comprises three kinds of units. Firstly, 'observational units' 
which are represented by trapezoids. These represent features of prob
lems that can be recognized straightforwardly without particular know
ledge of the domain. Observational units can depict superficial charac
teristics (e.g. 'horizontal', 'moving upwards') or situational knowledge. 
The latter concerns observable features that tell you what solution
oriented knowledge should or could be applied (e.g. 'non-zero velocity', 
'linear motion'). If no observational units are included, the semantic 
network will be 'a maze of interdependent meanings' with no relation to 
the real world (Minsky, 1975). 
Secondly, it comprises 'declarative units'. These denote concepts or 
problem features that can not be straightforwardly observed. The evalua
tion of their relevance requires declarative knowledge. These units are 
symbolized as rectangular boxes. 
Thirdly, it comprises 'procedural units'. These reflect mental or physical 
activities or procedures, for instance 'decomposition of a vector'. Taconis 
(in preparation a) argues that procedural elements should be included in 
the network. Since a schema itself can represent procedural knowledge it 
may include procedural units which can be taken as procedural subsche
mata not described in full detail (Rumelhart and Norman, 1981). The 
inclusion of procedures within a schema is also in line with De Jong 
(1986, pp. 38). The corresponding knowledge can in most cases be 
recognized by the use of a characteristic verb. Together, declarative units 
and procedural units will be referred to as solution-oriented units. 
'Observational units', 'declarative units' and 'procedural units' each form 
their own hierarchy. For example: the horizontal linear trajectory of an 
object is a kind of linear trajectory. These units therefore form a hierar
chy of - in this case - observational units. In order to reflect these 
hierarchies, observational units are concentrated on the left hand side of 
the network, while procedural units are concentrated on the right hand 
side. 
Attributes (that is, characteristic qualities) are symbolized by an oval con
nected to the unit showing the attribute by a dashed line (Taconis, in 
preparation a). Due to the hierarchical organization, attributes are incor
porated in an efficient way since they can be transferred downwards in 
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the hierarchy (a special kind of an instance shares the attributes of the 
more general instance; Hayes, 1990). 
Other relations between the units can be of various types. Examples of 
such special relations are abilities ('X can Y') and quantitative relations. 
Special relations are indicated by a bold line and are usually labelled. 
Activation spreads throughout the network by the links. The hierarchical 
'X is a kind of Y' relations only allow upward spread of activation 
(Shastri & Feldman, 1986). 

We consider this convention for describing schemata through semantic 
networks apt for describing the knowledge base as to relate it to non
canonical knowledge and understanding as well as to problem-solving 
performance. First, semantic networks - usually without observational or 
procedural units - are well-known in the research of non-canonical 
domain knowledge (e.g. Roth & Roychoudhury, 1993). Secondly, the 
schema approach has successfully been used in research into the relation 
of problem solving and the knowledge base (e.g. Chi, Feltovich & Glaser, 
1981). 

5.2.2. Findings on the contents and structure of the knowledge base 

Findings on the contents and structure of the knowledge base concerning 
(classical) mechanics yield information on the schemata we may expect to 
find. Two directions of research can be distinguished: first, the analysis 
of novice and expert's knowledge bases, and secondly, the analysis of 
misconceptions (non-canonical ideas). 

Concerning the first direction, Chi, Feltovich, and Glaser (1981) found 
that experts have their knowledge base organized in problem schemata. 
Each of these comprises knowledge pertaining to a particular solution 
approach based on major physics laws or principles, e.g. energy conserva
tion, conseivation of momentum, conservation of angular momentum. 
Besides this, problem schemata comprise knowledge of structural and 
surface features of problems that can trigger these solution approaches. 
De Jong and Ferguson-Hessler (1986) distinguish three types of knowled
ge represented in a problem schema: declarative knowledge (knowledge 
of concepts, scientific laws etc.), situational knowledge (the knowledge 
that tells you what declarative knowledge can be used in a particular 
situation), and procedural knowledge (how to use the declarative know
ledge). Together, declarative knowledge and procedural knowledge are 
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called solution-oriented knowledge. De Jong and Ferguson-Hessler 
(1986) also define strategic knowledge, which is of a more general kind 
and not a constitute of a problem schema. 
It is important to note that problem schemata are a particular class of 
schemata. The schema-concept as such is not limited to canonical 
domain knowledge or the memory of experts. From our theoretical stand 
the question is not whether non-experts have schemata, but "What do the 
non-experts' schemata look like?" (Taconis, in preparation a). 

The second direction of research concerns misconceptions (non-canonical 
ideas). For mechanics, various such misconceptions are extensively de
scribed in literature (Watts & Zylbersztajn, 1981; Watts 1983; Driver, 
Guesne & Tiberghien, 1985; Gunstone, 1987; Van Genderen, 1989; Ali, 
1990; Van der Valk, 1992). 
Non-canonical ideas particularly relevant for mechanics are: 

a. Zero velocity implies zero force (Viennot, 1979; Van Genderen, 
1989). 

b. Non-zero velocity implies non-zero force (Viennot, , 1979; Van 
Genderen, 1989). 

c. The distinction between the concepts of energy and force is incom
plete and the terms tend to be employed as synonyms. 

d. Energy and force are irrelevant for cases of 'natural motion' ( = 
motion occurring without need for a (human) animator, e.g. falling). 

Andersson (1986) proposed 'the experiential gestalt of causation' as the 
common core of these (and other) non-canonical ideas. An important 
aspect of Andersson's idea is that it is represented as a 'gestalt'. We 
describe a gestalt as an internalized representation of a coherent pattern 
of interrelated phenomena. Ohlsson (1984a; 1984b) has shown the 
parallels (and differences) between the gestalt-approach and the schema
approach. Taconis and Ferguson-Hessler (1993a; Taconis, in preparation 
a) interpret this knowledge-structure as a schema which they call the 
'causal schema'. They explicitly describe it by means of a network. This 
network is then used to explain the result of a case study on sorting 
problems. Appendix 1 shows the main elements in 'the experiential 
gestalt of causation' as quoted from Andersson (1986) as well as the 
schema interpretation by Taconis & Ferguson-Hessler (1993a). 
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5.3. Research Questions 

The study consists of two parts: a description part and an evaluative part. 
The research questions for the descriptive part are: 

la. What do the schemata that build up the mechanics knowledge base 
typically look like of pupils preparing for the physics final examina
tion of Dutch general secondary education1? 

lb. To what extent does non-canonical domain knowledge occur within 
this typical knowledge base? 

Since a description of the mechanics knowledge base can never be 
complete, we focus attention on those aspects that distinguish the ade
quate knowledge base from inadequate ones: integratedness, connected
ness and correspondence. By this, we can judge the degree to which the 
typical knowledge base is adequate for problem solving and success in the 
technical sectors of tertiary education in particular. 
The use of schemata - their contents and structure as well as their 
interrelations - to describe the typical knowledge base, guarantees that 
the aspects of integratedness and connectedness are covered. The third 
distinctive aspect (correspondence) is covered by research question lb. 
In this, we focus on the non-canonical ideas listed in the theoretical para
graph. 

For the evaluative part, the research question is: 

2. How do various problem-solving skills and physics final exam grades 
relate to the characteristics of the mechanics knowledge base and the 
schemata within it? 

Research question 2 comprises both the testing of relations hypothesized 
on the basis of literature and the exploration of new relationships. The 
hypotheses tested are: 
A. The stronger and more frequent the connections between situational 

and solution-oriented knowledge, the better the problem-solving 
performance (Chi, Feltovich & Glaser, 1981). 

1The study comprises both HA VO (general secondary education preparing for 
higher vocational education) and VWO (pre-university education). 
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B. The smaller the amount of non-canonical domain knowledge in the 
knowledge base, the better the problem-solving performance 
(Shaughnessy, 1985). 

S.4. Method 

S.4.1. Choice of the population and sample description 

Students preparing for the final examination of Dutch general secondary 
education were chosen as population. Although called general, one of the 
aims of Dutch general secondary education is preparation for higher 
education (Ministerie van Onderwijs en Wetenschappen, 1991; 1992). In 
the Netherlands there are two types of general secondary education that 
prepare for higher education: pre-university education (VWO) and higher 
general secondary education (HA VO) which prepares for higher vocatio
nal education. The description of the mechanics knowledge base as we 
plan it has particular practical meaning for the population chosen. 
Problems arise in the transfer from general secondary education to the 
technical and scientific sectors of Dutch higher education of which an 
inadequate knowledge base may be a cause. 
Our sample consisted of 126 students from general secondary education 
(HA VO) and 190 students from pre-university education (VWO). In this 
article we will treat these groups as one population, making only occasio
nal remarks on striking differences between these subgroups in the 
population. The students came from 18 classes from 8 different schools. 
The sample comprised 10 different teachers and 4 different textbooks. 
Apart from the textbook used, additional information on the curriculum 
was collected. This concerned: (a) the way problem-solving skills were 
trained, and (b) the subjects' grades for the mechanics tasks within the 
school-bound part of the final examination (in Dutch: 'schoolonderzoek'). 

S.4.2. Description of the instruments 

A card-sorting task was used to study the knowledge base. To answer 
research question 2, a problem-solving test was used in addition. 

S.4.2.1. The problem-solving test 

The test focuses on the problem-solving skills relevant to higher educati
on. It was derived from a test developed and validated earlier (Taconis, 
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Stevens & Ferguson-Hessler, 1992). Judges considered the level of the 
problems in the test reasonable for students from pre-university educati
on (VWO) and slightly difficult for students from general secondary 
education (HA VO). The formulation of the problems is considered to be 
clear. 
From the written solutions the subjects' performance on the problem
solving skills 'analysis', 'planning', 'elaborating', 'making strategical choices 
about the application of the formalism' (Taconis, Ferguson-Hessler & 
Verkerk, submitted) and 'checking the answer' were identified using a 
previously designed guideline for coding. Appendix 2 shows a typical 
task, and the related fragment of the guideline for coding. 

5.4.2.2. The card-sorting task 

Card sorting is a well-known method for determining the structure of 
domain knowledge (De Jong, 1986). Two types of card-sorting tasks can 
be distinguished. Chi and her collaborators asked their subjects to sort 
problems (Chi, Feltovich & Glaser, 1981; Chi, Glaser & Rees, 1982). This 
method elicits only the silhouettes of the schemata and the internal struc
ture of the schemata stays hidden for the greater part. This technique is 
apt for detecting canonical schemata. 
Another approach is taken by De Jong & Ferguson-Hessler (1986). They 
asked their subjects to sort knowledge elements. This technique - which is 
oomparable to concept mapping (Roth & Roychoudhury, 1993) - provides 
detailed information on the relations between knowledge elements. A 
previous identification of the knowledge elements subjects might possibly 
put forward is needed for the design of the knowledge element cards. 
Depending on the knowledge elements chosen, canonical or non-canoni
cal knowledge can be investigated. This technique does not automatically 
investigate the knowledge base within a problem-solving context. Sub
jects are reported to choose categorization criteria other than the intend
ed solution-oriented criteria (Ferguson-Hessler & De Jong, 1987). 

In an attempt to combine the advantages of both techniques, our card
sorting task comprised two phases. In the first phase the students are 
asked to categorize a set of 15 problems according to their view of the 
(most) appropriate solution approach. Since our interest in non-canoni
cal knowledge is mainly limited to its role in problem solving, the possi
ble constraint on the recall of non-canonical knowledge to problem
oriented ideas which the problem-solving context sets, is an advantage 
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rather than a drawback. In the second phase, the students are asked to 
add knowledge element cards to their previously formed problem catego
ries. 
We will now first describe the card-sorting task. It was tested and 
adjusted through pilot experiments on which we will subsequently report 
(Taconis & Ferguson-Hessler, 1993b ). 

Card-sorting procedure 
As a first step of phase 1, the students were asked to read through all the 
cards (step a). This was to guarantee that all information on the cards 
had been read at least once and to facilitate the construction of an 
overview over the entire set of problems. Such an overview reduces the 
hazard of sequential sorting strategies in which a problem is compared to 
its immediately preceding problems only. 
Each of the problem cards in the set was identified by a numerical code. 
The problem cards were presented in the same order to all students. 
This order was: problem 7, 34, 52, 5, 47, 28, 25, 8, 14, 69, 29, 21, 3, 54, 63 
(see Appendix 3a). This order avoids immediate succession of problems 
that we hypothesized to be grouped together (Table 1), or that show 
obvious superficial similarity. 
The students were then to perform the actual sorting (step b ). The 
instruction was: "Make piles of cards with problems that belong together 
because you can use the same formula or law in solving them. In this, you 
can think of formulas concerning energy, concerning force, concerning torque, 
concerning velocity and acceleration or other formulas". 
The students were then asked to check their categorization for mistakes 
and register the verified categories on an especially designed answer 
sheet (step c). Finally, the students were asked to give each of their 
categories a name reflecting the categories' rationale (step d). These 
names allowed a check on the intelligibility of the categories. Besides 
this, the names were used as one of the indicators for the knowledge 
underlying the categories. 
Next in phase 2, no changes in the problem categories were allowed, 
The students were asked to add knowledge element cards to their 
problem categories (step a). Knowledge elements might be assigned to 
any number of categories. The students were to list all assignations of 
the knowledge elements on their answer sheet (step b ). If a student felt 
that a particular knowledge element fits neither of his problem catego
ries, he was asked to register the number of that card to show that he did 
consider it. 
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The criterion for 'assigning' a particular knowledge element is that it 
harmonizes with all problems in the category. This stringent criterion 
may cause some loss of information on problem details. However, it 
allows the conclusion that a knowledge element harmonizes with each 
individual problems in the category. Therefore, the knowledge element 
can be interpreted as a part of the schema reflected in the problem 
category. 
Finally, the students were asked to explain the relation of the knowledge 
elements on the cards marked with an asterisk to the problem categories 
they assigned it to. 
The whole procedure can be completed in a full lesson in Dutch seconda
ry education (about 45 minutes). Phase 1 of the card sorting task takes 
about 25 minutes. 

The cards to be sorted 
Appendix 3a shows the problem cards as used in pre-university education 
(VWO). The problems used in general secondary education (HAVO) 
are the same, except for a slight reduction in complexity of the problems 
(i.e. the number of relevant forces) and minor changes as to avoid that 
the solution of the problems requires knowledge not included in the 
examination syllabus of general secondary education (HAVO). The 
problems were designed and tested in pilot experiments (Taconis & 
Ferguson-Hessler, 1993b). All problems concern situations familiar from 
everyday life. The descriptions are 'contextual-rich', i.e. they include 
aspects usually occurring in real-life situations but redundant from a 
scientific point of view. The majority of the problems includes a realistic 
picture and redundant numerical information. The use of contextual-rich 
problems combines well with the goal of Dutch general secondary physics 
education to equip students with physics knowledge and skills that they 
can apply in real life. In the examination syllabi real-life situations are 
indicated in which the students should at least be able to apply their 
knowledge. Moreover, contextual richness of problems may facilitate the 
activation of non-canonical knowledge. 
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Table 1: The matrix used for the design of the card-sorting experimenL The expected 
canonical distinctions (main solution· approaches) are crossed with the non-canonical 
categories hypothesized on the basis of a study on non-canonical ideas in mechanics. 
The numbers in the matrix indicate the problem cards (Appendix 3a). 

The problems were constructed according to five different solution ap
proaches. Chi, Feltovich & Glaser (1981) found that experts have 
problem schemata that correspond to major physics laws. The presence 
of these problem schemata may lead to the formation of categories 
reflecting them. Our expected canonical categories (columns of Table 1) 
are therefore characterized by a particular (set of) basic formulas. These 
are Statics using torque (.ET=O). Statics using forces (Newton's first law: 
.EF = 0), Linear dynamics with constant acceleration (Newton's second law: 
F=ma), Dynamics (Energy and Work), Kinematics With constant aecele
ration (e.g. v(t) = v(O) + a.t). 
Most problems in our set can be solved by only one of these methods. 
However, the examination syllabi do not comprise non-constant accelera
tion and forces varying in time or direction. This implies that problems 
that can be solved by applying energy, can almost always be solved by a 
combination of kinematics and Newton's second law as well. Problems 
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14, 29 and 47 can most easily be solved employing energy, but can also 
be solved using Newton's second law and kinematics. However, problem 
63 (after Van der Valk, 1992) has to be solved using energy and can not 
be solved using Newton's second law. This particular type of problem is 
explicitly included in the examination syllabi. So, the energy column of 
our design matrix depicts preferred solution approach rather than 
required solution approach. 

Apart from being varied over expected canonical categories, the problems 
were designed according to four expected non-canonical categories. 
These are the rows of Table 1. Two distinctions underlie these four 
categories. 
The first distinction concerns the velocity state of the object: motion 
(v7'0) versus no motion (v=O). It is assumed that students judge prob
lems according to their velocity state while neglecting the acceleration 
state when making the distinction between statics and dynamics. 
The second distinction accords with Andersson's (1986) 'experiential 
gestalt of causation'. This distinction comprises three categories: natural 
motion, causal agent and exerting effort. Taconis & Ferguson-Hessler 
(1993a) interpretated the 'experiential gestalt of causation' as a schema: 
the 'causal schema'. Clues that can facilitate the activation of the 
hypothesized 'causal schema' (i.e. presence of human intentions and 
activities) were derived from Andersson (1986). These were incorporated 
in the problems about non-natural motion. Such clues were minimized in 
the problems concerning natural motion (e.g. falling). It is assumed that 
the activation of this hypothesized causal schema would facilitate the use 
of the (non-canonical) concepts of force and energy. 

Care was taken to avoid superficial resemblances of problems that could 
cause the construction of (seemingly) canonical or non-canonical catego
ries. The problems were submitted to a panel of experts in the field of 
physics education. These judges stated that the problems are clearly 
formulated. The level of difficulty of the problems was considered 
reasonable for students from pre-university education (VWO) but some 
of the problems were considered a bit difficult for students from general 
secondary education (HA VO). The panel also verified the adequacy of 
the operationalisation of the various canonical and non-canonical classes. 
The criteria for these classes were explained to the judges. The judges 
were then asked to allocate the problems to the cells of the matrix in 
Table 1. The operationalisation of the canonical criteria (columns) 
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proved adequate. For the agreement between the judges a mean value 
of Cohen's K of .82 was found. However, the operationalisation of the 
non-canonical criteria proved inadequate for quantitative measurements 
and testing of hypotheses (K= .50). This does not hinder descriptive and 
explorative studies. For the combined criteria (cells) a value of K=.64 is 
found. 

The cards used in the second phase of the card-sorting experiment 
(Appendix 3b) represent knowledge elements of various types: situatio
nal, declarative and procedural. 
Only card 81 depicts situational knowledge. 
Assignation of cards 6, 38, 13, 15, 85, 19 and 33 requires canonical or 
non-canonical knowledge of concepts and depicts declarative knowledge. 
For example, the adequate determination that the resultant force is non
zero (card 13) requires the canonical concepts of forces. Labudde, Reif 
& Quinn (1988) have argued that acceleration (cards 15 and 85) in its 
canonical sense cannot straightforwardly be observed. Cards 38, 33 and 
19 refer to non-canonical ideas known from literature. These relate to 
the hypothesized 'causal schema•. For example: ''The total force points in 
the direction in which the object moves" (card 38) corresponds to the 
non-canonical idea that force causes motion (Viennot, 1979; Van Gende
ren, 1989; Taconis, in preparation a). 
Cards 17, 20, 61 and 53 contain a description of the solution approaches 
defining the columns of Table 1. These will be indicated as the solution 
approach cards hereinafter. Card 61 ("F=ma") may be read to enclose 
Newton's first law (:EF=O and a=O imply each other) as a particular case. 

5.4.2.3. Pilot experiments 

A series of pilot experiments was performed in order to optimize the 
card-sorting instrument. These experiments concerned three issues: 

a. the optimization of the task instruction and the evaluation of the 
·possible effects of the exact form of the task instruction on the cat
egories formed; 

b. the effect of the sequence in which the problems are presented on 
the categories formed, and the actual sorting strategies followed by 
the subjects; 

c. the optimization and validation of the problems to be sorted. 
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As in the main study, the pilot experiments were carried out within the 
physics classroom. In addition, pairs of students were selected from each 
class. These performed the task while discussing their ideas in the pres
ence of a researcher. Couples with about the same mean physics grades 
were selected, since pilot experiments showed that such homogeneous 
couples produced the most constructive discussion. The competence of 
the pairs ranged from poor to excellent mean physics grades. The discus
sions were audiotaped and transcripts were made and analyzed. The 
second and the third issues are studied after the first issue and employ 
the definitive instruction which is also used in the main study. We will 
now describe the main results of each of the pilot studies. 

Optimization of the task instruction 
Investigations into this issue comprised 126 subjects in total. This sample 
was drawn from the same population that was studied in the main 
research, but independent from the sample used in the main study. The 
subjects came from various schools, school types and classes. 
Four different types of instruction were used. These varied in the degree 
to which the criteria for categorization were prescribed or indicated. 
Appendix 4 shows the crucial phrases within these instructions. 

Instruction A leaves the criteria for categorizing totally free. In instructi
on B, 'solution approach' is indicated by the phrase 'problems you can 
solve in the same way' in order to indicate the kind of criteria to be 
applied. In instruction C, the intended meaning of 'solution approach' is 
made more explicit by means of examples of main physics concepts and 
formulas involving these concepts. The formulas are merely indicated 
and are not presented in concrete mathematical form. In instruction D, 
the formulas and concepts that were used as examples in instruction C 
were presented as a priori names for the categories to be formed. 

The categories formed in the case of task instructions A, B and C are 
systematically different from the canonical categories used in the design. 
The categories formed under these task instructions showed two notable 
differences: (a) instruction C tends to lead to smaller categories than the 
others, and (b) the names under instruction C contained more formulas 
and physics concepts. These sometimes refer, however, to specific 
formulas (e.g. F spring= -cu). Such formulas do not refer to a main solution 
approach, but are applicable to a specific class of situations only. The 
categories produced under instruction D are very different from the 



116 Chapter 5 

categories produced under the other instructions. Cluster analysis 
showed that the central tendency in the solutions under instruction D is 
relatively close to the categories according to the canonical criteria used 
in the design. 

We conclude that the students need some kind of clue to arrive at sorting 
according to what we mean by solution approach. Instruction D clearly 
provided the strongest clues, but it also reduced the sorting task to the 
recognition of the applicability of formulas or concepts. This makes it 
unsuitable for the main study. On the other hand, the instructions A and 
B seem to have no impact on sorting at all. The examples provided in 
instruction C have a moderate indicative meaning with respect to the 
criteria to be applied, although inadequately interpreted in some cases. 
Instruction C requires more than sheer recognition of the applicability of 
formulas or concepts. It is therefore chosen for the main experiment. 

Sequence of problem presentation and actual sorting strategies 
This issue was addressed in two ways. First, the categories formed when 
the problem was presented in two different orders were compared. No 
difference in categories formed was found as a function of the sequence 
of presentation. 
Secondly, the card-sorting strategies actually used were investigated. 
Though the card-sorting procedure described in the instruction is desig
ned to prevent dependency of the categories on the sequence of problem 
presentation, students may deviate from it and fall back on strategies that 
induce such dependency. This was done in 21 interviews and through the 
observation of students sorting in class. 
Practically all students read through all cards before engaging in sorting 
them as was requested in the instruction. The only exception was 
observed for extremely competent students who immediately started 
sorting while initially reading through the cards. For the other students it 
was found that in most cases some kind of recognition of the problem or 
an aspect of the problem (e.g. the picture) takes place almost immedi
ately. This may be followed by a further interpretation. 
The mean sorting time per card after initial reading is about one minute. 
During the actual sortjng phase, over 90% of the subjects used a strategy 
we called 'sequentiaZ:addition'. These subjects went through the cards 
again, after reading through all cards as requested in the instruction. 
This time they decided card by card whether it was comparable to one of 
the categories formed previously. They usually compared the problem 
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with each individual category member. If judged incompatible with any 
of the existing categories, the subjects initiated a new category. 
Only in the case of subjects with extremely low mean grades for physics, 
a strategy called 'chaining' was observed. It resembles 'sequential additi
on', except for the way the compatibility of the problem in hand with the 
existing categories is evaluated. These subjects compared the problem in 
hand with only one problem for each of the categories formed previously. 
In most cases, this is the last card added to the category which mostly 
lays on top of a pile that materializes the category on the table. 
A negligibly small number of students used other strategies in the actual 
sorting phase. Some started to spread the cards out on the table. Others 
wrote down the formulas that appeared relevant to them on the cards 
which they then categorized using these formulas as markers. 
Without exception all students checked their categories as required in the 
instructions. In this, categories were broken up as well as combined. 
The next step required in the instruction is the naming of the categories. 
In most cases the process of naming started during construction of the 
categories. 
In summary we conclude that dependency of the categories formed on 
the sequence of problem presentation does not occur. The typical sorting 
strategy impedes it. Moreover no such dependency was observed. 

Optimization and validation of the deck of card-sorting problems 
Optimization of the problem cards took place during the execution of the 
various pilot experiments. However, only minor changes proved necessa-
ry. ' 
In order to validate the problems, the card-sorting task was presented to 
10 advanced undergraduate physics students. The categories by the 
undergraduate physics students resemble the expected canonical catego
ries (columns in Table 1) more closely than the result for the students 
from secondary education. This result is in line with the names given to 
the categories. These names are in line with the canonical names. 
However, these students tend to categorize problems as 'energy pro
blems', only if these can not be solved using forces. The undergraduate 
students seem to prefer solutions involving forces over the application of 
energy. 
Another source of the validity of the problems is the result of the pilot 
study concerning issue A. Apparently, students from secondary education 
are able to recognize the applicability of concepts or formulas when 
explicitly indicated (instruction D). This indicates that knowledge about 
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the concepts and formulas relevant for the problems on the cards is pres
ent. 
From the above, we conclude that the validity and appropriateness of the 
problems is confirmed. 

5.4.3. Method of analysis 

The card-sorting data were used for the description of the typical know
ledge base (research question 1). Three kinds of card-sorting data were 
analyzed: (a) the actual categories formed, (b) the names given to these 
categories, and (c) information on the assignation of knowledge elements 
to the problem categories. The category names were analyzed concerning 
four aspects which will be described below. 

The card-sorting data were also involved in answering research question 
2. Two variables contribute to answering this question in particular since 
these are involved in the hypotheses to be tested. These are: depth (the 
degree to which the category name contains knowledge that pertains to a 
solution approach) and the amount of non-canonical ideas in the names, 
and the problems. 
For answering research question 2, a problem~solving test was administe
red in addition. The data on this problem-solving test were analyzed with 
respect to five different problem-solving skills: 'analysis', 'planning', 
'making strategical choices about the application of the formalism' 
(Taconis, Stevens & Ferguson-Hessler, 1992), 'elaboration' and 'checking 
the result'. These data were also analyzed with respect to the occurrence 
of non-canonical utterances. 

Figure 1 is an overview of the variables included in the study (both 
research questions) as well as the relationships evaluated to answer 
research question 2. Figure 1 also comprises two external variables: 
'mechanics grade' and 'school type'. Correlation coefficients of grade 
with the other (internal) variables are evaluated. It is evaluated whether 
the school~type produces differences concerning the internal variables. 
Besides this, data on variables like 'teacher', 'textbook' and 'educational 
institute' were administered. This allows checking for the representative
ness of the sample. However, an rigorous evaluation of their effect on 
i.e. the knowledge base is out;;ide the scope of this paper. 



The mechanics knowledge base 119 

Bxtema1 variables Card soning Problem solving 

[~ 
. 

• 

i CATBOORISATION 
PROBLEM 
SOLVING SKILLS: 

NAMES 
Analysis 
Planning 

~ 
\ Strategic Choices 

Concordance Elahoralion 
~ ,, 

Caoooical Conlelllll Oiecking 

Deplh 
Non.-bl 

I ASSIGNATIONS 

IDEAS JN 
PROBI.J!M 1 

I S_OLUDONS --

Figure 1: The model of the relationships between the variables evaluated in research 
question 2. 

Below, the analysis of each of these kinds of data, and the way these 
contribute to answering the research questions will be discussed in more 
detail. 

S.4.3.1. Analysis of the problem-solving test 

Like the test itself, the method of its analysis is taken from work by 
Taconis and ci:>llaborators (Taconis, Stevens & Ferguson-Hessler, 1992; 
Ferguson-Hessler & Taconis, 1992; Taconis, Ferguson-Hessler & Verkerk, 
submitted). Previous to the actual analysis, a so-called Ideal Solution 
Process (ISP) was described. This contained both problem-solving 
activities essential for solving the problem, and skills that are beneficial 
but not essential for solving the problem. The ISP was used as a mask in 
the analysis. This implies that only those skills are measured that con
cern the activities described in the ISP. For each problem in the test, a 
set of five scores results. These depict the problem-solving skills: 
'analyzing', 'planning', 'making strategical choices about the application of 
the formalism', 'elaborating', and 'checking'. These scores can take one 
of three ordinal values: 'faulty and/or inadequate', 'partly incorrect or 
partly adequate' and 'correct and adequate'. A comprehensive guideline 
for coding was used (Taconis, Stevens & Ferguson-Hessler, 1992). The 
analysis was performed by two researchers. The agreement between the 
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judges was satisfying. Cohen's K was larger than . 70 while the cases of 
disagreement almost exclusively concerned neighboring ordinal values 
(Taconis, Stevens & Ferguson-Hessler, 1992). 
The analysis is made more complex by the fact that the lack of a parti
cular skill may obstruct the problem-solving process. This prevents the 
subject from getting to the point where it is necessary to demonstrate a 
certain other skill. Therefore, the latter skill cannot be measured. For 
example: a missing or inadequate analysis can block the problem-solving 
process and thus hinder the measurement of e.g. skills concerning solving 
a set of equations. This produces missing values for the problem-solving 
skill that requires the (previous) execution of other proplem-solving 
activities. 
The analysis of non-canonical ideas in the answers is pedormed analo
gous to the way this is done in the category names and is described 
below. 

5.4.3.2. Analysis of the categories formed 

The categories formed yield information on the contours of the schemata 
activated (research question la). An especially written computer pro
gram was used to bring the data into a form to be read by SPSS (Taco
nis, 1993). Cluster analysis of the problems was pedormed using the 
SPSS program. In this cluster analysis, the fraction of the students that 
placed a particular combination of problems in the same category was 
used as a similarity measure and complete linkage was used, as a cluste
ring method. The clustering result represents the 2- card combinations 
most frequently formed and the most frequently formed combinations of 
these with other cards or previously formed clusters. This obvious 
interpretation of the clustering result supports its validity (Aldendoder & 
Blashfield, 1984). 

5.4.3.3. Analysis of the category names 

It may occur that a categories formed is no more than a pile of problems 
that a subject cannot intelligibly categorize. Such categories should be 
excluded from further analysis. Each of the categories was judged for its 
integrity by its name. A further analysis of the names concerns four 
aspects: (a) depth, (b) concordance with the contents of the problem 
category, (c) canonical knowledge, (d) non-canonical ideas. 
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Depth 
The depth of the name is an ordinal variable referring to the degree to 
which the name describes something relevant to the solution of all 
problems in the category. This variable reflects the degree to which the 
category name contains knowledge that pertains to a solution approach. 
It is crucial for answering research question 2 (hypothesis A). Appendix 
5 shows the ordinal classes and the criteria used. To preserve the ordinal 
character of the classification, each name is put in the highest category 
possible. A depth index was defined as the average depth of the names 
of the problem categories formed by the student. In this, the classes 4 
and 5 (Appendix 5) as well as 6 and 7 were collapsed into each other as 
to avoid practically empty classes (4 and 7). 

Concordance 
Concordance (of the name with the contents of the problem category) 
indicates the degree to which the name is actually true for the problems 
within the category. The operationalisation of the concordance depends 
on the depth of the name. For superficial or situational names, the value 
of concordance is the fraction of problem in the category that actually 
shows the named situational characteristic. For names that refer to a 
scientific concept or a solution approach, the value of concordance is the 
fraction of problems in the category for which the use of this concept or 
approach is relevant to solve the problem. The value of concordance can 
be interpreted as a measure of the accuracy with which the students 
apply their knowledge. It is therefore relevant to answer research 
question 2. 

Canonical contents 
This variable is relevant to the description of the content of the knowled
ge base as well as to the evaluation of conceivable relations of the 
contents and problem-solving performance. A list of keywords was used 
to characterize the knowledge contents of the names. This list embraces 
situational characteristics, physics concepts, entities and formulas, and 
procedures (e.g. decomposition of forces). This list was compiled on the 
basis of a list used in the pilot experiments during the process of analy
zing the names. More than one keyword can be assigned to a name. 

Non-canonical ideas 
The category names and the answers to the problem-solving test were 
also searched for non-canonical ideas. This is crucial for answering 
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research question 2 (hypothesis B). In this, we focused on the non
canonical ideas mentioned in the theoretical paragraph. Appendix 6 
shows the particular non-canonical utterances that we used as indicators 
of the presence of these ideas in the category names or the solutions to 
the problem-solving test. These indicators were derived from various 
sources (e.g. Viennot, 1979; Driver, Guesne & Tiberghien, 1985; Anders
son, 1986; Van Genderen, 1989). 

5.4.3.4. Analysis of the knowledge element assignations 

High frequencies of the assignation of a knowledge element to a particu
lar problem category indicates that this knowledge is typically related to 
that problem category. Moreover, the assignations of knowledge ele
ments may show mutual correlations. This pattern of mutual correlations 
contains information about the structure of the schema(ta) underlying the 
problem category since schemata are 'activated as a whole'. For example, 
students may tend to assign either both or neither of the knowledge 
element cards 'use Newton's second law' and 'the velocity is non-zero'. 
This is an indication that the knowledge about these cards is mutually 
connected and hence is part of a schema. 
It may be objected that such correlations may result from the particular 
collection of cards used. For example, it could be that no problems are 
presented for which the velocity is zero but to which Newton's second law 
should be applied. Therefore, the result of the analysis of the mutual 
correlations between the assignations of the knowledge element cards 
principally generates hypotheses rather than testing them. Adequate 
testing would involve a repeated experiment with different sets of pro
blems. 
However, in the design we followed - in which the problems are categori
zed before assigning knowledge element cards - some testing takes place. 
First, each assignation concerns a whole category of problems judged 
rather than individual problems. Thus, comparison of the outcome of the 
analysis can be related to the names the subjects gave to their problem 
categories and hence be validated. Secondly, when comparable patterns 
are found for distinct categories of problems this strengthens the out
come. However, this approach is biased towards more or less general 
knowledge-structures. 



The mechanics knowledge base 123 

The above procedure of comparing the assignation patterns for various 
clusters can be elaborated in a statistical method. 
As a first step, the matrix of mutual similarities of the knowledge ele
ment cards is calculated. Correlation coefficients can be employed as a 
measure of similarity. Such similarity matrices can be formed separately 
for each of the problem categories frequently formed. Besides this, a so
called 'aggregated correlation matrix' can be formed by taking the mean 
of the mutual correlation coefficients as found for the various problems, 
irrespective of the categories formed. This procedure is allowed since we 
used a stringent instruction for the students: a knowledge element may 
only be assigned to a problem category if it is in harmony with every card 
in the problem category. However, the distribution of the mean of 
correlation coefficients is statistically tricky. This hinders the use of 
statistical significance tests, but does not hinder explorative research. 
Then - as a second step - cluster analysis or principal component analysis 
can be used to identify groups of mutually associated knowledge ele
ments. Principal component analysis can be performed by factor analysis 
or the princals subroutine of the SPSS program (princals = principal 
component analysis by alternating least squares). 
As a last step, the clusters or factors formed thus can be evaluated in 
order to find out whether these really represent a schema. If correlation 
coefficients are'used as a similarity measure, Cronbach's a: can be used as 
a. measure of the internal coherence of the hypothesized knowledge-struc
ture. Usually, it is used to determine the homogeneity - and hence 
reliability - of a scale formed out of items in a questionnaire. In our 
case, the imaginary items of the scale are the various judgements on 
knowledge element card - problem category relationships. For each of 
these, the subjects have to judge whether the knowledge element fits the 
problem category. 
Cronbach's a: can be estimated using the formula: a: = k.cor / { 1 + (k-
1 ).cor}. In this, 'cor' is the mean inter-item correlation coefficient and 'k' 
is the number of items in the scale. In our case, 'cor' is the mean mutual 
correlation coefficient between the assignations of the knowledge ele
ments hypothesized to form a schema. For k we take the number of 
judgements on problem - knowledge element relationships. So k equals 
'the number of problem cards considered' (i.e. the number of problems is 
the particular problem category under consideration) times 'the number 
of knowledge elements that is hypothesized to form a schema'. 



124 Chapter 5 

S.4.4. Procedure 

The experiments were carried out in the physics classroom. The whole 
experiment takes two lessons. In the first lesson the card-sorting task is 
done. In the second lesson, the subjects complete the problem-solving 
test. 
During card-sorting the use of an index of formulas was prohibited. This 
is in contrast with the HA VO and VWO final examinations in which the 
use of the 'BINAS Book of Tables' containing such an index is allowed. 
Allowing the use of a book of tables during card-sorting could facilitate 
strategies like direct comparison of the entities mentioned in the pro
blems with entities mentioned in the formulas in the book. This would 
obscure the knowledge-base analysis. 

S.S. Results 

S.S.1. Description of the typical knowledge base 

The average number of categories formed is about 5.3 witq a standard 
deviation of less than 1. Mean sorting time per card after itjitial reading 
is about one minute. Almost all categories formed by the ~tudents are 
intelligible. These carry names that show that these are not :just piles of 
problems that the subject apparently can not categorize in an intelligible 
way. Averaged over all clusters, a value of 'concordance' of about 80% is 
found. 
Figures 2a and 2b both show a dendrogram, produced by a cluster 
analysis of the cards, one for general secondary education (HA VO) and 
one for pre-university education (VWO). The fraction of students who 
put each particular pair of cards within the same category was used as a 
similarity measure. Complete linkage was used as clustering method. The 
frequencies of the particular clusters and combinations are shown in 
Table 2 (page 126). 
Figures 2a and 2b show that there is little difference in categorization 
between general secondary education (HA VO) and pre-university educa
tion (VWO). For other subgroups of students, roughly the same cluste
ring solution is found. This supports the reliability of the clustering 
outcome as an adequate description of the categories typically formed 
(Aldendorfer & Blashfield, 1984). These may reflect a core in the 
knowledge base common to the vast majority of the students. 
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Figure 2a: Dendrogram of a clustering of the problem cards using Complete Linkage 
for HAVO (n=126). The analysis was performed on the matrix of mean frequencies 
of combining the couples in the same cluster. The numbers in the left column are 
the problems. 
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Figure 2b: Dendrogram of a clustering of the problem cards using Complete Linkage 
for VWO (n=190). The analysis was performed on the matrix of mean frequencies of 
combining the couples in the same cluster. The numbers in the left column are the 
problems. 
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HAVO (n=126) VWO (n=190) 

combinati- clusters combinati- clusters 
ODS ODS 

ct: (5,25) 73.8 38.9 81.6 46.3 

c2: (7,47) 77.8 31.0 74.2 31.1 

c3: ((5,25),(7,47)) 6.3 2.4 6.3 2.6 

c3':((5,25),7}) 11.9 4.8 15.3 6.3 

c4: (8,69) 61.9 4.8 53.2 4.7 

c5: (28,54) 61.9 7.9 64.2 95 

c6: (28,54),21) 35.7 4.8 35.8 3.7 

c7: ((8,69),(28,54),21)) 13.5 8.7 13.2 5.8 

c8: (3,29) 62.7 7.9 67.9 11.1 

c9: (14,52) 54.8 4.0 58.4 6.3 

clOh: ((14,52),34) 38.1 7.9 

cllh: ((3,29),63) 27.8 3.4 

c12h: (((3,29),63),((14,52),34)) 12.7 7.9 4.2 2.1 

clOv: ((3,29),(14,52)) 7.4 

Cllv: ( ((3,29),(14,52)),34) 12.6 5.3 

c12v: ((((3,29),(14,52)),34),63) 12.7 7.9 

Table 2: Percentages of subjects who formed the combinations (the indicated cards 
plus possible non-specified other cards) and dusters (the indicated cards from a 
cluster of their own) from Figure 2a and Figure 2b. 

Four superclusters are identified: supercluster Cl comprising problems 5 
and 25, supercluster C2 comprising problems 7 and 47, supercluster C7 
comprising problems 8, 69, 28, 54, and 21, and supercluster C12h/v 
comprising problems 52, 14, 34, 3, 29 and 63. On average, 70% of the 
combinations of two problems within a category is in accordance with 
these superclusters. 
Comparison of the typical categories with the categories hypothesized in 
designing the set of problem cards (rows and columns of Table 1) shows 
that none of the clusters is in accordance with the rows of Table 1. 
However, the clusters Cl, C3' and CS are in accordance with the columns 
in Table 1. These categories harmonize with 'total torque is zero', 
'statics' and 'kinematics' respectively. 
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The poor reproduction of the hypothesized categories suggests that the 
canonical and non-canonical criteria used to design the cards are not the 
main distinctions underlying the typical categorization. 
The analysis of the category names may help to identify the typical 
categorization criteria used. Appendix 7 shows the keywords identified in 
the names. The columns of the table of Appendix 7 correspond to the 
classes of the depth index. The depth index showed a median of about 
2.7 which is in between the value for situational naming (class 2) and 
solution-oriented naming (3 and higher). 
The table in Appendix 7 shows that the superficial and situational 
keywords are sufficient to characterize the superclusters adequately. 
Supercluster Cl is typically named 'hoist', 'pulley', 'lever', 'force', 'use 
Newton's (second) law' and 'torque'. Names for supercluster C2 typically 
comprise 'slope', 'inclined plane', 'angle', 'force', 'energy' and 'decomposi
tion'. Supercluster C7 is typically named 'horizontal', 'friction', 'accelera
tion', 'kinematic entities', 'kinematics' and 'force'. 'Decomposition' is 
prominent in names for cluster C4 and CS. Supercluster Cl2h/v is 
typically named 'vertical', 'height', 'falling', 'acceleration', 'gravitational 
acceleration', 'energy', 'force' and 'horizontal or vertical throw'2• 

For some clusters, non-canonical utterances occur in the names. On 
average, this was the case in 18% of the names. The names for cluster 
Cl frequently ( > 20%) harmonize with a confusion of torque and force, 
a{ld with various non-canonical ideas concerning force. The majority of 
the names for the cluster C4 ( > 50%) harmonize with a conception of 
forces as antagonists. The problems in this cluster (8 and 69) concern 
pushing and pulling, situations that apparently activate this non-canonical 
idea. To a lesser extent, the same is true for supercluster C7 and cluster 
C9. 

5.5.2. Relation of the knowledge base and the performance on the 
problem-solving test 

Table 3 gives an overview of the various variables and their mutual 
correlations (Figure 1) involved in the evaluative study (research question 
2). 

2Most Dutch books on physics contain a chapter dealing with the kinematics of 
objects thrown in a horizontal direction. In Dutch this is called the 'horizontale worp' 
(literally: horizontal throw). The 'horizontale worp' as such is part of the physics 
examination syllabus for HA VO and VWO. 



Mechanics Concordance Depth Non-canonical ideas in Non-canonical ideas in 
grade (fraction) (following Ap- names the problem-solving test 
(out of ten) pendix S) (fraction) (fraction) 

Dependency on school HAVO-value 6,1 .76 25 .21 12.2 
type: 

VWO-value 6,7 .80 3.1 .12 115 

1-value 4.4 .... 1.7* 6.0°•• -3.6 .... -1.4 

. 02 

.35° .. -.OS 

-.16··· .03 -.27 .... 

in the -.11 .. -.OS .... 12 .. .08' 

Problem-solving skills analysis .Jt•••• .08 .2S ..... .03 -.28···· 
planning .39···· .03 .37*••• -.09' ... 60'**** .35···· 

elaboration .13•• -.01 -.09' .04 .17 ... 

strategical .16' -fl> -.02 .18 .. ,25••• .10 
choices 

.18* .11 -.24 .06 ,24•• .06 -.10 

Table 3: Overview of the Pearson correlation coefficients and differences between the HA VO and VWO subgroups. Grades and 
scores on the problem solving test are out of ten. The values for 'concordance' and 'non-canonical ideas' are fractions. Depth 
follows the levels defined in Appendix 5 (e.g. 2 meanl'i situational and 3 means situational/strategic). Significance levels are: * <.10; 
* <.05; **** <.01; **** <.001. 
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School type is a first external variable. Students from pre-university 
education (VWO) gain significantly higher scores for problem-solving 
skills, 'analysis' and 'planning' in particular. They have significantly lower 
scores for non-canonical ideas in the category names. VWO-students 
also give deeper names to their categories. The second external variable: 
'mechanics grade' (column one) correlates significantly positively with 
depth, and with the problem-solving skills 'analysis' and 'planning'. 

Amongst the variables concerning card sorting, depth (column three) 
shows significant positive correlation coefficients with the problem-solving 
skills 'analysis' and 'planning' (hypothesis A). Depth also correlates 
negatively with the occurrence of non-canonical utterances in the names, 
and tends to correlate negatively to non-canonical utterances in the 
problem-solving test. 
Other variables like 'concordance' (column 2) and the number of catego
ries formed proved independent of problem-solving performance, grades 
on mechanics, and the occurrence of non-canonical ideas. 

In addition to the results in Table 3, a cluster analysis for the separate 
subgroups of poorly performing students and well-performing students, 
showed that these form essentially the same categories. However, the 
formation of particular clusters may be associated with either high or low 
scores on the problem-solving test and high or low frequencies for non
canonical utterances in the problem-solving test. This will be discussed in 
the next paragraph for a limited number of frequently formed categories. 

S.S.3. Knowledge content of frequently formed problem categories 

The analysis of the knowledge associated with the categories formed 
involves the analysis of the keywords and non-canonical utterances in the 
names as well as the analysis of the knowledge element assignations. For 
the frequently formed categories, Appendix 7 gives an overview of the 
keywords in the names. Appendix 8 gives an overview of the frequencies 
of the assignations with which the knowledge elements are assigned to 
the various clusters. The entries depict the fraction of the students who 
formed a particular typical problem category and that also assigned it a 
particular knowledge element. 
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We limit our discussion of the knowledge content of the problem catego
ries formed to the typical categories Cl and C2. These are the most 
frequently formed categories. The problems in these clusters will be 
indicated by their codenumbers. The actual problems are given in 
Appendix 3a. For these clusters we will discuss: (a) the frequencies with 
which the various knowledge element cards are assigned, (b) the mutual 
correlations between the assignations of the knowledge element cards, 
and (c) the relation between the assignation of the solution approach 
cards (knowledge element cards 17, 20, 61, and 53) and the problem
solving skills as measured in the problem-solving test, consecutively. 

S.S.3.1. Typical category Cl (problems S and 25) 

This cluster comprises the problem 5 and 25. These problems are about 
hoisting machines and are to be solved using the rule that the total 
torque is zero. 
The students - students from pre-university education (VWO) in particu
lar - associate this category most often with elements 15 (a=O), 13 
(F101 ~0), 20 ('l:T=O'), 33 (something or somebody causes the motion) and 
19 (something or somebody exerts effort). The assignation of knowledge 
elements 15 and 20 is scientifically correct and relevant to the problem 
solution. These knowledge elements tend to be assigned to this category 
more frequently (sign. level <.10) by students from pre-university educa
tion (VWO) than by those from general secondary education (HA VO). 
Card 20 (torque) represents the adequate solution approach for these 
problems. 

The frequency of the assignation of knowledge elements 33 and 19 is 
surprisingly high since no person is present in these problems. Students 
nevertheless tend to suppose a causal agent that exerts effort and to 
incorporate this in their mental representation of these problems. 
According to the hypothesized 'causal schema' motion or overcoming 
resistance requires an agent (Taconis & Ferguson-Hessler, 1993a; Taco
nis, in preparation a). A person or machine that impersonates a causal 
agent is part of the 'causal schema'. Therefore, the activation of this 
hypothetical schema would account for the high frequencies of knowledge 
elements 19 and 33. On the other hand, it may be that students take the 
pulling force itself as the cause of motion. The identification of the 
scientific concept of force with the cause of motion is a well-known 
misconception (Driver, Guesne & Tiberghien, 1985 pp. 195). This would 
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also lead to the assignation of knowledge element cards 19 and 33. The 
hypothesized 'causal schema' provides a basis for this interpretation, too. 
The force itself is interpreted as the causal agent, and the presence of a 
person or machine is no longer necessary. 

A systematic analysis of the matrix of the mutual correlations between 
the assignations of knowledge element cards allows the identification of 
schemata that are probably activated. Factor analysis is used to provide a 
quick overview over the patterns of mutual correlations. The outcome 
indicates that knowledge element cards 33, 19, 13 and 38 show relatively 
high mutual correlations. As indicated above, the internal coherence of 
the schema can be estimated by means of Cronbach's ex for which a value 
of .60 is found. The other solutions of the factor analysis show low value 
for Cronbach's ex (ex < .4 ). Therefore, the causal agent (card 33) that 
exerts effort (card 19) and a non-zero resultant force (card 13) that 
points in the direction of the motion (card 38) are rather coherent parts 
of the problem representation. This provides another indication that the 
hypothesized 'causal schema' is activated and hence, present in the 
knowledge base. 

The assignation of card 61 (use Newton's (second) law) correlates 
relatively strongly (r= .21, sign. level .01) with the assignation of cards 61 
and 33 (something or somebody causes the motion). However, the 
correlation coefficients for cards 19, 13 and 38 are pretty low. Therefore, 
there is only a weak indication that the activation of the hypothesized 
'causal schema' relates to the use of Newton's (second) law to solve these 
problems. 

Now, we will evaluate the relations between the assignation of the 
solution approach cards (knowledge element cards 17, 20, 61 and 53) and 
the problem-solving skills as measured in the problem-solving test. The 
students can be classified in five practically disjunct classes with respect to 
the solution approach cards they assign. These are: (a) no solution 
approach card assigned (n=38), (b) 'ET=O' (n=78), (c) 'Energy' (n=14), 
(d) 'F1oi=ma' (n=8), and (e) 'F1oi=ma and ET=O' (n=7). These classes 
are in harmony with the frequent keywords in the names (Appendix 7). 
Thus, apparently different bodies of knowledge or observed resemblances 
between the problems can underlie the formation of this category. 
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An analysis of variance was performed to identify whether there is a 
relation between problem-solving skills as measured in the problem
solving test and the assignation of either of the solution approach cards 
(knowledge element cards 17, 20, 61 and 53). The solution approach 
chosen relates significantly to the problem-solving skills 'analysis' and 
'planning• (typical F-value: 3, with sign. level < .03). This is mainly due 
to the high scores on 'analysis', 'planning' and 'elaboration• by students 
that assigned the solution approach 'torque', maybe in combination with 
'use Newton's (second) law'. Students who do not assign any solution 
approach gain relatively low scores on the problem-solving test. The 
assignation of a solution approach card also tends to correlate signifi
cantly negatively with the frequency of non-canonical utterances in the 
problem-solving test (typical F-value: 2.3, with sign. level < .08). 

In summary, these findings suggest that the formation of cluster Cl can 
stem from a variety of deep interpretations. The torque interpretation 
(class B) is adequate and deep. It probably stems form a 'torque' 
schema. The inadequate deep interpretations may concern Newton's 
(second) law, or energy. For both, indications are found that these are 
associated with the activation of the 'causal schema'. 
Apart from this, the formation of cluster Cl may stem from superficial 
resemblances or situational interpretation (class A). Relatively low scores 
for the problem-solving skills 'analysis' and 'planning' occur in both the 
case of superficial and situational interpretation, and the case of inade
quate deep interpretation. 

S.S.3.2. Typical category C2 (problems 7 and 47) 

Knowledge element 61 (F,oi=ma) represents the common element in the 
possible adequate solutions of these problems. However, it is not the 
intended solution approach to problem 47. It is adequate for solving 
problem 47 only if combined with the use of kinematics (card 17). 
Besides this it must be interpreted as a generalized case of Newton's first 
law in order to be applicable to problem 7. 

The students associate this category most often with elements 85 (a,oO), 
13 (F10,,,.0), 38 (F,01 points forward), 33 (something or somebody causes 
the motion) and 19 (something or somebody exerts effort). The frequen
cies for cards 17 and 53 are low. About 24% of the students - mostly stu
dents from pre-university education (VWO) - associate card 61 (F,01 =ma) 
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with this category. The remaining assignations with high frequencies are 
correct except for the assignation of card 38 which is incorrect with 
respect to problem 47. All infrequent assignations are indeed incorrect. 

The students can be classified into three practically disjunct classes 
concerning the solution approach cards (knowledge element cards 17, 20, 
61 and 53) they assign. These classes are in harmony ·with the names fre
quently given. The classes are: (a) no solution approach card assigned 
(n=60), (b) 'F101 = ma and/or kinematics' (n=30) and (c) 'Energy' (n= 12). 
This suggests that different bodies of knowledge or observed resemblan
ces between the problems can underlie the formation of this category. 

Decomposition, which is prominent in the names, is closely related to 
'use Newton's (second) law' (card 61). Students from class A tend to 
assign the knowledge elements in the same manner and use the same 
situational keywords as students from class B. Therefore, a correspon
ding knowledge-structure can be hypothesized underlying both the 
'decomposition interpretation' and many of the situational interpretati
ons. The latter can be labelled 'inclined plane'. 
An analysis of variance was performed to identify whether there is a 
relation between problem-solving skills and the assignation of either of 
the solution approaches. Students who assign card 61 (use Newton's 
(second) law) have better scores for analysis on the problem-solving test 
(sign. level <.01) and tend to have better scores for 'planning' as well 
(sign. level < .10). They also tend to have fewer misconceptional utteran
ces in the problem-solving test (sign. level < .05). 

In summary, these findings suggest that the formation of cluster C2 
mainly stems from an 'inclined plane' schema. It is the procedure 
'decomposition' rather than the concept 'force' that couples logically to 
the situational keywords in the names. The 'inclined plane' schema in 
some cases pertains to a solution approach in which forces are decompo
sed and could then be called a problem schema: the 'inclined plane and 
decomposition' schema. Instead of being centered around a basic physics 
concept, it is centered around a key procedure (decomposition) concer
ning a basic concept (force). 
The 'inclined plane and decomposition' schema is associated with relati
vely high scores for 'analysis' and 'planning' on the problem-solving test 
although the schema cuts through the boundaries of applicability of basic 
physics principles. 
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5.5.4. General knowledge-structures 
Figure 3a shows the 'aggregated correlation matrix' formed by taking the 
mean of the mutual correlation coefficients between the knowledge card 
assignations as found for the various problems, irrespective of the catego
ries formed. 
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Figure 3a: The matrix of correlation coefficients averaged over all knowledge element 
- problem combinations for all students (n=316). The numbers above the columns 
and to the left of the rows depict the knowledge element cards. Co~fficients with 
absolute values higher then .10 (approximate significance level 5%) are printed in a 
gray field. 
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Figure 3b: Dendrogram of a clustering of the knowledge elements using Complete 
Linkage for all students (n=316). The analysis was performed on the matrix of 
correlation coefficients averaged over all knowledge element - problem combinations. 
This matrix is shown in Figure 3a. 
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The values in Figure 3a are moderately low, but the number of subjects 
contributing to the result (n=316) would imply a threshold for significan
ce at a level of .01 of about r = .10. Therefore, we consider the matrix of 
indicative value with respect to more general knowledge-structures.A 
cluster analysis on the basis of this matrix using complete linkage was 
used as a way to find groups of mutually associated knowledge elements. 
The result is shown in Figure 3b.Figure 3b indicates the presence of two 
groups of mutually related knowledge elements. 
The first group comprises knowledge element cards 33, 19, 61, 13, 38, 17 
and 85. For these knowledge element cards, Cronbach's a was estimated 
to be larger than 0.8. Within this group the identification of non-zero 
acceleration, causal agent, effort, and non-zero forward resultant force, 
combined with the idea to use Newton's (second) law and kinematics, 
should be used to solve the problems. 
This finding suggests a relation between the 'causal schema' and 'New
ton's (second) law' operative over a wide variety of problems. It is well 
in line with our findings concerning the typical cluster Cl as well as for 
most other typical clusters. For example: for cluster C6 (problems 28, 54 
and 21) which deals the horizontal distance an object or person covers 
while a resistive force is present, relatively high mutual correlations 
(ranging from r= .26 to r=.60) are found for the knowledge element 
cards 13, 85 and 33. The reoccurrence of comparable groups of mutually 
correlated knowledge elements supports the validity of this finding. 
Apparently the relation between force and causation is relevant in 
analyzing such different problems as those of cluster Cl (no causal agent 
explicitly present) and of cluster C6. 
The second group comprises knowledge elements 81, 6, · 15, 20 and 53. 
This group is concerned with zero velocity and zero acceleration as well 
as the use of torque and energy. The internal coherence is reasonable 
(a i::O. 7). However, cards 81, 15 and 6 show low frequencies of assignati
on. This is correct since these cards are in conflict with most of the 
problems in the deck. Moreover, the inclusion of knowledge element 53 
(use energy or work) in this cluster appears odd from a scientific point of 
view. This raises further suspicion with respect to the validity of the 
'torque and energy for object at rest' schema. However, exclusion of 
'energy' (card 53) would yield an intelligible 'ET=O' schema (a=0.7). 
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5.6. Conclusions 

Our two-phased card-sorting task has proven able to produce a detailed 
description of the typical knowledge base for larger groups of students, 
which includes both general and generic knowledge-structures and both 
canonical and non-canonical knowledge-structures. 
Good and poor problem-solvers within our population form essentially 
the same categories of problems. Some conclusions can be drawn regar
ding the contents and ,~tructure of the knowledge base typical for students 
in our population (research question 1) and its relation to the occurrence 
of non-canonical ideas and problem-solving performance (research 
question 2). 

Concerning research question 1: 
1. The categorizations typically formed seize on characteristics like: (a) 

the shape and orientation of the trajectory (horizontal, vertical, inclined 
plane), (b) human actions (hoist, throw), (c) typical objects (pivot), (d) 
typical phenomena (falling), or (e) physics entities (acceleration, force). 
Among these, the 'shape and orientation of the trajectory' is the most 
frequent criterion. 

2. The majority of these characteristics can meaningfully be related to 
adequate solution approaches; better students do so. For example: 
'angle' in cluster C2 corresponds to the solution approach 'decom
position of forces'. So these criteria represent physics knowledge 
about 'what to look for in problems' in order to determine how to 
solve them. They are situational, rather than superficial. 

3. The solution-oriented knowledge connected to the situational knowl
edge can be of the procedural type. For example: the situational 
characteristic 'inclined plane' of cluster C2 activates the students' 
corresponding situational knowledge, which then leads them to the 
conclusion that these problems should be solved through 'decompos
ition of forces'. 

4. Some schemata appear to be relatively well developed: a 'torque' 
schema, an 'inclined plane and decomposition' schema, a 'horizontal 
and vertical throw' schema, and a 'force and kinematics' schema. 
Students refer literally to the latter. Other schemata may be present. 
An 'energy' schema - if present - seems restricted to a very limited 
class of problems which involve height (gravitational potential ener
gy). 
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5. As noted earlier, none of the hypothesized non-canonical categories 
was typically reproduced. However, we found indications in favor of 
our initial assumptions underlying these hypothesized non-canonical 
categories. 
First, students appear to judge kinematic situations mainly by the 
velocity state of the objects involved when categorizing a problem as 
a statics problem (cluster C3'). Second, we found indications for the 
presence of a 'causal schema' in the typical knowledge base (research 
question lb). The activation of this 'causal schema' appears to facili
tates the use force and kinematics. This is in line with the second 
assumption underlying the design of the card-sorting problems. We 
did not find clues indicating that the activation of the 'causal schema' 
would facilitate the use the concept of energy. 

Concerning research question 2: 
6. Roughly speaking, poor and good problem-solvers in our population 

share the same body of situational knowledge. They use the same 
situational keywords in their names and assign the same situational 
knowledge elements. 

7. However, good problem-solvers more often use solution-oriented 
keywords in their names. They give deeper names to their categories. 
Good problem-solvers also assign knowledge element cards depicting 
solution approaches to their categories more often. Moreover, their 
assignations of solution approaches are more often adequate than 
those of poor problem-solvers. So, although poor and good problem
solvers have access to roughly the same body of situational knowl
edge, good problem-solvers also have access to solution-oriented 
knowledge apparently linked to the situational knowledge. 

8. The solution-oriented knowledge connected to the situational knowl
edge can be inadequate or faulty. For example: the use of Newton's 
law for the problems of cluster Cl. In the case of cluster Cl, the 
activation of this inadequate approach appears associated with the 
activation of the 'causal schema'. 

9. The depth of the problem interpretation correlates significantly posi
tively with the problem-solving skills, 'analysis' and 'planning' (hy
pothesis A). No significant correlation is found between the concor
dance of the category names with the problems in the category and 
the performance on the problem-solving test. 

10. The depth of the problem interpretation correlates significantly nega
tively with the occurrence of non-canonical utterances in their catego-
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ry names, and tends to correlate negatively with non-canonical utter
ances in the answers to the problem-solving test (hypothesis B). 

11. The 'causal schema' interacts in particular with the concept of force. 
The support for this claim concerns: (a) the relatively strong positive 
correlations between the assignation of force-related knowledge ele
ments and cause-related knowledge elements over a broad variety of 
mechanics problems, and (b) the high score for the assignation of 
'agent' (card 33) for a cluster like Cl where no human being is pres
ent. In that case, a human being who is pulling the rope may have 
been envisioned or force itself may be interpreted as a causal agent 
(hypothesis B). 

12. School type and grade are external variables that are significant 
correlated with: (a) the depth of the problem interpretation, (b) the 
problem-solving skills, 'analysis' and 'planning', and (c) the occur
rence of misconceptional utterances. 

As a general conclusion we would like to state that the typical knowledge 
base comprises problem schemata, but is dominated by situational knowl
edge. These problem schemata can be centered around procedures 
instead of physics concepts. Indications are found for the presence of the 
'causal schema'. Inadequate deep interpretations of problems occur, 
which can be related to the activation of this schema. · Good problem
solvers have more and better problem schemata (hypothesis A) and 
suffer less from non-canonical domain knowledge (hypothesis B). 
Generally speaking, these findings are consistent with literature, which we 
will discuss below. 

S.6.1. Interpretation and provisional description of the typical knowl
edge base 

The results of the card-sorting experiment can be interpreted to generate 
an explicit description of the typical knowledge base for our population. 
It can be represented as a network, following the conventions described 
above (Taconis & Ferguson-Hessler, 1993a; Taconis, in preparation a). 
The network in Figure 4 is constructed on the basis of the keywords in 
the category names (Appendix 7), the assignations of knowledge element 
cards (Appendix 8) and the aggregated matrix of mutual correlation 
coefficients between the knowledge element assignations (Figure 3a). 
Besides this, we have occasionally added units (printed in shadow) for 
theoretical reasons. 
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Figure 4 (page 140) comprises obseivational units (trapezoids), declara
tive units (rectangles) and procedural units (contorted triangles). Ovals 
depict attributes. The conventions underlying Figure 4 and the symbols 
used, are more extensively described at pages 103 and 106). Situational 
knowledge refers to features of the problem that are straightforwardly 
observable and that tell what solution-oriented knowledge should or 
could be applied (e.g. non-zero velocity). These correspond with the 
keywords in the column 'situational' of Appendix 7 and the situational 
knowledge elements cards (e.g. card 81). 
In contrast to this, declarative units refer to concepts or problem features 
that cannot be straightforwardly obsetved. The evaluation of their 
relevance requires declarative knowledge. These units correspond with 
the keywords in the column 'declarative' of Appendix 7 and knowledge 
element cards 6, 38, 13, 15, 85, 19 and 33. Procedural units denominate 
an action. These units correspond with the keywords in the column 
'procedural' of Appendix 7 and solution approach cards 17, 20, 61 and 
53. The phrases on these cards explicitly refer to actions (Appendix 3b). 
Links are included in Figure 4 in the case of: (a) systematic co-occurren
ce of the keywords in the category names (Appendix 7), (b) logically 
necessary relations between units, and (c) significant mutual correlation 
coefficients between knowledge element assignations (Figure 3a). 
Significant negative mutual correlation coefficients are also included as 
links. In these cases, however, a unit depicting the logical opposite of 
one of the units involved is added (e.g. non-zero velocity, zero resultant 
force). By doing this, the general interpretation of links as positive 
associations is preserved. 
As indicated above, Taconis & Ferguson-Hessler (1993a) propose to 
order the knowledge elements of each of these types in separate - but 
interlinked - hierarchies. We attempted to impose a hierarchical organi
zation on each of the classes of units. For the solution-oriented units this 
proved impossible. For the observational units, however, a hierarchy 
could be constructed if a few units are added. The interpretative charac
ter of Figure 4 allows such an addition if required on theoretical grounds. 
The units added in this way are printed in grey. The units added for this 
reason are 'linear', 'action' and 'moving downward' (the logical opposite 
of the keyword 'moving upward'). 



Figure 4: A network 
representation of 
the knowledge base 
(for conventions 
seep. 103) 
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Seven schemata emerge from Figure 4: 
1. A 'causal schema'. The structure represented in Figure 4 is derived 

from a protocol study by Taconis & Ferguson-Hessler (1993a) and 
from Andersson (1986) (see Appendix 1). Activation was found for a 
broad variety of clusters such as Cl, CS and C8. The 'causal schema' 
is linked to a 'force and kinematics' schema which is in agreement 
with the assumption underlying the design of the card-sorting prob
lems. It also related to the belief that the force on moving objects is 
pointing in the direction of the motion. 

2. A 'statics' schema (underlying cluster C3'). Situational knowledge 
within the schema concentrates on the obseivation that the velocity is 
zero (card 81), which is in line with one of the assumptions underly
ing the design of the card-sorting problems. 

3. A 'torque' schema (underlying cluster Cl). The situational know
ledge of this schema mainly concerns the presence of typical items 
like 'lever' and 'pulley'. For some students this schema is collapsed 
into a Newton's laws schema due to a confusion of the concepts of 
force and torque for static problems. This schema also shows some 
overlap with the 'statics' schema. 

4. An 'inclined plane and decomposition' schema (underlying cluster 
C2). The observation of an object on an inclined plane immediately 
implies decomposition of forces as a strategy. 

5. A 'force and kinematics' schema. This schema comprises both 
'kinematics' and Newton's laws. No overlap with the 'statics' schema 
was identified. The observation of a horizontal motion and the pres
ence of friction seem to facilitate the activation of this schema. This 
schema appears strongly related to the 'causal schema'. It seems also 
to be activated - mainly through gravitational forces - in the case of 
falling objects. 

6. A 'horizontal and vertical throw' schema. Though partly overlapping, 
this seems to be a schema distinct from the 'force and kinematics' 
schema. It seems to get activated for problems concerning vertical 
motions with some horizontal or upward component. 

7. An 'height and energy' schema (underlying cluster C2). Unlike the 
canonical energy-concept, this schema is very limited in its situational 
generality: its activations seems restricted to vertically moving objects. 

Moreover, students - HA VO- students in particular - often apply a 
strategy of comparing given and asked quantities. A schema underlying 
this strategy could not be reconstructed form our data. 
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Figure 4 shows that the situational characteristics could be projected into 
a hierarchical structure. Though mutually related, the declarative and 
procedural knowledge elements could not be projected into a hierarchy. 
If our interpretation that the situational knowledge is hierarchically 
ordered is accepted, the structure of the knowledge base in Figure 4 can 
roughly be characterized as a tree, with situational knowledge as its stem, 
and the various schemata as its branches. This is in line with our finding 
that categorization of problems in our population typically seizes on 
situational aspects. 

S. 7. Discussion 

Chi, Feltovich & Glaser (1981) report that experts categorize problems 
according to problem schemata centered about physics principles. In our 
view categorizing not only requires recognition, but an overview over the 
arsenal of possible solution approaches as well. Note that our subjects 
typically categorize according to situational characteristics, although we 
have identified problem schemata within the typical knowledge base. 
When translated into the kind of network description we use, categoriza
tion according to solution approaches would require both strong links 
between situational knowledge and appropriate solution-oriented know
ledge (problem schemata), and a stable hierarchy of concepts or procedu
res. This is in line with findings of Ferguson-Hessler & De Jong (1987). 
Reif & Heller (1982) argue that a hierarchical ordering of declarative 
knowledge within the knowledge base should be pursued in education 
since it would facilitate the searching of memory necessary for effective 
problem solving. 
Besides this, the pilot experiment on undergraduate physics students 
revealed that these students tend to form two subgroups within the 
category of problems that they consider to be solved by means of 
Newton's (second). The first subgroup encompasses horizontal motions, 
the second group comprises problems that concern vertical motions. So 
the categories formed by the undergraduate students show a moderate 
influence of situational characteristics. This may indicate a shift towards 
a tree of solution-oriented units with situational branches and leaves. 

Another finding from this pilot experiment is that an 'energy schema' - if 
present - seems to be restricted to a very limited class of problems. The 
pilot experiments showed that the undergraduate physics students - like 
the students in the main study - only tend to categorize problems as 
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'energy problems', if they cannot be solved using forces. However, our 
deck of cards contained few cards that could be solved by application of 
the concept of energy but not by the application of Newton's (second) 
law. 

Though not yet fully analyzed, the categories formed may depend on the 
textbooks used in education. The formation of a 'horizontal throw' 
schema may be associated with the use of a textbook treating it in a 
separate chapter. Conceptual confusion concerning torque and work 
seems to occur for students studying from a textbook treating these 
together in one chapter (Hogenbirk, Gravesteijn, Jager, Timmers & 
Walstra, 1992). 

5.7.1. Comparison of the conclusions with findings in literature 

Our conclusions on the knowledge base can be compared to findings in 
literature, the work of Chi et al. in particular (Chi, Feltovich & Glaser, 
1981; Chi, Glaser & Rees, 1982). In that research, novices and experts 
were compared, while in our research the subjects were all on an inter
mediate level. Indeed, many of our findings are what would be expected 
when interpolating between novices and experts. 
That all our subjects - good and poor problem-solvers alike - essentially 
form the same problem categories may result from the substantially 
smaller variety in our sample. Besides this, Chi et al. only reported the 
formation of different categories when a set of cards is used in which 
superficial and solution-oriented criteria are crossed. Our finding that 
both good and poor problem-solvers use the same situational knowledge, 
which leads to solution-oriented implications for good problem- solvers 
only, suggests that this crossing procedure is essential for the production 
of different categories. 
The kind of criteria typically used (situational) can be considered in 
between superficial (novices in the experiment of Chi et al.) and deep 
(experts in the experiment of Chi et al.) criteria. Also, the correlation we 
find between the depth of the problem interpretation and the problem
solving skills 'analysis' and 'planning' is in harmony with Chi's findings. 
However, we did not find a significant correlation with the other pro
blem-solving skills such as 'elaboration'. This can partly be caused by a 
relatively large number of missing values in measuring these skills. This 
occurs since skills such as 'elaboration' can only be demonstrated and 
measured if analysis and planning are performed at a satisfactory level 
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(Taconis, Ferguson-Hessler & Verkerk, submitted). On the other hand it 
might have a fundamental reason. The score for depth concerns the 
linkage between situational and solution-oriented knowledge. It is 
therefore more likely that 'depth' relates to analysis and planning which 
employ these links than that it relates to elaborating, for which links 
within the body of declarative and procedural knowledge are essential. 

The keywords that appear with high frequencies in the category names in 
our study show a clear overlap with the 'problem features'. Chi et al. 
identified in novice protocols. Only a small overlap is found with the 
features identified in the expert protocols. 
Characteristics appearing in both studies are friction, gravity, pulley, and 
inclined plane. A problem category 'inclined plane' was also found by 
Chi et al. They identified 'inclined plane' as a category formed by both 
novices and experts (Chi, Feltovich & Glaser, 1981. pp. 136-138). 
These features identified in both studies may represent situational knowl
edge about physics problems that is more or less universally available in 
the knowledge base of educated problem-solvers. Unlike Chi et al. we 
hardly found any students that name problem categories according to 
specific objects. This kind of superficial naming might be typical for 
novices, as opposed to the educated non-expert our study is concerned 
with. However, further research is necessary to evaluate this; Another 
difference with the results of Chi et al. is our finding that schemata 
representing a solution approach can be centered around pro~dures that 
are directly linked to situational characteristics. 

Chi et al. did not take non-canonical domain knowledge into account. 
We found indications for the presence of the 'causal schema' within the 
knowledge base, relating to or influencing the choice of the solution 
approach. This was also found in transcripts from discussions of students 
performing the card-sorting task (Taconis & Ferguson-Hessler, 1993a). 
These students explicitly referred to the causal meaning of force, and 
categorized problems according to it. 
Although influencing the problem-solving process, the direction of impact 
of the activation of the 'causal schema' on the solution process can vary. 
The activation of the 'causal schema' can lead to the selection of a faulty 
solution approach. This was found for cluster Cl. In other cases, the 
'causal schema' may focus attention on aspects of the problem that are 
irrelevant or in conflict with the adequate solution, but does not compel 
to a particular solution approach. This was observed in the case of 
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cluster CS (problems 3 and 29, which deal with object launched vertical
ly). In this case, knowledge element card 61 (Newton's (second) law) as 
well as knowledge element cards 19 and 33 (effort and causal agent, 
respectively) show high frequencies. However, the correlation between 
the assignation of card 61 and the others is low. Apparently, students 
have metacognitive abilities that allow discrimination between aspects 
that are just prominent aspects of the problem, and problem aspects 
relevant to the solution for at least these problems (Taconis & Ferguson
Hessler, 1993a). It is even conceivable that the activation of the 'causal 
schema' can help in selecting an adequate solution approach for some 
problems. This might be the case for cluster C4 (problems 8 and 69, 
which deal with people dragging or pushing objects), where the apparent 
presence of an agent exerting effort can make the use of force more 
likely. Although the concept of force used would probably suffer from 
non-canonical connotations, it can be successfully applied in solving the 
problem. 

5.7.2. Discussion on the card-sorting instrument 

Our card-sorting instrument allowed a description of the typical knowled
ge base. Nevertheless, we think it could be improved. 

Firstly, we found no strict one-to-one correspondence between problem 
categories and schemata. Such a one-to-one correspondence would 
simplify the analysis. 
We found that clusters C5 (problems 28 and 54) and C6 (problems 28, 54 
and 21) have essentially the same name. In addition, concordance of the 
category names to the problems in the categories is imperfect (about 
80% ). Thus, a particular schema may apparently produce a series of 
(more or less alike) categories. On the other hand, a particular category 
can arise from a (certain) variety of schemata. For example, at least two 
deep interpretations were found for cluster Cl (problems 5 and 25). 
The absence of a one-to-one correspondence stresses the importance of 
the second phase in the instrument. Analysis of the names given and 
knowledge elements assigning to the categories, reveals the knowledge
structures that can underlie a particular category. We found that the 
results of the naming of the problem categories and the assignation of 
knowledge elements provided are well in line, although these are psycho
logically different. 'Naming' is a recognition test (Anderson, 1990) while 
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'assigning' the knowledge element is a recall test. This supports the 
validity of the card-sorting instrument. 
In pilot study II we found that the vast majority of the subjects rather 
constructed their categories through a process of sequential addition. 
Only the very best students were able to immediately recognize the 
problems in terms of a single schema. This may contribute to the 
absence of a one-to-one correspondence. 

Secondly, we think that the problem cards used are a critical factor for 
the manageability of the instrument. 
The use of problems that are more clearly recognizable as characteristic 
for one of the students' schemata would make the instrument easier to 
use. However, the construction of such archetypical problems requires a 
sophisticated picture of the students' knowledge base. Since knowledge 
bases are personal constructs which carry idiosyncratic features, most 
problems will not appear as clear examples to all subjects. Moreover, in 
investigating non-canonical knowledge, we deal with informal concepts 
that are more or less fuzzy in themselves. We found a low 'IC-value when 
a panel judged the operationalisation of the non-canonical criteria 
according to which the problems were designed. We think this is partly 
due to the inherent fuzziness of non-canonical ideas. Moreover, non
canonical criteria may partly overlap. For example, it is impossible to 
design a problem in which effort plays a main role, but no agent is 
present. 
The knowledge element cards used are critical for the profitability of the 
instrument. These need to be attuned to the schemata that will be 
activated by the problems. This requires a close correspondence between 
the knowledge element cards provided and the knowledge-structures 
underlying the problem categories actually formed. 

A third remark concerns the identification of the internal structure of 
general knowledge-structures from the aggregated matrix of mutual 
correlation coefficients. Though significant, the correlation coefficients 
found are rather low in our case. In our opinion this results from: (a) 
the high complexity and large variability of the problems aggregated, (b) 
the variations in the clusters actually formed, (c) the occurrence of 
mistakes or compromises in the assignation of the knowledge elements, 
and (d) the occurrence of non-assignation of particular knowledge 
elements. Moreover, the statistical technique we used in calculating the 
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aggregated correlation coefficients may be sufficient for explorative 
research, but it is not for the statistical testing of hypotheses. 

A fourth remark concerns non-canonical categories. In our experiment 
the hypothesized non-canonical categories (Table 1) were not reproduced 
in the typical sorting result. On the other hand we found indications in 
favor of the activation of the knowledge-structures associated with these 
assumed categories. A first reason for this non-reproduction may be that 
the problems used are not clear enough as examples of the non-canonical 
ideas investigated. This is in accordance with the fairly low agreement 
between experts judging the problem on this aspect (page 114). 

A last remark concerns the concept of 'solution approach'. From the 
pilot experiments it appears that many students have no clear conception 
of what we mean by 'solution approach' which was therefore described in 
the student instructions used in the pilot experiments. This finding seems 
in line with the preponderantly situational nature of the typical knowled
ge base since such a conception of 'solution approach' would probably 
accompany a knowledge base dominated by well developed problem 
schemata on a meta level. 

S. 7.3. Further experiments 

Though our statistical analysis yields a clear provisional picture of the 
typical knowledge base, further investigations are needed for the con
struction of a final picture. This is especially true since it is still unclear 
to what extent the particular set of problems used determines or limits 
this picture. Further experiments should concern: 

Replication of the main categorization criteria in an experiment with 
different sets of problems; 
Depth research using sets of problem cards and knowledge element 
cards more precisely tailored to the expected schemata outlined here; 
Detailed analysis of the categorization process (currently being per
formed, but not described here); 
Testing of the predictions of the reconstructed knowledge base for 
the problem-solving process and performance of students within our 
population; 
Correlational study of the relation of the activation of the 'causal 
schema' on the one hand, and problem-solving performance and the 
occurrence of related misconceptional utterances on the other. 
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Another point concerns the relevance of problem solving for the elimina
tion of hindering effect of non-canonical domain knowledge. We find a 
tendency towards a negative correlation between non-canonical utteran
ces in the test and depth in card sorting. In the names few case were 
found in which solution orientedness co-occurred with non-canonical 
utterances. 
Therefore, as learning evolves in the direction of increasing problem
solving ability, the increasing amount of canonical solution-oriented 
knowledge and the problem schemata formed may overrule non-canoni
cal domain knowledge that initially competed in interpreting1 problems. 
On the other hand the opposite may be true: problem-solving performan
ce might increase due to elimination of non-canonical ideas. Our techni
que for describing the knowledge base allows research on this relations
hip. 

5.7.4. Relevance for education 

In general, our description model for the typical knowledge base is a 
useful tool in evaluating education by comparing the actual knowledge 
base of students with the knowledge base education aims at. In our view, 
the latter should be characterized by both adequacy for problem-solving 
skills and the minimisation of non-canonical ideas. 
In the particular case of students preparing for the physics final examina
tion of Dutch general secondary education, an important educational goal 
is the acquisition of a knowledge base that allows success in the technical 
and scientific sectors of higher vocational education and university. 
Comparison of well-performing students in our population that will 
probably be successful in higher education and poorly performing stu
dents yields points meriting attention in education. These are: 

Building problem schemata through the construction of declarative 
and procedural knowledge and while enhancing its linkage to situa
tional knowledge; 
Construction of a - preferably hierarchical - overview over solution 
approaches, as to induce a shift from a knowledge base with a domi
nant situational hierarchy towards one with a dominant problem
oriented hierarchy. 

Since we concluded that poor problem-solvers have access to roughly the 
same body of situational knowledge as good problem-solvers, the acquisi-
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tion of situational knowledge as such is not amongst the points meriting 
attention. Beside the above, we found an indication that well-performing 
students have the ability to abandon non-canonical ideas in solving 
problems although our study did not explicitly aim at the evaluation of 
metacognitive abilities. This suggests that enhancement of metacognitive 
abilities is an important additional component of education. Educational 
material called UBP ( = Understanding Based Problem solving; Taconis, 
in preparation b) is currently being developed that attends these points. 
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Appendix 1: The experiential gestalt of causation and its 
schema-interpretation 

A 'gestalt' can be described as an internalized representation of a coherent pattern of 
interrelated phenomena. The 'experiential gestalt of causation' consists of a number 
of mutually related components. Together these establish a whole that is more 
fundamental than the parts. According to Andersson (1986) causation is an experien
tial gestalt that starts to be constructed at a very early age. ''The infant pulls his 
covers or his parents hair, shakes a rattle, takes a stick and pushes away a toy, throws 
his feeding bottle. Common to these and many other actions is that there is an agent 
which directly, with its own body, or indirectly, with the help of an instrument, affects 
an object, or [ ... ] patient." A more detailed description (quoted from Andersson, 
1986) is: 

1. The agent has some change of state in the patient as a goal. 
2. The change of state is physical. · 
3. The agent has a 'plan' to reach this goal. 
4. The plan requires an agent's use of a motor program. 
5. The agent is in control of that motor program. 
6. The agent is primarily responsible for carrying out the plan. 
7. The agent is the energy source (i.e. the agent is directing his energies towards 

the patient), and the patient is the energy goal (i.e., the change in the patient is 
due to an external source of energy). 

8. The agent touches the patient either with his body or an instrument (i.e. there is 
a spatiotemporal overlap between what the agent does and the change in the 
patient). 

9. The agent successfully carries out the plan. 
10. The change in the patient is perceptible. 
11. The agent monitors the change in the patient through sensory perception. 
12. There is a single specific agent and a single specific patient. 

Andersson states: ''These twelve properties characterize a prototype of causation in 
the following sense. These recur together over and over in action after action as we 
go through our daily lives. We experience them as a gestalt: That is, the complex of 
properties together is more basic to our experience than their separate occurrence". 
Andersson formulates a series of extensions of the initial gestalt. In this effect is 
defined as the perceptible change in the patient mentioned in point 10 of the above 
list. The extensions are: 

13. The greater the effort, the bigger the effect. 
14. Different objects resist to different degrees. 
15. Several agents have greater effect than just one. 
16. The agent does not need to be a person, but can, for example, be an object in 

motion. 



Other elaborations are made by Taconis and Ferguson-Hessler (1993a; Taconis, in 
preparation a): 

17. Effect and effort are proportional (refinement of 13). 
18. The effect has a reciprocal relationship with resistance - if present (refinement 

of 14). 
19. Goal and effort are logically parallel (i.e. in the case that a motion to the right 

is intended, the schema suggest that one should push to the right). 
20. Goal and effect (if any) are logically parallel (i.e. in the case that one want an 

object to move to the right the schema implies that if a motion results this will 
be a motion to the right). 

The figure below shows a network representation of the kernel of a hypothetical 
schema which is derived from the above points. It is called the 'causal schema' 
(Taconis & Ferguson-Hessler, 1993a; Taconis, in preparation a). 

Instrument 

Effect 



Appendix 2: The Problem-Solving Test (example) 

1. A student mountaineer 

In order to prevent accidents, a student mountain
eer is 'ensured'. This means that a strong elastic 
cord is attached to him (see figure). Every time the 
student mountaineer has climbed up a bit, the 
instructor pulls up the cord which is immediately 
locked in a specially designed clip. In this way the 
cord is tight all the time without being stretched. 
The clip is constructed in such a way that the cord 
is locked immediately in the case the 
student mountaineer would fall. 

clip J. 1. '-~tJ -

An 'ensured' student mountaineer with a mass of 85 kg falls down from a height of 4 
meters. The student mountaineer bounces up and down a few times and eventually 
hangs still. The elastic cord has an unstretched length of 9.5 meters and a spring
constant of 510 N/m. The cord comes loose from the clip if the tension in it exceeds 
1980 N. 

(use g=9,81 m/s2). 

a. Sketch the motion of the student mountaineer in a height-time diagram (for a 
sketch you do not need to do calculations). 

b. Use a calculation to verify that the student mountaineer does not hit the ground 
due to elastic cord. 

c. Calculate the position from which the student mountaineer has to start climbing 
after the fall 



Guideline for coding (example for problem 1) 

~ ~ le (equilibrium) 

Analysis #1 damped harmonic - -
oscillator 3 
#2 no oscillation 1 
#3 jagged, like bounc-
ing ball -1 
no sketch 0 
climber reaches point 
above start -1 
sketch starts in 
equilibrium -1 
start not sketched -1 
end on ground -1 
start not horizontal -1 

Planning - #1 energy 3 #1 energy 1 
#2 mg=cu 1 #2 mg=cu 3 
#3 mg=cu,,.- 1 #3 mg=cu,,,..a1t 1 
#4U.,.. = 2~. 3 #411,q.-... = Y.!U.,.. 3 
#5 formula for #5 formula for harm. oscillator 1 
harm. oscillator 1 
#6 part of the prob- If question lb is solved using #2 and 
lem forgotten -1 the result is identified with the an-
#7 Fb...i.·F./c= U 1 swer of question le: 
#8 kinematics 1 no reference 1 
logically unsound -1 reference 2 

part of the problem forgotten -1 
logically unsound -1 

Strateg- - - . 
ical 
choices 

Elabora- . Using energy Using force 
ti on (planning = #1) (planning #2, #3 or #7) 

#1 good 3 #1 good 3 
#2 Y.icu2=mg.h=4 -1 
#3 W=F'!>fini.S=mgll 

#3 F11pn.a + F .. llS.., 2 
mistake in calcula- mistake in calculation -1 
ti on -1 

Check- conceptual mistake conceptual mistake found 3 
ing found 3 the answer #2 is concluded to be the 

mistake in calcula- answer of le 3 
tion found 2 mistake in calculation found 2 
answer contradicts answer of lb repeated for le without 
with la 1 any comment 1 
answer obviously answer contradicts with la 1 
absurd 1 answer obviously absurd 1 



Appendix 3a: The Problem Cards 

W7. 

A drawbridge is gradually pulled up. A car that is 'parked' on the bridge 
(m=950 kg) is about to glide downwards with increasing speed. The frictional force 
between tires and road surface· is 0.6 times as large as the normal force. 

Calculate how steep the bridge is at that moment. 

W14. 

A ripe apple of 550 gm drops from a tree from a 
height of 2 metres above the ground. The apple 
lands in a 50 cm deep water trough for cattle. 
When the apple has completely submerged, the 
water exerts an upward force on the apple of 
7.1 N and the apple experiences a constant bra
king force of 19.5 N because of friction. 

Calculate the maximum depth the apple can reach. 



W5. 

In the picture alongside, a hoist installation is 
drawn. A pulley is fixed in the middle of a 
120 cm long steel pipe with negligi"ble mass. The 
pipe is fixed to the wall by means of a smoothly 
working binge S. By means of this hinge the pipe 
can turn up and down without friction. By means 
of a chain that is attached to the wall by a hook 
at point B, the pipe is restrained. When a force 
of tiOOOO N or more pulls on the hook, it will 
come loose from the wall. 

Calculate the maximum load that can be hoisted with this installation. 

W2L 

An ice-hockey puck of 120 gm glides over the ice. At first (t=O) the puck has a 
speed of 7.2 km/h, but the speed diminishes rapidly. The siz.e of the friction 
between the puck and the ice is 0.02 N. At time t=l.6 s the acceleration of the 
puck is measured. This appears to be -0.67 m/s2 at that moment. 

Calculate the air friction the ice-hockey puck experiences at that moment. 



W25. 

A water mill is used to hoist beams so that they 
can easily be sawn. For that purpose the beam is 
fastened to a rope that has been put round the 
15 cm thick axle of the water mill. The water 
mill is driven by running water which exerts a 
constant force of 150 N on the edge of the water 
wheel (see figure). The water wheel has a radius 
of 2 metres and is so light that its mass can be 
ignored as long as the water wheel does not turn 
to quickly. 

Check by means of a calculation whether a 300 kg beam can be hoisted by this water 
mill when the water wheel is turning slowly. 

W63. 

A well-streamlined, smoothly running 
skateboard rolls vertically downwards 
from the steep side of a smooth skate
board rink (on the left in the figure). 

___ ....... The skateboard starts at. a height of 1.20 
metres. 

Determine or calculate the place of the farthest point the skateboard can reach on the 
right side of the rink. 



W28. 

Wilma takes part in an endurance test. On an exercise bicycle (see figure) she has 
to try to keep her 'speed' over 16 km/h for as long as possible. That is not easy 
because the wheel of the exercise bicycle is being braked artificially with a force of 
45 N. Therefore, her 'speed' diminishes every second with an equal amount. 
Immediately after the start, she bas a 'speed' of 25 km/h. After 12 minutes of toil
ing Wilina has to give up, gasping and panting, because her 'speed' bas diminished 
to 16 km/h. 

Calculate the 'distance' that Wilma has 
covered during the endurance test. 

W54. 

John pulls the cart with his children (total mass: 75 kg) along the beach with a 
speed of 4 km/h. His wife is walking 25 metres in front of him with the same 
speed. John would like to catch up with her as soon as possible. To do that, he has 
to pull harder. The cart gets an acceleration of 0.05 m/s2

• After 20 seconds, the 
cart is not accelerated any more and the cart's speed remains constant. John's wife 
walks on with a constant speed. 

Find out by means of a calculation how long it takes for John to catch up with his 
wife. 



W34. 

The water from Lake Erie flows with a speed of 9 km/h towards Niagara Falls. 
There, the water crashes down 80 metres and lands in Lake Ontario. Every second, 
300 m3 of water crashes down. 

Calculate how far from the foot of the vertical rock face the water lands. 

W69 . 

. Gerald's car (850 kg) has stalled because it has run out of petrol Gerald does not 
have a jerry-can, so he has to push his car to a petrol station. Not funny, but good 
for his condition. At first, Gerald (90 kg) cannot move the car. But by exerting 
himself to the utmost, he does succeed in his second attempt. Panting and flushed 
with exertion, Gerald exerts a constant horizontal force of 270 Non the car, while 
pushing off against the ground with a horizontal force of 300 N. 

Calculate the acceleration of the car when Gen:dd gets it going. 



W47. 

A waggon (mass 8000 kg) is pulled up a steep hill by a steam engine (mass 
6500 kg). That only works if the fire in the boiler is poked up extra. Even then the 
engine advances only slowly. The speed at the bottom of the hill is 4.2 km/h. On 
the top of the hill the engine has a speed of 1.2 km/h. The force with which the 
engine reacts against the rails is 12000 N. The railway to the top of the hill is 200 
metres long. The frictional force on the waggon and the friction of the air can be 
neglected. 

Use a calculation to find out how steep the hill is on average. 

• W3 • 

A ball of 350 gm is thrown straight up. During 
the time the hand is in contact with the ball, an 
average force of 20 N is exerted on the ball. 
After the ball has been let go, it hangs still for a 
moment at the highest point (2.1 meter above 
the ground). 

Calculate the force on the ball when it is at the highest point. 



Calcu~e how heavy Sandra is. 

W52. 

Sandra jumps from a wall that is 120 cm high. 
Theo wants to catch his daughter so that she will 
not hurt herself. He grabs her firmly to reduce 
her speed. At the moment Sandra's feet just do 
not touch the ground, Theo exerts an exactly 
vertical force of 310 N on Sandra. At that mo
ment Sandra has a downward acceleration of 1.5 
m/s2

• 

W29. 

John is playing with his ball pen (mass: U grams) during the lesson. He wants to 
· shoot it to the ceiling, which is at a height of 2.60 metres. He presses the spring 
15 cm by pressing his ball pen on the table top (height 85 cm). Then he lets go, so 
that the spring shoots the pen straight up. The spring constant of the spring is 
15 N/cm. 

Calculate whether the ball pen reaches the ceiling. 



W8. 

Sebastian (55 kg) and Peter are playing tug of war. Peter (75 kg) is winning. He 
moves backwards with a speed of 0.2 m/s. Peter is pushing off against the ground 
with a horizontal force of 550 N. Sebastian is also pushing off against the ground 
with a horizontal force. 

Calculate the force with which Sebastian is pushing off against the ground. 

~S;.-. -.-~ 



Appendix 3b: The Knowledge Element Cards 

ll;~ 
II YT . ;==;=. 
II 

R19* In these problems somebody /something exerts effort. 

R81* In these problems the velocity is zero. 
! 

R33* In these problems somebody /something causes motion. 

R6* In these problems DQ. energy is transferred or converted. 

R38* In these problems the resulting force (F101) on the object points exactly 
in the direction 12 which the objects moves. 

R13 In these problems the resulting force (F1ot} on the object is not zero. 

R15 In these problems the £!C~el~nlliQn is zero. 

R85 In these problems the ac~~lcratiQn is DQt zero. 

R17 To solve these problems I would use the formula(s} below: 
x(t} = Xo + v0t + Yiat2 and/or 
v(t) = v0 + at 

R20 To solve these problems I would use the formula on torque: T101 = 0. 

R61 To solve these problems I would use this formula: F101 = m101a. 

IF To solve these problems I would reason with or calculate energy 
and/or work. 



A 

B 

c 

D 

Appendix 4: The critical phrases within the various instructions 
employed 

make piles of cards with problems that in your opinion be
long together 

make piles of cards with problems that belong together 
because they can be solved in the same way 

make piles of cards with problems that belong together 
because you can use the same formula or law in solving them. 
In this you can think of formulas concerning energy, force, 
torque, velocity and acceleration or other formulas 

In this case the following category names are provided on the 
answer sheet: 

solve by use of formulas about x(t), v(t) and a 
- solve by use of energy and/or work 
- solve by use of forces (F =ma) 
- solve by use equilibrium or forces 
- solve by use equilibrium or torques 

The text in the instruction is: 
Find the category specified on the answer sheet to which the 
problem fits best. Only record the number of the card behind 
the formula which is most important for the solution of the p
roblem, or which is most convenient to use 

give each of the piles a 
name that reflects the rea
son why you have piled 
these cards together 

describe the problem-solving 
approach common to the 
problems of ~s category 

give the formula or law that 
can be used in solving the 
problems 

none 



Appendix S: The classes of 'depth' of the names 

0. None A category has been formed but no name is given 

1. Superficial The name only concerns a common feature in the problems that can be recog-
nized without use of canonical or non-canonical domain knowledge 

2. Situational The name only concerns a common feature in the problems that: 
a. can only be recognized by use of canonical or non-canonical physics 

knowledge for at least one of the problems in the category 
b. is irrelevant for the planning of a basically fruitful solution approach for 

all of the problems within the category 

3. Situational/ The name only concerns a common feature in the problems that: 
strategic a. can only be recognized by use of canonical or non-canonical physics 

knowledge for at least one of the problems in the category 
b. is relevant for the planning of a basically fruitful solution approach for at 

least one of the problems OR 
c. refers to a scientific law, formula, principle, or deep scientific concept 

(e.g. potential energy; concepts that are commonly used in everyday Ian-
guage, such as 'force', are excluded) 

4. Declarative The name comprises a scientific law, in mathematical form or linguistic repre-
sentation 

5. Procedural The name comprises a description of a (cognitive) action or procedure but does 
not describe more than one step of a solution path 

6. Strategic The name comprises: 
a. a strategical consideration OR 
b. a sketch of the solution path that comprises two or more steps OR 
c. a reflection or decision about the solution path 

7. Problem type The name indicates a particular class of problems centered around a solution 
method. 
For example: 'falling body' - problems 

'horizontal throw' - problems 
'energy' problems 



Appendix 6: Classification of non-canonical utterances 

c L 
"' 

., 
Code 

Causation Force (F) and velocity (v) are considered to have a (mathematical) relation Fvel 
and force 

Force (F) and velocity (v) considered proportional (Van Genderen, 1989) Fprop 

Force (F) and velocity (v) are falsely considered to have the same direction Fpar 
(Andersson, 1986) 

Zero velocity is taken to imply non-zero force M-Nl 
(i.e. (vertical) force at the top of a path of projectile or in the extreme of an 
oscillation considered zero) 

Non-zero velocity is taken to imply non-zero force M-N2 

Force carried by an object to make it move Fimp 

Forces compete to invoke motion, or the antagonism results in a tie Fant 

Overcome resistive force or friction Fover 

Inertia interpreted as a kind of friction of resistive force Finert 

The word 'force' is used to indicate an agent or effort for setting in motiQn Fmot 

The word 'force' is used to indicate an agent or effort to change the velocity Face 
of a moving object 

The word 'force' is used to indicate an effort in general Feff 

General interpretation of the word force as a cause Fcaus 

Causation Energy carried by an object to make it move; Eimp 
and energy Energy consumed during the motion 

The word 'energy' or 'work' used to indicate an effort in general Eeff 

Confusion of The concepts of 'energy' and 'force' are confused E-F 
concepts, 

The concepts of 'work' and 'torque' are confused W-M symbols or 
formulas Confusion concerning internal and external forces Fie 

Human- Force concerned an attribute of a human, animal or machine Falt 
centered 
concepts Energy concerned an attribute of a human, animal or machine Eau 

Misused or The normal force (FN) considered to be generally present MFN 
blurred con-
cepts Faulty use of 'system', no system concept used Msys 

Externally applied backwards directed force and frictional force confused Fback 

Reaction force and resistive force confused Freact 

Acceleration and velocity confused a-v 

Negative and positive acceleration treated as incompatible concepts v+v-

Acceleration used as a verb aww 



Appendix 7: Analysis of cluster names 

Legend: 
Keywords in the names of the typical clusters (n=316). MSC stands for miscellaneous. For the clusters ClOh and Cllh as well as for 
the clusters ClOv and Cllv, the results only concern HA VO-students and VWO-students, respectively. The keywords 'falling' and 
'friction' cannot unambiguously be classified as superficial or situational. The fraction of students that formed a particular cluster and 
named it using a particular keyword are indicated as follows: * > 5%; • • > 10%; • • • > 25%; • • • • > 50%. 

Non-canonical Superficial Situational Declarative Procedural 

Cl E-F Hoist••• Pulley••• Force/Newton's Given/ asked 
Fant Weight Lever•• law••• comparison 
M-N3 Torque••• 
Ee ff Statics 
Force (msc)*** 
M-F*** 

C2 Force (msc) Slope/Inclined*** Angle*** Energy /Work* Decomposition•••• 
Fant Force•••• Given/asked 
W-Fvec Newton's 2nd law comparison•• 
E-F 

C3 Fant Slope /Inclined Angle** Torque••• Decomposition•••• 
Force•••• 

C3' - Pivot* Torque•••• Decomposition•• 
Force•• 
Statics* 



Non-canonical Superficial Situational Declarative Procedural 

C4 Fant•••• Horizontal• ref. to kinematics Energy /work Decomposition••• 
F(other) Push/pull Acceleration• • Force••• 
a<O Friction Newton's law••• 
aww 

cs Eatt+afs* Horizontal Distance•• Energy /Work* Decomposition• 
Fback/ant Velocity** Force• Given/ asked 
F(other) Acceleration• Newton's law comparison 
aww ref. to kinematics•••• 
Force (msc) Time• 
a-v Friction 

C6 Fback/ant Horizontal•• Velocity Energy /work 
Face Acceleration••• Force• 
Force (msc) ref. to kinematics•••• Newton's 2nd law 

Time• 
Distance• 

Friction• 

C7 Fant••• Horizontal••• Velocity** Force•••• 
Force (msc) Acceleration•• Newton's 2nd law 

ref. to kinematics• 

Friction•• 



Non-canonical Superficial Situational Declarative Procedural 

CB E-F* Vertical Gravitational acc.* Energy/Work* Vertical throw**** 
E-Throw Height ref. to kinematics* Force• Given/asked 
F (msc) Moving upwards• Highest point Newton's law comparison 
Fant Acceleration• 
M-Nl 
E-F Falling 

a<O 
v+v-
misc. 

C9 E-F Vertical Gravitational acc.• Energy /Work* Vertical throw 
Force (msc) Height ref. to kinematics Force•••• Hor.&Vert. throw 
Fant••• Highest point Newton's law• 
a<O Opposing forces 

Acceleration• 

Falling••• 

ClOv E-F Vertical*** Gravitational acc. Energy /Work Vertical throw•• 
Force (msc) Height ref. to kinematics• Force••• Hor.&Vert. throw 
Fcaus• Highest point Newton's law 
M-Nl Acceleration•• 
a<O Falling•• 

Cllv - Vertical*** Gravitational acc. Energy /Work*• Vertical throw•• 
Height ref. to kinematics•• Force Hor.&Vert. throw••• 

Acceleration•• 

Falling•• 



-canonical erficial Situational Declarative Procedural 

! ClOh E-F Vertical Gravitational acc.*** Energy /Work Vertical throw 
Force.(msc) Height** ref. to kinematics Force** Hor.& Vert.throw** 

Acceleration Given/asked 

Falling**** comparison 

Cllh E-F Vertical Gravitational acc.** Energy /Work Vertical throw**** 
a<O . Height Acceleration*• Force** Given/asked 
v+v- Moving upwards** Newton's law comparison 

Falling 

c12hv E-F* Vertical Gravitational acc.** Energy/Work*** Hor.&Vert. throw*** 
Height** ref. to kinematics* Force** Given/ asked 

Acceleration** comparison 

Falling* 



Appendix 8: Assignation of knowledge-element cards to the typical 
clusters 

.06 .02 .24 

.25 .00 .38 .25 .13 .38 

.00 .72 .06 .06 .17 

.00 .00 .21 .00 .79 

.46 .00 .18 .04 .50 

C6 13 .15 .15 .69 .00 .08 .00 .46 

Cl 22 .00 .14 .50 .00 .45 .32 .64 

C8 31 .00 .30 .00 .27 .37 .03 .13 .20 .63 

C9 17 .00 .75 .00 .37 .00 .13 .19 .00 .25 .00 .31 

ClOh 17 .00 .59 .00 .29 .06 .24 .35 .00 .06 .12 .35 

Cllh 15 .27 .47 .07 .20 .00 .13 .20 .00 .27 .27 .20 

ClOv 15 .07 .67 .00 .40 .00 .33 .40 .oo .47 .20 .53 

Cllv 20 .10 .55 .00 .35 .05 .35 .45 .00 .35 .20 .50 

.38 

.00 

.86 

.79 

.31 

.59 

.23 

.25 

.00 

.13 

.07 

.25 

Note: The entries in the table depict the fraction of the students who formed a 
particular typical problem-category and assigned it a particular knowledge element. 
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Part III: Towards a Qualification-oriented 
Physics Teaching by Attending Problem 

Solving through Understanding 

In this part an educational model is developed for improving the knowledge 
base, acquiring problem-solving skill, and learning by problem solving. A first 
evaluation is peiformed on a prototype. The model is intended to help 
smoothing over the 'transition problem'. 



6. Systematic Comparison of Solved Problems as a 
Cooperative Learning Task 

6.1. Introduction 

Problem-solving skills are important in both secondary and higher educa
tion. This is true for technical and scientific disciplines in particular. 
First, problem solving is a task typical of the technical and scientific 
domains that students must learn to master. Problem-solving skills are 
an important educational goal. Second, problem solving is important as a 
learning task. Problem solving is primarily used as a learning environ
ment (Elshout, 1987). So, problem solving is important as a means and 
as a goal for learning. 
In addition, problem-solving skills are of particular interest with respect 
to the so-called 'transition problem'. This concerns the difficulties 
students experience when entering higher education from general second
ary education. In the Dutch case, only students with high grades are 
successful in the technical and scientific sectors of higher education. A 
lack of or inadequate problem-solving skills were identified as a probable 
cause for this 'transition problem' (Hulshof, 1990; Taconis, Stevens and 
Ferguson-Hessler, 1992; Ministerie van Onderwijs en Wetenschappen, 
1991; 1992). Another aspect of this 'transition problem' is that too few 
girls enter these sectors of higher education. So, two categories of 
students in secondary education are of particular interest in smoothing 
over the transition to these sectors of higher education: Girls and medi
um-grade students (Ministerie van Onderwijs en Wetenschappen, 1991; 
1992). 
Effective problem solving requires deep information processing and 
induces corresponding learning effects. Therefore problem solving is a 
potentially effective learning task (Elshout, 1987). On the other hand, 
many students do not engage in such deep processing while trying to 
solve problems (Chi, Feltovich & Glaser, 1981). The lack of deep 
processing hinders or impedes people from reaching a correct solution 
and reduces the learning effect of problem solving. 
Several causes have been indicated for this. Students may lack the skills, 
the knowledge, understanding and the dispositions (i.e. motivation) 
necessary to successfully engage in such deep processing of information 
(Prawat, 1989). Students may be unable to activate their cognitive 
strategies and knowledge. So, in the case of problem solving as a learn
ing task, we find ourselves trapped in a 'learning paradox' (Bereiter, 
1985): The skills, knowledge, understanding and dispositions we want our 
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students to acquire are exactly the skills, knowledge, understanding and 
dispositions the students need to solve problems and learn from thereof. 
In this paper, we present the prototype of an instructional task - the so
called UBP-task (UBP = Understanding Based Problem solving). This 
task is part of the so-called UBP-program1 which is currently being 
developed. This program seeks to contribute to the solution of the 
'transition problem' in the technical and scientific sectors of higher 
education. It comprises a variety of tasks and instructional formats. The 
particular task presented, employs the systematic comparison of solved 
problems activity in small student groups as a key learning. We will start 
our discussion by a theoretical investigation of cognitive factors possibly 
involved in the 'transition problem'. This lays the foundation of the 
program, rather than for the sole task presented. However, it is essential 
as a background for the task. Then, we will describe the UBP-task and 
its rationale within this context. Finally, a first evaluation experiment is 
described and its results are presented. 

6.2. Cognitive Factors in the 'Transition Problem' 

Research concerning the difficulties that occur in the transition from 
general secondary education to higher technical and scientific education 
has revealed several factors contributing to this. Amongst these are, 
social and motivational factors, effort, personal capacities and difficulties 
that arise from the organization of learning, like curriculum mismatches 
and discontinuities in didactical approach (Pascarella, 1985). 
Also, a variety of explanatory cognitive factors has been identified. These 
will be indicated as 'qualifications' hereinafter. Qualifications most fre
quently mentioned are: Problem-solving skills (Taconis, Stevens and 
Ferguson-Hessler, 1992), competence in learning (Vermunt, 1992), and 
understanding (Halloun & Hestenes, 1985a, 1985b). 

Various relationships exist between these qualifications. Competence in 
learning comprises both the students' learning skills and their mental 
model of adequate learning. These are components of the students' 
personal 'learning-style' (Vermunt, 1992). A learning-style can be 

1UBP is being developed by the department of Physics Education of Eindhoven 
University of Technology and the Graduate School for Teaching and Learning (IW) 
of the University of Amsterdam. It is associated to the VF-program 'learning and 
instruction of cognitive strategies' running in the latter institute. 
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described as the coherent mass of (a) the learning activities a person is 
accustomed to use, (b) the person's mental model of learning and (c) a 
person's motives for learning. Learning-styles are relatively stable in time 
and may be adequate - or inadequate - for success in higher education. 
In addition, problem-solving skills and understanding critically depend on 
the so-called knowledge base: the structured total of relevant domain 
knowledge (Prawat, 1989; Perkins & Salomon, 1989; Taconis & Ferguson
Hessler, 1993b; Taconis, in preparation b). Both draw on the knowledge 
base in an analogous manner (De Jong & Ferguson-Hessler, 1993). 

We will now explore in more detail the various cognitive factors and 
explore their role in the 'transition problem'. In this we take problem 
solving as a primary focus. According to Prawat (1989) it is a - if not the 
- central mode of cognition. This analysis provides as basis for the UBP
program and is indispensable as a background for the design of the UBP
task here described. 

6.2.1. Exploration of qualifications related to problem solving 

Two distinctions are used to systemize the cognitive factors mentioned 
above. The first distinction concerns the dual role of problem solving in 
education. Problem solving can be presented as a task to be mastered by 
the student. In that case, problem-solving skills are a goal of education. 
On the other hand, problem solving can be used in education as a 
learning task. Problem solving provides a learning environment (Elshout, 
1987). 
Depending on how a subject perceives the goal of solving a problem, the 
employed strategies themselves and their outcomes will differ (Marton & 
Saljo, 1976b). For example, when regarding a problem as a task to com
plete, the problem solver focuses on characteristics of the problem state
ment and may formulate hypotheses about the solution. When regarding 
the problem as a learning environment, the problem solver - or learner in 
this case - probably focuses on the relation of this problem to previously 
solved problems, and its relation to the examination tasks expected 
(Marton & Saljo, 1976b ). Such different activities produce different 
learning outcomes. Solving problems does not automatically yield an 
optimum learning gain if the subjects have no intent to learn by it. 
Hence, the role of problem solving in the 'transition problem' can be 
twofold. First, it may be that students entering higher education have 
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inadequate ability in solving problems. Second, it may be that students 
entering higher education lack ability in learning by solving problems. 
The second distinction roughly follows Prawat's (1989) overview of factors 
promoting the access to cognitive resources: Dispositions (e.g. concep
tions and convictions), strategies (metacognitive skills and information 
processing skills) and knowledge base. 

problem solving 

as a task to complete as a learning environment 
(goal) (means) 

conceptions Cell 1: Cell 2: 
- conception of problems and - conception of learning, learn-

problem solving ing by problem solving in 
- conception of understanding particular 

meta- Cell 3: Cell 4: 
cognitive - metacognitive skills concern- - metacognitive skills concern-
skills ing the problem-solving pro- ing the learning process and 

cess and the problem solu- the learning outcome (see 
ti on Vermunt & van Rijswijk, 

1988) 

information Cell 5: Cell 6: 
processing - analyzing the problem - information processing skills 
skills - planning a problem solution concerning the learning pro-

- mathematical skills cess (see Vermunt & van 
- problem type specific skills Rijswijk, 1988) 
(see Taconis, Stevens & 
Ferguson-Hessler, 1992) 

knowledge Cell 7: Cell 8: 
base Panicularly relevant aspects: Particularly relevant aspects: 

- non-canonical knowledge - non-canonical knowledge 
(misconceptions) (misconceptions) 

- problem schemata - knowledge about learning 
(functional links) 

Table 1: Problem-solving-related factors of which the relevance for the 'transition 
problem' is explored. 
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Table 1 shows our systematic overview of cognitive components related to 
problem solving. The columns of Table 1 reflect the two manifestations 
of problem solving in education: As a task to be completed and as a task 
to learn by. The rows of Table 1 comprise conceptions, metacognitive 
skills, information processing skills and the knowledge base. We will now 
explore the relevance of each of the cells of Table 1 row by row with 
respect to the 'transition problem'. 

6.2.1.1. Conceptions 

The first row of Table 1 concerns conceptions. For example: optimum 
learning requires an adequate conception of learning (Vermunt 1992). 
Various conceptions may be relevant for the 'transition problem'. We 
limit our discussion to the students' conceptions related to: (a) problems 
and problem solving, (b) understanding, and (c) learning, learning by 
problem solving in particular. 

Conception of problems and problem solving 
The conception of problems students in secondary education hold, is 
rooted in their experience with current text-book problems. These are 
usually well-defined, emphasize calculation, and require relatively few 
problem-solving skills (Taconis, Stevens & Ferguson-Hessler, 1992; 
Taconis & Ferguson-Hessler, 1994). Solving such problems is conceived 
as a matter of 'finding the right equation, substituting numbers and 
calculating'. Problems that contradict such a narrowed conception of 
problem solving are scarce in general secondary education (Ferguson
Hessler, 1989). 
Moreover, students in secondary education often do not see problem 
solving as a process comprising various actions or phases and may have 
little awareness of the need to plan and adjust their activities. Instead, 
they might perceive problem solving as a process of selecting the right 
formula merely by means of trial and error. Besides this, students in 
secondary education often consider problem-solving ability and under
standing as gifts rather than as expertise which they can attain themselves 
by aimed effort. 

Conception of understanding 
Various conceptions of understanding can be distinguished. Taconis & 
Ferguson-Hessler (1994) distinguish two as particularly relevant: Scientific 
understanding and contemplative understanding. Scientific understanding 
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is defined by the international community of scientists. Physics concepts 
are cognitive tools necessary to complete the tasks typical of physics: 
experimenting, constructing technological improvement, predicting and 
problem solving (Layton, 1991). The functionality of the physics-concepts 
is the key to understanding them in a scientific way (Taconis & Ferguson
Hessler, 1994). For example: A full understanding of the concept of 
energy includes that 'energy' is an entity that can be manipulated in solv
ing problems of a certain type. It is not limited to declarative definitions. 
Many students in general secondary education do not understand physics 
in a scientific way. Despite inadequacy with respect to problem solving, 
the knowledge base of students in general secondary education usually 
allows for understanding, though not of a scientific kind. The non
canonical ideas many students hold, correspond to what Taconis & 
Ferguson-Hessler (1994) call 'contemplative understanding'. Non-canonical 
ideas are of a preponderately descriptive nature and generally resemble 
medieval or Aristotelian theories (Driver, Guesne & Tiberghien, 1985). 
The latter are part of a 'contemplative' philosophical tradition of under
standing every-day life without experiments or the ambition to predict 
(Hooykaas, 1980). So, many students in secondary education may hold a 
conception of understanding that is 'contemplative' rather than scientific. 

Conception of learning by problem solving 
Vermunt (1992) has found that student may hold various mental models 
of learning. These have impact on learning behavior (learning-style). 
One mental model of learning that is particularly relevant with respect to 
problem solving, gives a central position in learning to 'using knowledge'. 
This conception of learning relates to an application-oriented learning
style which is generally adequate for success in higher education 
(Vermunt, 1992). A second mental model of learning that is associated 
with success in higher education, emphasizes that learning is a act of 
constructing knowledge on the basis of prior knowledge by means of 
skills (Bereiter, 1985). 
In secondary education as well as in tertiary education, both students and 
teachers tend to narrow the role of problem solving in physics education 
to exercising (Taconis & Ferguson-Hessler, 1994). Little attention is paid 
to the opportunity for constructing knowledge as it is offered by the 
learning environment of problem solving. The learning aspect of prob
lem solving is mostly kept implicit. Reflection on questions like: 'What 
did you learn by solving this problem" are rare events. 
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6.2.1.2. Metacognitive skills 

The second row in Table 1 concerns metacognitive skiJls (e.g. monitoring, 
diagnosing, repairing, reflecting on the outcome) both with respect to 
problem solving (cell 3) and with respect to learning, learning by problem 
solving in particular (cell 4). Success in the technical and scientific sectors 
of higher education requires such skills. 
Taconis, Stevens and Ferguson-Hessler (1992) found indications that 
most students leaving secondary education lack the skills necessary for 
adequate regulation of problem-solving processes. This is in line with the 
current approach to problem-solving education, which propagates a 
systematic problem-solving approach by providing the students with a 
heuristic scheme of problem-solving steps. Though this approach proba
bly facilitates the conception of problem solving as a structured process 
comprising several steps, it places no emphasis on the acquisition of 
metacognitive skills. 
Higher education requires metacognitive abilities that allow self-regulated 
learning. Vermunt (1992) found that many students in higher education 
lack the metacognitive abilities that allow self-regulated learning. For the 
higher education examination marks in social sciences a significant 
negative correlation coefficient of .32 with metacognitive abilities has 
been reported (sign. level < .001: Vermunt 1992 p. 176). Dutch second
ary education has not been paying much attention to these skills. The 
Dutch Ministry of Education has initiated action to promote the acquisi
tion of these skills in secondary education (Ministerie van Onderwijs en 
Wetenschappen, 1991; 1992). 

6.2.1.3. Information processing skills 

The third row of Table 1 concerns information-processing skills. As 
regards problem solving, Taconis et. al (Taconis, Stevens & Ferguson
Hessler, 1992; Taconis, Ferguson-Hessler & Verkerk, submitted) found 
that freshmen in the first year of technical and scientific sectors of 
(Dutch) higher education especially lack skill in "analyzing the problem" 
and "planning a solution". An analysis of (co)variance using the grade in 
the physics final examination as a covariate, showed a significant effect 
(p < .05) of these skills on success in higher education (Taconis, Ferguson
Hessler & Verkerk, submitted). Apart from these general skills students 
often lack "mathematical skills", and various domain-specific skills. These 
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are relevant to particular problem types typical of the topics 'mechanics' 
and 'electricity and magnetism' in higher education. 
In the right column of Table 1 we find information-processing skills too. 
However these concern the learning process, learning by problem solving 
in particular. These differ from the information processing skills in the 
left column, although the same names are often used. Above we have 
seen how 'analyzing a problem' and 'analyzing a problem as a learning 
task' differ (page 179). Another example concerns 'planning'. When 
regarding a series of problem as tasks to complete, planning evolves 
around finding a solution approach to solve each of the problems individ
ually. When regarding this set of problems as a learning environment, 
planning may include finding out about the most profitable sequence of 
solving the problems. 
Unsuccessful students in higher education may lack the information
processing skills required to learn effectively. Vermunt (1992) reports a 
significant positive correlation of the skills 'relating' and 'structuring' with 
success in studying social sciences (r=.25, sign. level < .001; Vermunt 
1992, p. 176). 

6.2.1.4. The knowledge base 

The fourth row of Table 1 concerns the knowledge base. It has been 
shown that the experts' knowledge base in physics is organized according 
to problem schemata (Chi, Feltovich & Glaser, 1981; Ferguson-Hessler & 
De Jong, 1987). In general, a schema can be defined as a unit in human 
memory representing a functional package of knowledge (Taconis & 
Ferguson-Hessler, 1993a; Taconis in preparation a). Though a problem 
schema is built around formal scientific concepts, it also includes the way 
these concepts can effectively be applied in problem solving. Problem 
schemata characteristically entail connections between problem character
istics on the one hand and adequate or relevant problem-solving activities 
and strategies and the concepts required for these, on the other. Such 
links will be called functional links hereinafter. 
By analysis of interviews, Chi et. al (1981) identified the degree to which 
such problem characteristics are linked to typical problem-solutions, as a 
key factor distinguishing experts from novices. In an analogous ·statistical 
study, Taconis et. al (Taconis & Ferguson-Hessler, 1993b; Taconis, in 
preparation b) confirm this for students preparing for the physics final 
examination of Dutch general secondary education. 
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It is important to note here that functional links are not universally valid. 
They are of a probabilistic nature. Moreover, schemata usually comprise 
a net of intertwined functional links. Hence, their value for problem 
solving is of a heuristic nature. 

In addition to this, Taconis et al. found that although the knowledge base 
of these students is usually adequate to solve the problems in the final 
examination, it is usually not organized according to problem schemata 
adequate for solving problems (Taconis & Ferguson-Hessler, 1993b; 
Taconis, in preparation b). Most students from secondary education have 
their knowledge of mechanics mainly organized according to situation 
characteristics, like the motion state of the objects (rest, linear-horizontal, 
slopes, upward, falling, curved) and the kind of human action (pushing, 
pulling, throwing). Such a knowledge base lacks adequate functional 
links. 
Within the knowledge base naive ideas and misconceptions have been 
identified (Halloun & Hestenes, 1985a, 1985b; Taconis, in preparation a, 
in preparation b; Taconis & Ferguson-Hessler, 1993a, 1993b; Driver, 
Guesne & Tiberghien, 1985). Psychologically, many such non-canonical 
ideas can be regarded as schemata too (Taconis & Ferguson-Hessler, 
1993a, 1993b; Taconis, in preparation b). However, non-canonical 
schemata may lack functional links or may comprise inadequate function
al links. 
Cell 8 comprises the knowledge base as it is relevant in learning, learning 
by problem solving in particular. Like problem solving, learning draws on 
the knowledge base (Ferguson-Hessler & De Jong, 1990). In addition, 
cell 8 comprises knowledge about learning. 

6.2.1.5. Conclusion 

The above analysis suggests that students in the highest class of general 
secondary education often lack several of the qualifications listed in 
Table 1. Table 1 therefore indicates a concrete educational goals for an 
instructional program to facilitate a smooth transition from secondary to 
higher education. The design of a program meeting these requirements 
demands a theoretical basis. 
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6.3. A Theoretical Basis for Education aimed at Cognitive Qualifica
tions 

6.3.1. Psychological approach 

Above, we have described the various cognitive qualifications. We will 
now use Table 1 to structure our description of a general basis for 
teaching these qualifications. 

6.3.1.1. The acquisition of adequate conceptions 

Conceptions take a relatively long period of time to change. Three 
factors can be identified as relevant to change conceptions: (a) confronta
tion with conceptions other than ones own, (b) encounter of alternative 
conceptions through discussion and (c) experiencing the value of concep
tions different from one's own through activities that emerges form such 
a different conception (Posner, Strike, Hewson & Gertzog, 1982; Prawat, 
1989). 

Modification of ones conception of learning toward a constructive view, 
requires: (a) the demonstration of how knowledge is constructed, (b) 
confrontation of the constructive view with other conceptions such as the 
'reproductive view', and (c) the experience of success through learning 
activities that conflict with the individual's initial conceptions. The latter 
provides a fundamental problem. Conceptions of learning interact with 
learning itself (Prawat, 1989). One may be reluctant to engage in the 
activities required for adequate learning, if a learning task does not fit 
one's conception of learning. 
Vermunt (1992) proposes a model called "process-oriented instruction" 
that aims to modify the learning-style as a whole. He reports the modifi
cation of the students' mental models of learning, towards the conviction 
that learning is the construction of knowledge on the basis of prior 
knowledge. 
Modification of one's conceptions of problems and problem solving 
towards adequate conceptions requires: (a) the demonstration of the 
activities and phases of the problem-solving process, (b) the demonstra
tion of problem characteristics and how problem characteristics relate to 
solution characteristics, (c) confrontation of the conviction that success in 
problem solving requires special cognitive gifts, with the idea that prob
lem-solving ability can be attained by aimed effort, and ( d) the experi-
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ence that it helps to analyze a problem carefully and determine its 
characteristics to acquire useful ideas for its solution. 

6.3.1.2. The acquisition of metacognitive skills 

It is generally recognized that metacognitive skills and awareness are 
greatly enhanced by discourse or dialogue (Prawat, 1989; Elshout-Mohr, 
1992). Cooperative learning is a profitable setting for this. 
Metacognitive strategies such as, monitoring, testing, and evaluating 
cognitive activities and results may be acquired through modelling. 
Criticizing and evaluating cognitive actions and results of others can be 
internalized as metacognitive strategies (Palinscar & Brown, 1984; 
Scardamalia & Bereiter, 1985). 
Through verbalization and communication of ideas, skills become an 
object for reflection. This results in awareness of one's own skills and 
knowledge. Such awareness promotes access to these skills and enhances 
efficiency and goal-orientedness (Prawat, 1989). 

6.3.1.3. The acquisition of information-processing skills, understanding 
and an adequate knowledge base 

Skills critically depend on awareness, the knowledge base, and its organi
zation in particular. Transfer and accessibility of knowledge and skills 
are crucial for problem-solving performance (Prawat, 1989). On the 
other hand, awareness of relations between elements of knowledge is a 
sine qua non for conceptual understanding (Prawat, 1989; Nickerson, 
1985). In general, awareness and understanding can be promoted by 
discourse or dialogue (Prawat, 1989; Chi, De Leeuw, Chui & Lavancher, 
1992). 
However, awareness presupposes the presence of such relations between 
elements of knowledge within the knowledge base. The mental relations 
typical of experts in the physics domain connect problem characteristics 
to problem solutions. The construction of such mental links between 
problem characteristics and problem solutions is fundamental to both 
skill acquisition and to the acquisition of scientific understanding. Such 
functional links are the essential characteristics of problem schemata. 
On the other hand, learning is often a result of a struggle for understand
ing (Gick, 1986). The conception of understanding physics that a student 
holds, guides the learning process. It is a constraint under which new 
knowledge is constructed. Within the learning environment of problem 
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solving, the contemplative conception of understanding is challenged by 
picturing physics concepts explicitly as tools for - in this case - problem 
solving. It thus facilitates the acquisition of canonical knowledge and 
opposes the construction of non-canonical knowledge. 
We will now discuss processes that may lead to the acquisition of prob
lem schemata that form the basis for both scientific understanding and 
problem-solving skills. 

6.3.2. Schema acquisition 

The schema-concept allows for a more explicit picture of the processes in 
which skill, understanding, and an adequate knowledge base are acquired. 
Rumelhart and Norman (1981) distinguish three processes with respect to 
the construction of schemata. Firstly, accretion which is the encoding of 
new information in terms of relevant preexisting schemata: which are 
changes by this process. Secondly, tuning which is a process of slow 
modification and refinement of a schema as a function of the application 
of the schema. Finally, restructuring. This is the only process in which a 
new schema is created. As shown above, problem schemata and non
canonical schemata differ fundamentally. So the construction of new 
schemata is essential in learning physics and therefore we "'ill concen
trate on this. 

6.3.2.1. Construction of a new schema 

Ahn, Brewer, and Mooney (1992) distinguish two types of processes in 
which new schemata are constructed. Our instructional material - which 
will be described in the next paragraph - comprises a combination of 
those two types. 

The first type is called Explanation Based Leaming (EBL). Through EBL, 
a new schema can be constructed as a response to a single example. This 
construction takes place on the basis of pre-existing schemata that repre
sent prior domain knowledge and skills. Examples of EBL are described 
in Chi, Bassok, Lewis, Reimann, and Glaser (1989). 
In general, activation of prior domain knowledge is found to be beneficial 
for the acquisition of understanding and retention through anchoring 
(Prawat, 1989). On the other hand, schema construction through EBL is 
constrained by the activated prior domain knowledge. The activation of 
non-canonical prior knowledge, may constrain the learning process to the 
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acquisition of misconceptional knowledge (Chi, 1992; Taconis, in prepara
tion a). Chi shows how the absence of suitable canonical prior knowl
edge, can trouble the acquisition of scientific schemata and may result in 
the construction of misconceptions. 
Therefore, we think that in using EBL one should either minimize the 
activation of non-canonical knowledge (e.g. by avoidance of cases that 
link to everyday experiences), or attend these ideas in order to modify 
them (e.g. by discussing these). Since EBL requires explaining, small 
students groups (cooperative learning) are a profitable setting for EBL 
since students can explain their thought to each other. 

The second process by which new schemata are acquired is Similarity 
Based Leaming (SBL). In SBL the schema is constructed by isolating a 
common pattern from a set of similar cases. It is related to the 
hypothetico-deductive reasoning employed for the construction of con
cepts by Lawson, et al. (1991). An example of SBL is provided by Gick 
and Holyoak (Gick & Holyoak, 1980; 1983; Gick, 1986; Holyoak, 1985). 
They found that subjects confronted with multiple analogous problems, 
may induce a new schema relevant to the solution of problems of that 
type. According to Prawat (1989), the key psychological process in such 
schema construction, is to get subjects to consciously attend to the 
similarities between the analogues. 
Lesh (1981) and Steiner (1992) used series of related mathematical 
problems in order to induce schema construction. Paas and Merrienboer 
(1992) developed a learning task based on solved problems. Comparing 
solved problems may enhance awareness of "aspects to look for in 
analyzing problems", and of "alternative solution methods". According to 
Ahn et. al, (1992) SBL can account for the acquisition of aspects of a 
schema that can not - or not easily - be made explicit. This is an advan
tage for the construction of problem schemata that encompass tacit 
knowledge (e.g. procedures). Its relative independency from prior 
domain knowledge, makes SBL apt for domains in which students have 
little prior domain knowledge (Melezinek, 1986). If enough domain 
knowledge is available, however, people appear to prefer EBL (Ahn et. 
al, 1992). Instead of waiting for all the cases to occur, subjects perform 
EBL on each of the cases separately. This suggest that non-canonical 
prior knowledge hampers SBL, rather than leading to the construction of 
new non-canonical knowledge like it would in the case of EBL. 
On the other hand, SBL may be unfit for the acquisition of the explana
tory aspects of schemata (Ahn et. al, 1992). Another potential drawback 
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of SBL is the production of over-generalized schemata due to the inevita
bly limited set of cases SBL operates on. Over-generalization can be 
regarded as a natural phase occurring in constructing adequate schemata 
(Dreyfus & Dreyfus, 1986). However, over-generalization can be dealt 
with by careful selection of the cases and provision of counter-examples. 

6.3.3. Educational-theoretic basis: Cooperative Learning 

Well designed and executed cooperative learning curricula may produce 
superior learning outcomes (Slavin, 1990; Love, 1992) and positive effects 
on social skills and attitudes. In cooperative learning, students work 
together in small groups. Within the groups, positive interdependence 
between the students is created through: (a) the structure of the task, (b) 
the shared goal, (c) a joint reward, or (d) a combination of these. The 
latter is the most advantageous situation (Slavin, 1990). Despite positive 
interdependence, shared leadership and responsibility, individuals are 
held accountable individually for their own performance and the perfor
mance of the group. 
Teacher interventions concentrate on the process: suggesting a problem
solving strategy, stimulating reflection on the learning outcomes, support
ing the process of allocating subtasks, or intervening in the social rela
tionships. 
Moreover, the teacher emphasizes the individuals accountability, e.g. 
asking individuals to report on the findings in their group as a whole or 
rewarding individuals for the average performance of their group. 
Usually, cooperative learning works best when the students are acquaint
ed with it. 

6.4. The Task 

The task presented here is a prototype which is part of the so-called 
UBP-program currently being developed. The program comprises various 
types of tasks and instructional formats. As a whole, it aims at the 
qualifications mentioned in Table 1. Two of its main characteristics are: 
1. the program explicitly attends problem solving as a means for learn

ing. Hence, it attends the skills in the second column in Table 1. 
2. the various qualifications are attended simultaneously. For example: 

Skills are taught in relation to the development of adequate concep
tions both of how to learn physics and of problem solving. In this 
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way, the learning paradox that can occur when using problems as a 
learning environment (page 177), may be avoided. 

6.4.1. Aims and design of the task 

The task presented here concerns the systematic comparison of solved 
problems. It employs the principles of cooperative learning. It can 
however be implemented in a different way if a teacher wishes to. This, 
however, is not recommended. The UBP-task can be used in both 
secondary and higher education. 

The UBP-task presented here, aims particularly at the acquisition of skills 
concerning problem analyses and planning of an initial solution approach 
(cells 5 and 6 in Table 1). In addition, it aims at (a) metacognitive skills 
concerning problem solving both as a task to be mastered and as a 
learning environment (cells 2 and 3 in Table 1), (b) the construction of 
problem schemata (the construction of functional links in particular) (cell 
7 in Table 1), (c) attaining an adequate conception of problems and 
problem solving (cell 1 in Table 1), and (d) attaining an adequate con
ception of how to learn physics through problem solving (cell 2 in Table 
1). 

6.4.2. Description of the task 

The problems and solutions the tasks operates on, are shown in Appen
dix I. The problems used in the prototype (Appendix I) are contextually 
poor in order to reduce the number of variables to attend to in the 
experiment. However, contextually rich problems may be used in later 
experiments. 
The problems are specially constructed to focus discussion on the con
cepts of energy and force as well on their distinctions as regards to their 
use. Energy is applicable to two of the problems (problems C and D) 
while force is applicable to the other two problems (problem A and B). 
Hence, the task can contribute to an adequate understanding of these 
concepts (cell 7 and 8 in Table 1). Moreover, using 'applicability in 
problem solving' as a criterion to distinguish concepts, may help students 
to modify their conception of understanding towards scientific under
standing (cell 1 in table 1). 
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The systematic comparison of the solved problems is guided by a se
quence of instructions. The (rephrased) instructions to the students are: 

la. Compare the problems systematically to find problem characteristics 
that discriminate the problems (Appendix I). 

1 b. Compare the solutions systematically to find solution characteristics 
that discriminate the problem solutions (Appendix I). 

2. Find (by inductive reasoning) the apparent combinations of problem 
characteristics and solution characteristics and tabulate these. 

3. Evaluate whether these couplings are generally valid, conditionally 
valid or present only by chance. 

4. Apply the valid couplings to predict the solution of a new problem. 

In the cooperative-learning setting, the tasks are performed in small 
groups of 4 students formed in classroom. For the exectiltion of the 
subtasks la and lb the groups are split up in two duos. Each duo either 
performs subtask la or subtask lb. This induces task interdependency. 
The teacher checks the progress of the duos and assists when necessary. 
The act of comparison can be regarded as an exercise in analyzing prob
lems (la), or in evaluating problem solutions (lb). This corresponds to 
cell 5 in Table 1. Subtask la enhances awareness of "aspects to look for 
in analyzing problems". Subtask lb fosters awareness of "alternative 
solution methods" (cell 3 in Table 1). Each duo completes a work-sheet 
that is designed to facilitate the subsequent completion of subtask 2. In 
order to complete subtask 2, the affiliated duos reunite. Together the 
students trace apparent couplings between the identified characteristics of 
the problems and those of the solutions. This is done inductively (SBL) 
by comparing the 'pattern of occurrence' of the various problem charac
teristics with those of the various solution characteristics. For example: 
problem characteristic X only occurs in problem C and is apparently 
associated therefore with solution characteristic Y which only occurs in 
solution C. The duos are encouraged to comment on each other's 
results. For instance: the duo that worked on 'solution characteristics' 
can supply an apparently relevant problem characteristic initially omitted 
in the inventory by the other duo. Subtask 2 concerns the construction of 
knowledge that underlies heuristic strategies for the generation of fruitful 
solution ideas: functional relations (cell 7 in Table 1). Besides this, it 
facilitates the construction of an adequate conception of problem solving, 
by showing concrete examples of such relations (cell 1 in Table 1 ). 
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However, these apparent couplings are not yet validated as functional 
links. This is pursued in subtask 3. Here, the newly constructed appar
ent couplings are judged for validity, and the range of their applicability 
has to be determined. For this, the couplings need to be related to prior 
domain knowledge. A new schema can be constructed that includes func
tional links (EBL). This new schema may eventually be refined and grow 
into a mature problem schema (cell 7 in Table 1). 
Although cooperation and discussion are important aspects of all 
subtasks, (e.g. in enhancing metacognitive skills concerning problem 
solving and learning; cells 3 and 4 in Table 1), they have specific cogni
tive importance here. Discussion about hypothesized functional relation
ships directly contributes to schema construction, scientific understanding 
and anchoring. If non-canonical knowledge has been activated, the newly 
constructed problem schema will be confronted with it. The learning 
environment of problem solving makes functionality of ideas for scientific 
purposes an important argument in this debate. Non-canonical knowl
edge may be dismantled or purged. 
In subtask 4 skills concerning problem analyses and the planning of an 
initial solution approach are practiced. Tuning of the problem schema 
under construction and further anchoring can occur. 

6.4.3. Educational implementation in the experiment 

Though the task can be implemented in education in various ways, we 
limit our description to the implementation chosen for the experiment 
described. Here, the students work in small groups of three or four on 
the task under cooperative learning conditions. Thus implemented, com
pletion of the UBP-task takes about 100 minutes teaching time. 

Before actual work on the UBP-task, it is carefully introduced to the 
students by performing a simplified UBP-task on a different topic in a 
class discussion. This is necessary, especially since students are usually 
not acquainted with tasks like this. Then the groups for cooperative 
learning are formed by the teacher on suggestion of the researcher. Care 
was taken to form groups with various characteristics: mean physics 
grade, grade heterogeneity and gender heterogeneity. 
The subtasks la and lb were performed in the first lesson. This allows 
the teacher to help duos to direct their activities and ensure that useful 
characteristics are found. The latter is important since the construction 
of problem schemata would otherwise be blocked. For homework the 
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students had to round off these subtasks. In the second lesson, the duos 
exchange their results and proceed with subtasks 2 and 3. At the end of 
the lesson, the teacher made an inventory of the links constructed by the 
various groups on the blackboard. In this, individual students are select
ed at random to report on their group's achievements. The class discuss
es the validity and usefulness of the links. These comments are written 
on the blackboard. The students study the inventory and work on 
subtask 4 for homework. In the third lesson the students exchange their 
individual results on subtask 4 in a class discussion. Finally, the teacher 
concludes the task by demonstrating how comparison of problems can be 
used as a learning strategy (e.g. for constructing knowledge) which the 
students can perform themselves (cells 2 and 6 in Table 1). Now the 
students can reflect on 'comparing solved problems' as a learning strategy 
(cell 4 in Table 1). 

6.5. First Evaluative Experiments 

6.5.1. Method 

A series of evaluation experiments was performed to explore the ques
tions: 

1. Does the UBP-task induce: 
a. the acquisition of problem schemata (functional links in particu

lar), 
b. skills concerning analysis and planning, 
c. metacognitive skill to judge problem solutions regarding their 

adequacy and efficiency? 
2. What factors hamper or facilitate these learning results? 
3. How do students rate the UBP-lessons? 

Conceptions (cells 1 and 2 in Table 1) and learning ability (second 
column in Table 1) are not included in research question 1 since a single 
UBP-task does not span enough time so that notable changes in concep
tions may be expected. A pre-test - post-test design was used. Control 
groups were used if available. 
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In this first evaluation, three groups of students were presented with the 
UBP-task. These are (ordered according to the amount of physics 
teaching experienced): 

group Ae A class of 27 students from the 4th year of pre-university 
education. 

group Be A class of 11 first-year students in higher vocational education 
(discipline: Physics teaching). 

group Ce A class of 23 students from the 6th - the last - year of pre
university education. 

The groups Be (first year of higher education) and Ce (last year of 
secondary education) were selected because these are directly involved in 
the 'transition problem'. Moreover, teachers had to be found that were 
willing to use the material, and could spend the time cooperated and 
judged able to implement the experimental task adequately. 
Unfortunately, these constraints implied that no control groups could be 
found for the groups Be and Ce. Group Be simply comprised all students 
of that year in the institute. For group Ce the teacher of the parallel class 
- the students in group C are preparing for the final examination - could 
not cooperate. For group Ae however, a parallel class (n=22) was used 
as control group, which will be denoted as group Ac hereinafter. A t-test 
showed that the groups Ac and Ae are equal in their mean physics grade 
(6.43 and 6.54 respectively). 
The students in the control group Ac exercised problem solving for the 
same amount of time as the experimental group (100 minutes). The 
teacher discussed the problems as usual, with only modest explicit 
attention to the relations between problem characteristics and solution 
characteristics. 

In order to gain insight in factors that hamper or facilitate the learning 
pursued (question 2), additional information was gathered, e.g. on the 
cooperation in the groups. The physics grade of each of the students was 
registered. A student questionnaire (Herfs, Mertens, Perrenet & Terwel, 
1991) was used. It monitors: (a) the students' appreciation of the UBP
material, (b) the students' appreciation of the cooperation in the various 
student groups, (c) the students' perception of the atmosphere in the 
classroom during the group-work, and (d) the students' perception of 
teacher interventions. In addition, the worksheets of each of the groups 
were collected to get an indication of the characteristics of the learning 
behavior within the groups. In our explorative research, the lessons were 
observed to detect major deviations from the intended implementation. 
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6.5.1.1. The UBP-test 

A specially designed UBP-test was presented both as a pre-test and as a 
post-test (Appendix II). The face validity of the UBP-test was evaluated 
by experienced teachers. It consists of two subtests. 
The first subtest addresses the skills 'problem analysis' and 'planning an 
initial solution approach'. This subtest has a multiple choice format, with 
description of formulas as alternatives. On the answering sheet formu
las - or combinations of formulas - that represent basic solution ap
proaches are described. The problems were such that application of 
functional links that are built-in in the UBP-task, would yield the 'correct' 
alternatives. The formulas were not given in a mathematical form to 
hinder the students from employing strategies like 'comparing the given 
and requested entities with the entities in the mathematical formulas'. 
The students were asked to mark for a series of problems the formulas 
relevant and adequate to solve them. In this, they are not allowed to 
perform calculations or actually to solve the problem. 
Each of the alternative solution approaches was assigned either of three 
value. 'Zero' was assigned to faulty or inadequate solutions. 'One' was 
assigned to the most efficient and adequate solution. A value of .5 was 
assigned to solution approaches that led to an adequate solution, but 
were lengthy or sub-optimal for other reasons. Using these values, a 
score was calculated for each subject, that represented skill in analysis 
and planning. 
The second subtest (Appendix II) addresses metacognitive ability to judge 
the adequacy and efficiency of a given problem solution, and the ability 

·to generate an alternative solution. The students are provided with a 
solved problem and are asked to indicate whether the presented solution 
is the best solution for the problem. They are also requested to indicate 
an alternative method to solve the problem. 
The answers on this subtest were coded into scores using a guideline for 
coding (Appendix II). The scores ranged from poor (faulty, no argumen
tation or inadequate alternative solution), via mediocre (makes sense but 
does not employ the functional links built-in in the UBP-task), to good 
(adequate use of a functional link built-in in the UBP-task). 
Two judges coded the answers independently. Agreement . between 
judges proved satisfactory (Cohen's K~.6). 
In order to find the best way to process the test data, a variety of total 
skill-indices was computed on the basis of the means of the scores on the 
sub-tests (weighted, not weighted, excluding missing values, including 
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incidental missing values as faulty answers, etc.). Each of these indices 
runs from 0 (bad) to 1 (excellent). The various indices show high mutual 
correlations ( > .85). For each of the indices. reliability proved sufficient 
for explorative research (Cronbach's a. equals .6 to .7). The validity of 
the total skill-indices is supported by their substantial correlations of the 
pre-test scores with physics grades (.35 - .6). On the whole, the un
weighted average over all test-items while treating incidental missing 
values as faulty answers, performed best and is used hereinafter. 

6.S.2. Results 

6.S.2.1. Analysis 

In general. the evaluation of a cooperative learning curriculum is per
formed best in a multilevel approach. In such an approach. the indepen
dent variables are recognized as belonging to different levels. These are: 
individual variables. group variables and class variables. However, our 
data-set is too small to allow for a statistically valid multilevel approach. 
Nevertheless, we recognize the various levels of variables and use this to 
systematize our results. Moreover, we will including the various levels in 
the discussion. 

n (pairs) mean mean t sign. 
pre-test post-test 
score score 

group Ae 25 .44 .63 4.06 .000 
(experimental) 

group Ac (control) 21 .37 .58 4.77 .000 

group Be 6 .52 .61 1.55 .183 

group Ce 23 .51 .62 1.85 .080 

Table 2: Analysis and planning subtest (accidental missing values counted as faulty 
alternatives). At-test was performed to determine the significance of the differences 
in the means. 
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6.5.2.2. Skills in analyzing and planning 

These skills are addressed in subtest I. It was found that many students 
choose different alternatives on the pre-test and the posMest. They 
migrate. With occasional exceptions, migration takes place towards more 
adequate alternatives. No difference was found between the UBP
condition and the control conditions regarding this migration. 
Table 2 (page 197) shows the scores for analysis and planning on the pre
test and the post-test for all groups. A paired sampled t-test shows a 
significant mean learning gain for group Ae. However, no significant 
difference is found (independent sample t-test on the difference of post
test score en pre-test score) between the experimental treatment (Ae) 
and the control treatment (Ac). No significant learning gain could be 
found for group Be. This is probably due to the low number of pairs in 
this group produced by the students staying away from the post-test. 
Only a trend is observed concerning group Ce. 

6.5.2.3. Metacognitive skills 

Metacognitive skills are addressed in the second subtest. Here, the 
students were first invited to judge the adequacy of a given problem 
solution. Analysis with a paired sample t-test showed that a significant 
improvement occurred only for group Ae (Table 3). The difference in 
learning gain between group Ae and its control group Ac is, not signifi
cant (independent sample t-test the difference of post-test score en pre
test score). In group Be the scores do improve, but this is not a signifi
cant effect. In group Ce, no change in performance is found. Students 
of this group turned out to be poorly motivated to complete the second 
subtest of the post-test. Since we treat missing values as faulty answers, a 
artificially low score on the post-test may result. Therefore no conclu
sions about the acquisition of this skill can be drawn for group Ce. The 
poor motivation observed can be interpreted as an indication that the 
material - as it is being tested here - is less apt for group Ce. This will 
be discussed below. 
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n (pairs) mean mean t sign. 
pre-test post-test 
score score 

group Ae 25 .16 .30 2.28 .032 
(experimental) 

group Ac (control) 21 .10 .17 1.14 .267 

group Be 6 .25 .34 .54 .611 

group Ce 23 .29 .29 .00 -

Table 3: The quality of the argumentation concerning the adequacy of a solved 
problem (treating accidental missing values as faulty alternatives). The index runs 
from 0 (poor) to 1 (excellent). A t-test was performed to determine the significance 
of the differences in the means. 

Subtest II then invites the students to present an alternative solution to 
the problem presented. Table 4 shows the results. Significant ( < .05) 
improvement is found for the groups Ae and Be. 
For group Ce no improvement is found. Group Ce shows a high score 
on the pre-test. Again no conclusion about learning effects can be drawn 
for group Ce due to a low number of reliable responses in the post-test. 

n (pairs) mean mean t sign. 
pre-test post-test 
score score 

group Ae 25 .20 .44 2.39 .025 
(experimental) 

group Ac (control) 21 .10 .29 1.90 .072 

group Be 6 0 .50 2.74 .041 

group Ce 23 .39 .46 ,;,'),., .601 

Table 4: The quality of the alternative solutions to a problem that was presented 
together with an inefficient solution (treating accidental missing values as faulty 
alternatives). The index runs from 0 (poor) to 1 (excellent). At-test was performed 
to determine the significance of the differences in the means. 
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6.5.2.4. Total skill-index 

Due to the analogous tendency in all measures discussed above, it is 
useful to combine these into a total skill-index (Table 5). 

n (pairs) mean mean t sign. 
pre-test post-test 
score score 

group Ae 25 .38 .56 4.45 .000 
(experimental) 

group Ac (control) 21 .25 .40 3.40 .003 

group Be 6 .30 .52 2.96 .031 

group Ce 23 .52 .51 - .16 .874 

Table 5: The scores on the pre-test and post-test as a whole. (unweighted means 
while treating accidental missing values as faulty alternatives). The negative value for 
group Ce is partly caused by the low motivation of high-grade subjects to complete 
the post-test adequately. A t-test was performed to determine the significance of the 
differences in the means. 

Using a paired sample t-test, significant learning effects are found for 
both the groups Ae, Ac and Be. Though the learning gain in group Ae is 
somewhat larger than the learning gain in group Ac, the difference is not 
significant as revealed by an independent sample t-test on the difference 
of post-test score en pre-test score). Group Ce shows no significant 
learning gain. 
The data suggest that the UBP-task in group A produces learning results 
comparable to the control-treatment: exercising problems. However, the 
productivity of the UBP-task used seems smaller, the more physics 
teaching has been previously enjoyed. This suggests the presence of an 
Aptitude Treatment Interaction (ATI). 

6.5.2.5. Aptitude Treatment Interactions 

Conceivable ATI-effects can exist on either of two levels: individual level 
(e.g. individuals with high physics grades reach an inferior learning gain, 
irrespective of the mean grade of their student group) and student group 
level (e.g. individuals in a groups with high mean grades score inferior 
learning results irrespective of their individual physics grade). The data-
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set used in the first evaluation described here, comprises too few student 
groups to perform the statistics necessary to determine these effects 
separately. So, we will concentrate statistical effort on the individual 
level and can only speculate about the group level effects. Moreover, 
group Be is too small to allow a successful evaluation of ATI. 

Interaction-effect of grade and treatment (individual level) 
An aspect of the students' aptitude is reflected in their physics grade. In 
Figure 1 the learning gain (total skill-index) of the students in group Ae 
is plotted against their mean grade for physics. Each student is repre
sented by a digit indicating the students group membership. The under
lined numbers depict the girls. 
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Figure 1: The overall learning gain (unweighted means while treating accidental 
missing values as faulty alternatives) plotted against the individual physics grade for 
the members of the experimental group Ae. The numbers in the plot signify the group 
membership. Girls are indicated by underlined numbers. The lines drawn are the 
regression lines for the experimental group Ae and the corresponding control group 
Ac as well as the line indicating zero learning gain. Members of the control group 
are not represented in the figure. 

In group Ae, a strong significant negative correlation between learning 
gain and physics grade (r=-.61, sign. level < .01) is found. The regres
sion line for the experimental condition crosses the regression line for the 
control condition at a mean physics grade of approximately 7.2 (out of 
10). So, students from group A with a grade below approximately 7.2 
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(out of 10) are expected to be better off with the UBP-task in learning 
the tested skills. Students of this group with high grades (approximately 
8.5 or higher), are expected not to improve on the skills tested under the 
experimental conditions. The learning gain may even be negative, 
especially for students with high grades for physics. Figure 2 is a similar 
plot for group Ce. It suggests a similar though weaker effect for group 
Ce. 

Figure 2: The overall learning gain (unweighted means while treating accidental 
missing values as faulty alternatives) plotted against the individual physics grade for 
the members of group Ce. The numbers in the plot signify the group membership. 
Girls are indicated by underlined numbers. Coinciding cases are indicated by digits 
separated by a comma indicating their position in the diagram. The line drawn is the 
regression line for the experimental group Ce. 

Perhaps the most important charac;teristics demonstrated in Figures 1 and 
2 is the low or negative results for high-grade students. This - like the 
decreased participation in subtest II of the post-test of group Ce and in 
the post-test of group Be - supports the hypothesis that the material - as 
it is being tested here - is not apt for students with relative elaborate 
prior domain knowledge. 
However, there are some alternative explanations. First, a lower leaning 
gain may be expected for learning tasks that seek t-0 improve the perfor
mance of students rather than teaching them something entirely new. In 
such a situation, it may be assumed that it is more easy for a students 
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who initially performs poorly to improve, than it is for a initially well 
performing student irrespective of the intervention. However, this 
alternative explanation has to be rejected, since no decrease of learning 
gain with mean physics grade was observed for the control group Ac. 
Second, the test used may be inapt to measure improvement for students 
with a high pre-test score. However, the frequency-distribution of the 
scores on the pre-test and post-test are reasonably normal and no indica
tion for such a test-effect is found. 

Interaction-effect of gender and treatment (individual level) 
T-tests show that in the group Ae the learning gain by girls is significantly 
higher than the learning gain by boys (t = 3,2, sign. level < .004). No such 
effect is found in the control group Ac, or the other experimental groups 
(Be, and Ce). This suggests that girls in group Ae - in which the stron
gest learning results occur - have better opportunities to learn by the 
UBP-task. 
However, the mean physics grade of girls is lower than for the boys for 
each of the groups (for group Ae this can be seen in Figure 1. So, either 
of the observed interaction-effects may be the result of the other. For 
example: Due to the systematically lower grades of the girls, the apparent 
interaction-effect of gender and treatment may result from a the interac
tion-effect of the physics grade with treatment. 
An analysis of (co )variance was performed with the learning gain as a 
dependent variable, the physics grade as a covariate, and treatment and 
gender as factors. Using the so-called 'regression approach' (simulta
neously correcting for all other factors and covariates) the interaction of 
treatment and gender produced the only significant effect in group A. 
Though our proof for this is incomplete, it suggests that the low learning 
gain for high-grade individuals in group Ae results from the fact that 
these happen to be mostly boys. A possible explanation would be that 
girls are more able and motivated to discuss physics and problem solving 
in groups. However, this could also imply an interaction-effect on the 
group level. In that case, both girls and boys in groups with a relatively 
large number of girls may benefit from the assumed higher cooperating 
skills and motivation of the girls. 

Group-level effects 
As can be seen from the Figures 1 and 2, some groups do better than 
others. Various group characteristics may relate to the learning outcome 
of the individuals in the group: mean grade, grade-variance, and gender 
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heterogeneity. Besides this, the students are members of a duo that 
either performed subtask al or subtask a2. So, duo-membership may 
also relate to the individual's learning outcome. 
In group Ae, a strongly significant negative correlation coefficient (r::: -
.95) is· found between the group's mean grade, and the mean average 
learning gain of the group. An analogue tendency is found for group Ce 
(r::::-.19). This, however, is parallel to the correlation on the individual 
level. It is presumed that there is no separate effect on the group level. 
A large positive ( > .5) but non-significant correlation coefficient is found 
between the grade-variance within the groups, and the mean learning 
gain of the group. No effect of duo-membership (subtask la or lb) was 
found. Neither of the above effects was found for group Ce. 
In group Ae, a correlation coefficient of .58 (sign. level < .17) is found . 
between the fraction of girls in the groups and the group-means of 
learning gain. In group Ce, an analogous trend is found. 

6.5.2.6. Effects of learning behavior in the groups (group level) 

In the above the effects of group characteristics on the learning gain, 
under the USP-condition are described. These are probably partly 
mediated by the learning behavior within the student groups. This 
behavior is partly a result of group characteristics. We address learning 
behavior within the student groups in two ways. First, the worksheets 
were analyzed with respect to: The number of valid couplings found by 
group, the quality of the group's argumentation on these couplings, the 
mutual correspondence of the worksheets of the individual group-mem
bers. Second, a questionnaire on the appreciation of the USP-lessons 
was used. 
Table 6 gives an overview of the characteristics of the student groups, and 
the above indicators for the learning behavior within the student groups 
of group Ae. For the student groups in group Ce, a large number of 
missing data on the worksheets occurs. The worksheets are not always 
properly completed. This implies that the learning-behavior within group 
Ce is poor, or medium at best. This is in line with the poor learning gain 
in this group. 



Group characteristics II Indicators for learning behavior within the group 

Group Gender Mean Standard Number of Quality of Con-espon- Total Mean Mean 
number composition physics deviation of valid argumenta- deuce of worksheets appreciation learning gain 

of group grade in physics grade couplings tlon on worksheets in group of group 
group in group found by couplings by group 

group members 

Ae 1 gbbb 6.8 2.95 !4 M M M 3.7 i .03 

2 ggbb 5.4 2.14 6 M H : H i 3.4 i .30 

3 gbbb 7.1 3.02 2 L H :M 3.7 .04 

4 bbbb 7.2 3.74 4 M M M 3.5 .09 

s ggbb 7.6 3.87 4 H H H 3.2 -.05 

' ggg 5.8 2.26 - - - - 3.6 .33 

7 ggbb 5.6 4.0 5 H H H 4.1 .35 

Table 6. Characteristics of the student groups within class Ae, the indicators of the learning behavior within the student group, and the 
mean learning gain on the test. The indicators of the learning behavior within the student group are extracted from the worksheets and 
from the questionnaire on appreciation. For the latter the scale runs from 1 to 5. Also the physics grades are out of 10. The learning 
gains are the difference between the post-test and the pre-test that both run from O(very poor) to l(excellent). The following 
abbreviations are used: g=girl, b=boy, L=low, M=medium, H=high. 
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Table 6 again suggests that high physics grades are linked to low learning 
gains. Apart from this, a significantly positive correlation coefficient 
(r= .69, sign. level < .12) is found for the average learning gain of the 
groups and the number of valid links recorded on the worksheets. Other 
proposed indicators of adequate learning behavior, like the mutual corre
spondence of the worksheets and the students' opinion about the cooper
ation in their group, tend to correlate positively with the learning gain. 
So, intensive communication within the student group and the identifica
tion of a large number of couplings by the students seem profitable for 
learning gain. 

Group 5 shows a slightly negative learning gain. This seems to be contra
dicted by the analysis of the worksheets, which suggests effective learning 
behavior within the group. However, the questionnaire shows that this 
group has a low appreciation of the UBP-lessons. This is due to a low 
opinion about cooperation within the group (3.18; mean 3.7 on a scale 
from 1 up to and including 5) and atmosphere within the class room 
(2.67; mean 3.4 on a scale of 1 up to and including 5) in particular. The 
large variance of the physics grades in this group probably contributes to 
this. Besides this, two members of group 5 have extremely high grades 
for physics. To them, the UBP-task may not have much to offer. 

6.5.2.7. Appreciation by students 

In addition to the above, data on the students' appreciation were collect
ed from the groups Ae and B (the lesson planning obstructed this for 
group Ce). The students of group Ae are very moderate in their opjnion. 
These students indicate that they would like to exert more control over 
the learning processes in the group. Low grade students in group Ae 
express that they have difficulty in understanding the teacher's interven
tions and the written instructions. Learning gain in group Ae correlates 
significantly with the opinion on that the material is clear (r= .6, sign. 
level .05) and stimulating (r= .9, sign. level .01). In group Ae the appreci
ation of the cooperations in the student groups, is found to correlate 
strongly with the group mean in learning achievement, the judgement 
subtest (r= .9) in particular. Students of group Be consider UBP-lessons 
boring. The description of the tasks in the material is considered clear. 
These students greatly appreciate the group-work as introduced by UBP. 
The teacher is said to do well (calm, not much noise in the classroom, 
etc.), although the teacher's help is not considered very useful. These 
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students hold the opinion that they did not learn much. They indicate 
that the links found are not new to them. 

6.5.2.8. Awareness and conceptions 

Besides the evaluation of the learning goals, the students of group Ae 
were asked to give their view of what they learned in the UBP-lessons. 
Over 80% of the students give answers that typically embrace: "learning 
how one can find out how to solve a problem on the basis of analyzing 
it". This suggest that UBP can contribute to adequate conceptions of 
problems and problem solving (cells 1 and 2 in Table 1). 

6.6. Conclusion 

The UBP-prototype was evaluated with an eye to the presence and use of 
functional links (problem schemata; cell 7 in Table 1), the problem
solving skills 'analysis' and 'planning' (cell 5 in Table 1), and the 
metacognitive skill to judge problem solutions for their adequacy and 
efficiency (cell 3 in Table 1 ). On these aspects the mean learning-gain in 
the experimental groups was essentially equal to the gain by exercising 
problems for the same amount of time. However, for students with low 
grades and/or girls, UBP-lessons induce a significantly better learning 
results than exercising problems. For students with high grades (larger 
than about 7) and/or boys, the learning gain induced by UBP-lessons is 
lower than for exercising problems. Indications we.re found that the 
UBP-lessons may contribute to adequate conceptions of problem solving 
and learning (cells 1 and 2 in Table 1). 
Effective cooperation within the student groups and intensive information 
exchange within the group facilitates learning. A group characteristic 
that may facilitate high learning gains for all group members is the 
presence of girls within the group. A high variance of grades within the 
groups probably hampers learning. 

The UBP-task can help students to acquire the qualifications higher 
education requires. The student characteristics that are related to high 
learning gains are: low or medium grades for physics and/or female. Girls 
and medium-grade students are of particular interest with regard to the 
'transition problem'. So, the UBP-prototype may - when optimized - be 
useful for smoothing over the transition from general secondary educa
tion to higher technical and scientific education. 
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6.7. Discussion 

There are several reasons to believe that the learning results can be 
improved. Firstly, in our experiment we used the same problems for 
comparison in all experimental groups. This implies that their 
attunement to the level of education can not be optimal for all experi
mental groups. In our case, it turned out that the problems used best fit 
to the level of group A. The learning results in group Ae are higher than 
in group Ce. Though in line with the finding that low-grade students 
learn more than high-grade students, we regard this as an accidental 
finding. If more difficult problems had been used for comparison, group 
Ce would probably have done better then group Ae. 
Secondly, the quality of cooperation within the student groups may be 
improved since: (a) the students are not used to group work, (b) the 
teachers were not experienced in having their students working in small 
groups, (c) the groups are formed without aiming at an optimal group 
composition, and (d) the teachers were not familiar with the principle of 
cooperative learning. For example: the teachers did not hold the stu
dents individually accountable for the result of their group as recom
mended by Slavin (1990). 

Appreciation of the material by the students is in harmony with their 
learning results. The low appreciation by the advanced students of group 
Ae and groups Be suggests that the UBP-task presented here is not apt 
for these students. This is in harmony with the low learning gains 
accomplished by these students. Though the UBP-material is clear to a 
vast majority of students, some of the low-grade and the less experienced 
students report difficulties. However, these categories of students gain 
the most, and their difficulties can be interpreted as resulting from the 
demand by the material for deep cognitive processing. 

6.7.1. Further research 

Our research produced strong indications for the value of the design of 
the UBP-task. However, further experiments are needed to prove the 
results beyond doubt. These should include: (a) more students, (b) more 
advanced tests on functional couplings, skill in analyzing and planning, 
and modi-cognition, (c) tes~s on the ability to learn from solved problems, 
(d) measurements of long term learning effects, and (e) the attunement 
of the problems to be compared to the education. The latter point 
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would comprise their level of difficulty, their complexity, the degree to 
which they activate non-canonical knowledge, and the degree to which 
they connect to every-day life. 
Apart from the above, evaluation of the effects of the UBP-task on 
conceptions (cells 1 and 2 in Table 1), metacognitive learning skills (cell 4 
in Table 1), and information-processing skills for learning (cell 6 in Table 
1), could be performed. However, this requires a more extensive inter
vention. It would probably be best to use a more substantial part of the 
UBP-program as an intervention: A series of lessen using a variety of 
complementary task and instructional formats. 

Though we have shown the potential fruitfulness of the UBP-prototype 
here presented, the low achievements of students with high grades are 
unsatisfactory. A probable reason for this is that high-grade students 
already have knowledge about the couplings and the skills this UBP-task 
aims at. The significant positive correlation coefficient found between 
the pre-test score and physics grades supports this (page 197). Alterna
tive or supplementary reasons are: 
1. The problems compared are below the level of these students. 
2. The students' prior domain knowledge interacts destructively with 

the inductive knowledge-construction process that is provoked by the 
UBP-task (Ahn et. al, 1992). 

3-. The students' ability and ambition to achieve self-regulated learning 
interacts destructively with the external directive character of the 
UBP-task (Vermunt, 1992). 

4. The UBP-learning task conflicts with the students' conception of 
learning (Prawat, 1989). 

Observations of the UBP-lessons indicated a potential danger to the 
learning outcomes of the UBP-task. The search for relations between 
characteristics of problems and their solutions and the discussion of 
these, is an essential part of the UBP-task. The process requires deep 
cognitive processing beneficial to learning. The functional links thus 
produced ar only a part of the intended learning outcome. 
A potential danger to the learning outcomes is that the students - or the 
teacher - concentrate to much on the functional links. This might lead to 
undesirable phenomena like: presenting or using the couplings as gener
ally applicable rules, or memorizing them for examinations. It may also 
lead to a reduction of the amount of student discussion or providing 
couplings without any discussion at all. Marton & Saljo (1976a; 1976b) 
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have described similar cases of what they call technification: A process in 
which one reinterpreted an educational task in such a way as to avoid 
deep cognitive processing. This would not only diminish the learning 
result with respect to problem-solving skills and schema-constructions, but 
would surely prevent any increase in the ability to learn from solved 
problems. 
On the other hand, teachers may have doubts whether problem solving in 
physics can or should be approached by means of the construction of 
functional links. In that case, a teacher could come to emphasize the - in 
his perception - 'doubtful' nature of the couplings thus degrading the 
learning outcomes most visible to the students, which may result in 
discouragement. Teacher-training may be needed to help teachers find a 
productive and balanced position. 
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Appendix I: The UBP-task 

Problem A 

A child on a sleigh (total mass: 45 kg) 
slides downhill. Initially the sleigh is at 
rest. Due to sand, the snow is stiff. The 
incline is 15°. The sleigh covers a 
distance of 50 meters. The frictional 
force on the sleigh is 70 N. 

Calculate the speed of the sleigh 8 
sec01uls after it was set to motion. 

Problem C 

John drags his son on a sleigh (total 
mass: 45 kg) uphill along a snow-cov
ered road. The incline is constant. At 
the bottom of.the hill, the sleigh is at 
rest. The force that John exerts on the 
sleigh is parallel to the incline and has 
a magnitude of 54 N. The road has a 
length of 100 meters. The height of the 
hill is 12 meter. The frictional force on 
the sleigh is negligible. 

Calculate the speed of the sleigh as it 
'reaches the top of the hill. 

Problem B 

A steel ball (m= 1210 g) is thrown 
vertically upwards. As the ball leaves 
the hand, its velocity is 1,2 m/s. The 
air-friction is negligible. 

Calculate the speed of the ball after 
0,1 s. 

Problem D 

A puck of 65 gram is struck from rest 
and then moves with a speed of 
65 km/hour. The ice exerts a constant 
frictional force of 0,15 N. 

Calculate the speed with which the 
puck hits a billboard at a distance of 
20 meters. 



A solution of problem A 

drawing: 

~ 
using F101 = Il\01 -a 
F1o1 = F II - Frriction 
F11 = m·g-sinl5°= 114,256 N = > 
114,256 - 70 = 45 ·a = > a = 0,984 
m/s2 

v(t) = v0 + a-t => 
v(t=8) = 0,984 · 8 = 7,868 ll:I 7,9 
m/s. 
(That is about 28 km/hour, rather fast) 

A solution of problem C 

using: AU101 = W + Q 
in this case: A Ukin + A Upoi == W 

l/2mv10P
2 

- Virnvbottom2 + mgAh == 

Fjohn·As 

V2mv10/ = Fjohn ·As - mgAh 
= 54 . 100 - 45 . 9,81 . 12 
= 102,6 J 

So: v = 2,13 m/s 1:::1 2,1 m/s 

(That is about 7, 7 km/h, which is 
reasonable for walking and dragging a 
sleigh) 

A solution of problem B 

using v(t) = v0 - a·t 
v(t=0,1) = 1,2 - 0,981 = 0,219 m/s 
1:::1 0,22 m/s, (upward) 

(That is about 0,8 km/h, which seems 
reasonable for such an heavy object) 

A solution of problem D 

using: A U1oi = W + Q 
in this case: AUki'2 + AUpo1 = W 
lhmv end 

2 
- lhmv slral = F friction AS = > 

using: 65 km/h = 18,06 m/s 

l/2-0,065 'Vend2 = 
¥2-0,065 {18,06)2 -0,15 ·20 

1/2-0,065 'Vend2 = 10,600 • 3 = 7,600 

So: vend= 15,292 m/s 1:::1 55 km/h 

(That is somewhat less than the initial 
velocity, but still rather fast. This 
seams reasonable) 



Appendix II: The UBP-test 

Subtest I: 'Problem analysis' and 'Solution planning' 

1. Choose the formula that can be used 
best to solve that problem for each of 
the problems below. 

One alternative per problem! 

a. The cart of an air-rail (m= 125 g) Solve with: 
moves with a constant velocity of 0,4 - energy formulas [UJ 
m/s along a horizontal air-rail. After - momentum formulas only [p] 
0,5 s the air supply is cut off. - force formulas only [FJ 
A frictional force of 8 N is exerted on - kinematic formulas like \/iat2 [kin] 
the cart from that moment on. - force formulas and kinematic 

formulas [F + kin] 
Calculate the distance the cart covers - momentum formulas and kinematic 
after the air supply is cut off. formulas [p+ kin] 

Subtest II: 'Judging problem solutions' and 'Finding alternatives' 

Here is a problem together with a possible solution 

2. Explain why this problem IN YOUR OPINION CAN/CAN NOT best be 
solved in this way and find an alternative 

Problem: 
A car (m == 850 kg) has a speed of SO km/hour. 
Suddenly, it has to stop. The driver reacts imme
diately (u:ro reaction time). The distance the car 
covers after the driver bit the brakes is 30 meter. 
Assume the force on the car while it slows down 
is constant in time and independent of the car's 
velocity. 

Calculale the distance the car would cover in the 
case thal its initial speed were 70 km/hour. 

(continued on next page) 

Solution: 
SO km/hour = 13,89 m/s; 70 km/hour .. 19,44 
m/s 
v(t) = v0 + at yields: 0 = .13,89 + 8-xt..t..r1r. 
lr,,,t = Vol,,.,. + V2llt.rtr.t,,.,.2 = > 
30 = 13,89. t.... + V:ia,,r1r.ti.r1r.2 = > 
30 = 13,89. ti,rlr.. Y.i. 13,89.t,,.,. = > 
t,,.,. = 30/6,945 = 4,32 and a,, .. = -13,89/4,32 = 
3,22 m/s2 

The same acceleration applies to slowing down 
with an initial velocity of 70 km/hour 
v(t) = v0+ at yields: 0 = 19,44 • 3,22.t'brlr. = > 
t'br1r.=6,04 = > 
x'brlr. = Vol'brlr. • Vz.3,22.t'br1r.2 = > 
x' brlr. = 19,44.6,04 • 1-7.3,22.6,042 = > 
x'br1r. = 58,7 m 
Conclusion: distance covered = 58,764 m = 59 m. 



Explanation: 

a. This problem can [] 
can not[] 

best be solved in this way 

because: ................................................................................................................................. . 

b. An alternative way to solve this problem is: 

Guideline for Coding 

Argumentation 

Description Examples 

1 Faulty, no argumentation - "perhaps laborious, long-winded, prolix" 
- "faulty substitution of ~rk" 

2 Mediocre, makes sense but - "laborious, long-winded, prolix" 
does not employ an intended - "acceleration is constant/does not depend on 
link initial velocity)" 

3 Good, Excellent; employs an - "time irrelevant so use energy" 
intended link 

Alternative solution 

Description Examples 

1 Faulty, inadequate - "uses momentum", "use impulse" 
- "one should solve a set of equations" 

2 Mediocre: Essentially ade- - "uses work" (omission of energy) 
quate but includes mistake 
(e.g. in calculation) or is in-
complete 

3 Good, Excellent; employs an - "uses energy and work" 
intended link 



Conclusion 

7. General conclusions 

This research focused on the question: "What is the role of problem-solving 
skills - and the knowledge base these draw on - in the difficulties students 
experience in proceeding from general secondary education to teniary techni
cal and scientific education; and what contribution can instrnction regarding 
problem solving and the knowledge base make to the elimination of these 
difficulties?'~ This question was investigated for physics, for the subject of 
mechanics in particular. 

It is concluded that particular problem-solving skills - both general and 
problem-type specific - can frustrate success in higher technical and 
vocational education when lacking on entrance (Part I). It was also 
shown that these skills essentially draw on domain knowledge: the knowl
edge base (Part II). 
Two distinct qualities of the knowledge base appear particularly relevant 
(Part 11). 
First, the degree to which the knowledge base is organized in a way 
functional to problem solving. This involves the presence of problem 
schemata (functional links) as well as a concept-based overall organiza
tion of the knowledge base. Secondly, the presence of non-canonical 
knowledge can impede problem solving. It is stressed here that function
ality and canonicity are distinct aspects of the knowledge base that influence 
problem-solving petformance. 

It was concluded from Part II (second section) that the knowledge base 
of students preparing for a physics final examination of secondary 
education typically lacks the required qualities. The typical knowledge 
base shows: 

(a) A lack of adequate functional links - the key characteristics of prob
lem schemata - between situational knowledge on the one hand and 
conceptual and procedural knowledge on the other, 

(b) A dominantly situation-oriented overall organization and a poorly 
developed hierarchical organization of concepts, 

(c) The presence of non-canonical knowledge (misconceptions). 

Hence, an inadequate knowledge base is an imponant cause of the diffi
culties students experience in proceeding from secondary education to teniary 
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technical and scientific education. There/ ore, getting students to constrnct an 
adequate knowledge base is crncial to solving this transition problem. First, 
this requires that skills and the knowledge base these require are incorpo
rated in the examination syllabi and examination tasks for secondary 
(physics) education (Stuurgroep Profiel Tweede Fase Voortgezet Onder
wijs, 1994). Secondly, it requires appropriate instructional tasks for 
secondary and tertiary education. 

The knowledge base is best considered in relation to problem solving, 
metacognition, understanding and learning (Part II and Part III). Mis
conceptions are not direct images of the knowledge base. They may stay 
away in the case that enough metacognitive skills are present for diag
nosing and repairing, and sufficient canonical knowledge is available as 
an alternative. Problem solving - by poor performers in particular - can 
only be understood if non-canonical knowledge is taken into account. 
Further research on the relation of problem solving and non-canonical 
knowledge appears necessary, particularly concerning the role of miscon
ceptions in problem solving. On the other hand, research on fighting 
misconceptions could benefit from the models presented. 
This interrelatedness has implications for the learning process in which 
an adequate ·knowledge base is to be constructed. Besides, the student's 
conception of understanding guides the learning process. Problem 
solving is a setting for learning that facilitates the construction of schema
ta that are both canonical and adequate for problem solving (Part III). 

The instructional model presented in Part III therefore simultaneously 
addresses various aspects of the 'transition problem'. These are: (a) the 
knowledge base, (b) metacognition, (c) the student's conceptions of learn
ing, problem solving, and understanding, and ( d) learning skills. Indica
tions were found that this model can facilitate the development of an 
adequate knowledge base in secondary education. This, in turn, will 
facilitate the transition from secondary education to the technical and 
scientific sectors of higher vocational education and university education. 

8. Recommendations 

This dissertation revolves around the practical issue of the 'transition 
problem'. This educational problem has been approached from the 
perspective of cognitive science. The theoretical aim of the dissertation 
concerns the relation of problem solving and understanding, misconcep-
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tions in particular. Hence, we have three kinds of recommendations. 
The first kind is concerned with the 'transition problem' and is aimed at 
teachers (of both secondary and tertiary education) and educational 
administrators. The second kind is concerned with the practice of science 
education in general. It is aimed at teachers. The third kind concerns 
research in science education. It aims at teachers, as well as educational 
researcher.s and professionals in teaching methodology. The recommen
dations are not necessarily confined to the subjects of mechanics or 
physics, or upper secondary or propaedeutic education. 

8.1. The Transition Problem 

It was concluded that (in)adequacy of the knowledge base - functionality 
as well as canonicity - is an important factor in the 'transition problem'. 
Hence, recommendations focus on helping students to construct an 
adequate knowledge base. 

First, this requires that the adequate knowledge base is well represented 
in the examination syllabi for secondary (physics) education. It was shown 
in Part I that this is not the case for the current syllabi (WEN Eindexam
enprogramma's natuurkunde, 1989). New syllabi (Dutch: profielen) for 
secondary education (both HA VO and VWO) are currently being 
conceptualized (Ministerie van Onderwijs en Wetenschappen, 1991; 1992; 
Stuurgroep Profiel Tweede Fase Voortgezet Onderwijs, 1994). A main 
aim of this is tackling the 'transition problem'. 
Therefore, the syllabi should - in our view - not only include a list of both 
general and problem-type specific skills, but also the different types of 
knowledge these skills require. The knowledge and the skills in the 
syllabi should be tuned to each other. Therefore, the problem-solving 
skills and the knowledge base these require can best be presented in one 
coherent description, e.g. by presenting guiding problems. These could 
be derived from the problem types such as the STROT problem type 
described in Part I (see §3.5.3.2; for other problem types see Taconis, 
Stevens & Ferguson-Hessler, 1992). 
A certain depth of the knowledge description is needed in order to be 
able to teach the required problem-solving skills. In the new syllabi for 
students preparing for the scientific sectors of tertiary education, at least 
some topics need to be covered more thoroughly than in the current 
WEN-syllabi. A further reduction of depth as compared to the current 
syllabi would almost inevitably result in a knowledge base too poor to 
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support significant problem-solving skills. These skills are identified as 
relevant for success in the scientific and technical sectors of higher 
education in particular. This could make the 'transition problem' worse 
than it is. It is stressed here that the skills listed in the syllabi should be 
thoroughly tested in the examinations. 

Secondly, on a didactical level, a renewal in both secondary and tertiary 
education would be necessary in the direction of a more central position 
of skills. However, it was found that problem solving may be hindered by 
non-canonical knowledge, particularly when metacognitive skill is poor. 
Current educational approaches do not put emphasis on the role of the 
knowledge base and metacognition in problem solving. The best option 
would probably be a didactical approach that addresses problem-solving 
skills and non-canonical knowledge (misconceptions) as well as metacogn
ition concerning problem solving and 'learning to learn' (Vermunt, 1992). 
The UBP-model presented in Part III may be taken as an example of 
such education. The extent of this task suggests that teachers, profession
als in teaching methodology and educational researchers should co
operate in creating such education. 

Thirdly, we think that the 'transition problem' requires permanent 
guarding since both secondary and tertiary education are in constant 
motion. The communication networks involving teachers which are 
proposed by the ministry (Ministerie van Onderwijs en Wetenschappen, 
1991; 1992) may play a role in this. These will certainly boost the 
awareness of the 'transition problem' amongst teachers in both secondary 
and tertiary education and enlarge the teachers knowledge about the 
following respectively preceding education. This dissertation may serve in 
such networks for focusing and deepening the discussion. 
However, we plead for a permanent cycle of curricular evaluation and 
renewal that goes beyond teacher opinions. It should involve the analysis 
of final-examination tasks and the design and implementation of new 
didactical approaches. Figure 1 shows how the design of the dissertation 
can be used as a basis for such an evaluative cycle taking both secondary 
and tertiary education into account. 

As indicated in the introduction, this dissertation was conceptualized as a 
strategy for diagnosing and tackling the 'transition problem'. However, 
the diagnostic strategy confined itself to a correlational approach. This 
makes the identification of causal factors difficult. If the strategy depict-
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Figure 1: The design underlying the dissertation interpreted as a strategy for guarding 
a good attunement of curricula in secondary and tertiary education. 

ed in Figure 1 is followed, this weakness can be compensated for by 
complementing the correlational study by a (semi) empirical one. 

8.2. Education concerning Problem Solving and Misconceptions 

These recommendations mainly seize on the mutual relationships be
tween problem solving and non-canonical knowledge (misconceptions). 
On the one hand, it was concluded (Part II) that non-canonical knowl
edge (misconceptions) can impede problem solving, particularly when 
there is a lack of metacognitive skills. Current educational approaches to 
problem solving pay little attention to the knowledge base c.q. non
canonical knowledge, and metacognition. 
On the other hand, it was argued (Part III) that a key aspect of scientific 
concepts is that they are tools. Hence, such concepts cannot be under
stood in a scientific way unless their tool-like nature is taken into ac
count. For example, the construction of the scientific concept of 'energy' 
requires that the student sees that it is useful for some problems but 
cannot easily be used for others. This principle is also valid for other 
concepts. However, the characteristics of the problems to which a 
particular concept (e.g. energy) is applicable (that is: the situational 
knowledge concerning the concept), distinguish it from other concepts 
(e.g. force). Problem solving is recommended as a setting for learning in 
order to eliminate misconceptions since the problem-solving context 
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automatically imposes the requirement of functionality on the concepts 
formed. Hence, the knowledge constructed tends to be close to the 
scientific concepts and problem schemata. 

The process in which misconceptions appear, was analyzed (Part II) in 
the dissertation. This reveals that misconceptions which appear in prob
lem representations can result from a variety of causes. Hence, various 
types of misconceptions can be distinguished (§4.5.1.1). Each type of 
misconception requires a tailored didactical approach. Situational, miscon
ceptions can be seen as systematic and persistent misapplication of a 
canonical knowledge-structure of conceptual and/or procedural knowl
edge (e.g. the automatic use of forces in the case an object is pushed). 
Conceptual misconceptions occur when a knowledge-structure is employed 
that contains units reflecting non-canonical conceptual knowledge or 
connections (e.g. relating zero velocity to zero force). Procedural miscon
ceptions occur when a knowledge-structure is employed that contains 
units reflecting non-canonical procedures (e.g. persistent mistakes in the 
addition of vectors). Besides this, misconceptions may occur when a 
general schema is used to generate ideas that are expressed using the 
names of scientific concepts (e.g. using a causal schema and expressing 
the result using the term force for causal agent). In all cases the student 
could only diagnose the misconception and subsequently redirect the 
cognitive process towards a canonical strategy and outcome, if he or she 
has enough metacognitive skills as well as adequate canonical knowledge 
as an alternative. 

The UBP-model presented in Part III provides a concrete basis for con
structing educational material that simultaneously aims at understanding 
and at problem-solving skill. Other educational models could be devel
oped on the basis of this dissertation as will be discussed below. 

8.3. Research on Problem Solving and Misconceptions 

A main conclusion of the dissertation is that both the research on 
problem solving and the research on misconceptions could benefit from 
taking each other's results into account. For example: Taking non
canonical knowledge into account is necessary in order to understand 
problem-solving processes, those of poorly performing students and 
novices in particular. An analysis of the process in which misconceptions 
appear (Part II) leads to a classification of misconceptions. 
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Various other implications arise for the research on learning, from the 
models presented in Part II in particular. 
First, the design and application of didactical approaches tailored to the 
particular misconceptions a particular student holds, requires a quick and 
clear diagnosis of the individual's knowledge base. The card-sorting tech
nique presented in Chapter 5 could be used for this. Suggestions for 
refinements are made in §5.7.2. A computer program (Taconis, 1993) is 
currently being completed for the automatic transformation of card
sorting data into a knowledge base representation following the conven
tions in Chapter 4. 
Secondly, the models described in Chapter 4 can form a basis for the 
investigation of the students' knowledge base through simulation of 
student behavior. This would be an iterative process creating an increas
ingly accurate insight in the knowledge base and in the cognitive activities 
and performance of students. It would also lead to further refinement of 
the models, e.g. by introducing strength of connections, further classifi
cation of 'special' connections and units (e.g. Bonnet, 1987), and inclusion 
of goal construction (e.g. Treehub, 1991) in the process model (§4.5.1). 
Gradually, such a refined model of the knowledge base could take the 
form of a connectionist network. 
Thirdly, the models provide heuristics for designing educational strategies 
aiming at both understanding and problem solving. One of these heuris
tics was presented in Part III. Another one could be derived from the 
hypothesized learning process of differentiation (§4.6.4). In this process, a 
specific schema is formed as a specialized subschema of a preexisting 
general schema. As a learning route based on such differentiation we 
propose: 
(a) analysis of a series of problems prototypical for the specific canonical 

schema to be formed in terms of a general schema from which 
differentiation could lead to that specific canonical schema, 

(b) explication of the specific situational characteristics of these examples 
and the specific characteristics of the canonical solutions, 

(c) analysis of a series of problems that are counter-examples for the 
specific schema but to which the general schema can be applied, 

(d) explication of differences between the specific canonical schema and 
the general schema. 

For example: A force schema could be formed by differentiation from 
the 'causal schema'. In that case, the first (prototypical) set of problems 
could comprise problems about pushing and pulling objects which can be 
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solved by means of causal reasoning and Newton's second law. The 
second set (counter-examples) would comprise problems that can be 
solved by using Newton's second law but for which causal reasoning fails. 
For instance, problems about pushing and pulling objects in which the 
human force applied has a direction opposite to the motion of the object 
or velocity is constant. 

8.4. Related Research 

Various experiments could be performed using the theoretical basis of 
the dissertation. A line of small pioneering projects revolving around the 
dissertation has already been performed, mainly at Eindhoven University 
of Technology. Pals (1994) and Cornelissen (1994) have investigated the 
use of knowledge of secondary mathematics in tertiary physics education 
using the models presented in Chapter 4. Stevens (1991) explored 
secondary students' attitudes towards problem solving. The relation 
between the various types of misconceptions and problem-solving skill 
was empirically addressed by Van Lipzig (1992). The approach of 
current secondary physics textbooks to problem solving was explored by 
Van Beckhoven (Taconis, Van Beckhoven & Verkerk, 1991). Cremers 
(1991) explored the effectivity of various kinds of 'in-task help' in build
ing a problem representation. Feiner-Valkier and Verkerk investigated 
doing physics experiments from a cognitive perspective related: to the one 
presented in Chapter 4. Taconis (1994) has been conducting a further 
evaluation of the UBP-model as presented in Chapter 6. Ferguson
Hessler (Ferguson-Hessler & Taconis, 1994) has been working on the 
implementation of learning tasks related to the UBP-model for large 
groups of students in tertiary education. 

Other research outside the field of problem solving and misconceptions 
may be based on the dissertation. Here, one field of research seems to 
be of particular interest: 'learning in contexts'. In this didactical strategy, 
the content of the domain is not presented in an abstract manner. 
Instead, it is presented within the context of situations recognizable from 
everyday life for which the domain knowledge is useful. Mechanics, for 
instance, can for the greater part be presented within the contexts of 
'traffic' and 'sports' (Van Genderen, 1989). So the structure of textbooks 
taking this approach often follows the various themes (i.e. 'traffic', 
'radiation', 'sports') and the topics may be spread over various chapters. 
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This can have an impact on the organization of the knowledge acquired. 
It was suggested (Chapter 6) that the schemata students construct are in 
line with the chapter organization of the textbook used. So, the use of 
theme-organized textbooks requires additional measures to make students 
form an adequate knowledge base that comprises 'decontextualized 
schemata' and shows a conceptual overall organization. The design of 
such measures requires additional didactical research. The models 
presented in Chapter 4 can be used as a starting point for investigation 
into the way contexts influence problem solving and learning. The card
sorting technique (Chapter 5) may be used to evaluate the structure of 
the knowledge base. 
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Summary 

In many countries students experience difficulties in the first year of 
tertiary education (e.g. Minnaert & Janssen, 1992; Norwood & Calhoun, 
1993). This can have various different causes, one of which is difficulties 
in the transition from general secondary education to higher education. 
In the Netherlands, this type of difficulty has been discussed not only by 
researchers and teachers, but also by the Ministry of Education and 
Science (Ministerie van Onderwijs en Wetenschappen, · 1991; 1992). A 
restructuring of secondary education has been initiated by the Ministry 
(Stuurgroep Profiel Tweede Fase Voortgezet Onderwijs, 1994). This 
issue will be referred to as the 'transition problem' hereinafter. 
This dissertation comprises three parts. The first part concerns the 
identification of the problem-solving skills in the domain of physics which 
are relevant for the 'transition problem'; In the second part this diagno
sis is elaborated by an analysis of the knowledge base of students that are 
about to enter higher education. This also includes an analysis of 
misconceptions. In the third part, an instructional method is presented 
that could support the acquisition of problem-solving skills and an 
adequate knowledge base. 

Part I: Diagnosis 

Here, problem-solving skills are identified that are relevant for success in 
higher education but get little attention in physics in general secondary 
education. Hence, these skills may form one of the causes of the 'transi
tion problem'. The skills were addressed at various levels of generality. 
The study focuses on the topics of 'mechanics' and 'electricity and 
magnetism'. The study has two sections: The first section comprises the 
comparison of the problem-solving skills actually demanded for the 
Dutch secondary physics final examinations on the one hand, to the pro
blem-solving skills demanded to successfully complete exams in the first 
year of higher vocational education (HBO) and university (WO), on the 
other hand. 

The skills actually required in tertiary education that get little attention in 
education were implemented in a problem-solving test. In the second 
section, this test was presented to students starting their study in one of 
the disciplines of the technical or scientific sector of higher education. 
Correlation coefficients were calculated between the scores on the 
problem-solving test and the grades for the propaedeutic examinations. 
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In addition, an analysis of covariance was performed with 'success' as the 
dependent variable, 'problem-solving skill' as a factor and the physics 
grade achieved in general secondary as a covariate. 
It was found that the secondary physics examination tasks for the topics 
under investigation do not require comprehensive problem-solving skills. 
This is in line with an inadequate coverage of problem-solving skills in 
the examination syllabi. However, difficult examination problems that 
are part of the kernel of the subject in the propaedeutic examinations, 
typically require particular comprehensive problem-solving skills. 
The correlational study (n=200) showed that freshmen who do better on 
the problem-solving test, do better in the first part of the propaedeutics 
of scientific and technical disciplines (r = .45, p < .01 ). This is even true 
within groups of students that achieved the same physics grade for the 
general secondary education final examination (p < .05). This suggests a 
causal impact of the presence of these skills at the start of higher educa
tion, on the achievement of students in the technical sectors of higher 
vocational education and university. 
For the Dutch situation, it was found that the general problem-solving 
skills 'analyzing' and 'planning' related to success in higher education. 
Apart from this, problem-type specific skills associated with e.g. the so
called STROT problem type (STROT = STatics or ROTation) emerge as 
particularly relevant. Algebraic skills appear to be particularly relevant 
for university students. Other problem-solving skills appear to be less 
relevant in our study, but it cannot be concluded from our data that 
these are irrelevant. These results provide a basis for attacking the 
'transition problem' concerning these sectors of higher education. The 
method developed can be applied in other countries to help tackling 
similar 'transition problems' or for the identification of skills necessary as 
prerequisites in other situations. 

Part II: Elaboration of the Diagnosis 

This part comprises two sections; a theoretical section and an empirical 
section. 

A. Theoretical Section 

In search of factors causing the apparent lack of problem-solving skills, a 
theoretical analysis of the relation of problem-solving skills and domain 
knowledge was performed (Chapter 4). It culminates in the presentation 
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of a model of problem solving. It is based on schema theory and de
scribes problem solving as a process of activation and use of knowledge, 
domain knowledge in particular. Hence, it relates problem solving to 
misconceptions since the latter may result from the presence of 
non-canonical knowledge within the knowledge base. This is relevant 
since misconceptions are another probable cause for poor performance in 
tertiary education. 
The model comprises two parts. The first part concerns the process of 
problem solving (§4.5.1), the building of a problem representation in 
particular. The second part is a descriptional format for the knowledge 
base underlying problem-solving activities and misconceptions (§4.5.2). 
The process model was primarily designed for the kind of problems used 
in upper secondary education. Recognition of the problem - or a part of 
it - through schema activation is regarded as a central problem-solving 
activity. Here, canonical and non-canonical schemata may compete for 
activation. A construction cycle is proposed in which metacognitive 
activities occur as checking after each processing cycle. This constructio
nal process stops if the problem representation is judged to be acceptable 
with respect to some internal standard, and adequate to solve the prob
lem. 
The second part of the model is a descriptional format for the knowledge 
base. This format is designed to be adequate for both the description of 
problem schemata and non-canonical knowledge. Both kinds of knowl
edge-structures can be represented in the network which comprises 
observational and situational units as well as declarative units and 
procedural units. Examples are given to demonstrate how the building of 
an adequate problem representation - and hence problem solving - can 
be hampered when the activation of an inadequate schema occurs. 
Inadequacy may be caused by absent or faulty links between observatio
nal units on the one hand and declarative and procedural units on the 
other. However, it may also be caused by non-canonical elements within 
the schema activated. Besides this, knowledge of a general nature 
stemming from everyday life experience may derail problem solving. 

The models imply that an analysis of non-canonical knowledge is neces
sary to understand problem-solving behavior, of novices and poor per
formers in particular. On the other hand, the models suggest that the 
destructive effects of non-canonical knowledge may be minimized due to 
the availability of enough canonical problem schemata. By the use of 
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metacognitive strategies, the problem solver could detect when non-cano
nical knowledge is used and repair any destructive effects. 
The descriptional format for the knowledge base allows to distinguish 
various types of misconceptions, each requiring a tailored didactical 
approach. Apart from this, the descriptional format indicates that a 
specific schema may be formed as a subschema of a pre-existing general 
schema; this process is called differentiation. 

B. Empirical Section 

In the empirical section (Chapter 5), the descriptional format is used to 
describe the knowledge base typical for students preparing for the Dutch 
physics final examination (both HAVO and VWO). In this, attention is 
paid to non-canonical knowledge as well as to problem schemata. The 
result is used in addressing the question: How do various problem-solving 
skills and secondary physics final exam grades relate to the characteristics of 
the mechanics knowledge base and the schemata (canonical and 
non-canonical) within it? Special attention is paid to the problem-solving 
skills found to be relevant for success in tertiary education (Chapter 3). 
An important hypothesis tested says that only the problem representation 
of good problem solvers comprises concepts and solution procedures 
(from: Chi, Feltovich & Glaser, 1981). This is abbreviated ,as follows: 
Good problem solvers interpret problems more deeply than poor prob
lem-solvers. 

Problem-solving skills and the knowledge base were measured indepen
dently. Problem-solving skills were measured using a test derived from 
the one used in Part I. The analysis of the knowledge base is performed 
using an especially designed two-phase card-sorting task (§5.4.2.2). In the 
first phase, the students are asked to categorize a set of 15 problems 
according to their view of the (most) appropriate solution approach (Chi, 
Feltovich & Glaser, 1981). Students were then asked to give each of 
their categories a name reflecting the rationale of the category. In the 
second phase, the students were asked to assign knowledge elements to 
their previously formed problem categories. Together with the names, 
this reveals the contents and structure of the knowledge the students 
associate with their problem categories. 
The problems used for sorting were designed in such a way that problem 
schemata and non-canonical categories hypothesized on the basis of 
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literature were roughly crossed (see §5.4.2.2). The card-sorting task was 
tested and adjusted in a series of pilot experiments. 

The research produced a detailed description of the typical knowledge 
base of 308 students preparing for the physics final examination of Dutch 
secondary education. The categorizations produced by the students 
typically seize on situational characteristics. Such characteristics can be 
recognized without particular physics knowledge, but are related to 
solution approaches in a meaningful - though sometimes inadequate -
way. For example: the situational characteristic 'angle' is found linked to 
the solution approach 'decomposition of forces'. This makes sense, but 
works for only a limited class of problems. Differences in categorization 
between HA VO-students and VWO-students were rather small. 
The typical knowledge base was represented in a semantic network 
following the conventions described in Chapter 4. This network repre
sentation (Chapter Figure 4; page 140) shows various solution-oriented 
schemata. However, the overall structure of the typical knowledge base 
is dominated by a hierarchy of situational knowledge. 
Though none of the hypothesized non-canonical categories was repro
duced in the typical knowledge base, indications were found for the use 
of the hypothesized knowledge-structures underlying these categories. A 
'causal schema' appears to be present in the typical knowledge base, the 
activation of which facilitates the use of force and kinematics. This 
non-canonical schema is found activated for a wide variety of problems. 

It was found that the 'depth' of the names given to the problem catego
ries (that is: the degree to which these embrace non-observable solution
oriented entities), correlates significantly positively with the problem-sol
ving skills 'analysis' and 'planning' (Pearson correlation coefficient of .25 
and .37 consecutively; sign. levels < .001). No conclusion is possible for 
the other skills. In addition, good problem-solvers more often assign 
knowledge-element cards depicting solution approaches to their catego
ries. Moreover, these are more often adequate. 
Apart from this, inadequate but 'deep' problem representations were 
found. Some of these result from inadequate functional links (i.e. the 
idea that all problems involving an inclined plane should be solved using 
the decomposition of forces). Others result form non-canonical knowl
edge (e.g. a 'causal schema'). The 'depth' of the problem interpretation 
correlates significantly negatively (r= -.27; sign. level < .001) with the 
occurrence of misconceptional utterances in the category names, and 
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tends to correlate negatively with misconceptional utterances in the 
answers to the problem-solving test (r= -.12; sign. level < .05). 
Mechanics grades correlate significantly positively with 'depth' and the 
problem-solving skills 'analysis' and 'planning'. They correlate significant
ly negatively with the occurrence of misconceptional utterances. 
VWO-students both give 'deeper' names and do better on the problem
solving test than HA VO-students. They also show less misconceptional 
utterances. 
The conclusion from this research is that the knowledge base of students 
preparing for the physics final examination of Dutch secondary education 
is inadequate for problem solving due to (a) missing or inadequate 
functional links, (b) the inclusion of non-canonical knowledge, and (c) the 
dominantly situational overall organization of the knowledge base. 

Part III: Solution Attempt 

This section starts with an overview of cognitive attributes that are factors 
in the transition problem as they emerge from the studies described in 
Part I and Part II (§6.2.1). In general secondary education, these attrib
utes qualify students for higher education and are therefore called 
qualifications (in Dutch: kwalificaties). They are described taking prob
lem solving as the point of reference. Problem solving can be treated 
both as a task to be mastered and as an environment for learning. The 
learning outcome depends on the perspective taken. 

Within this context the design of an instructional model was developed: 
the so-called UBP-model (UBP Understanding Based Problem solving) 
that aims at smoothing over the transition (§6.3). It is part of a program 
currently being developed. Its construction seizes on both the diagnosis 
from Part I and the elaboration in Part II (see Figure 1, page 3). The 
UBP-model addresses a number of qualifications simultaneously. It 
focuses on 'analysis', 'planning', 'metacognition', and the ability to learn 
from solved problems. Key learning activity in the UBP-model is the 
construction of problem schemata by the systematic comparison of solved 
problems within a cooperative learning setting (§6.4). In a way, this is 
the mirror image of the card-sorting task used as a diagnostic instrument 
in Part II. There, learning appeared as a side-effect. The UBP-model 
can also be applied in other domains than physics. Besides this, the 
UBP-model was designed to be applicable in both secondary and tertiary 
education. 
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The model was elaborated into small-scale teaching material for mechan
ics in secondary and tertiary education. A first evaluation of the material 
was performed to evaluate the learning effects (§6.5). A second aim of 
the study was the identification of factors that hamper or facilitate 
learning. For this, students were asked to rate the UBP-lessons, and the 
lessons were observed. A pre-test - post-test design with a control group 
was used. Exercising problems for the same amount of time was used for 
a control condition. The experimental group comprised 61 students in 
total. 

Although implementation was observed to be clearly imperfect, the mean 
learning gains in the experimental groups were comparable to those 
gained under the control condition. However, for students with low 
grades for physics and/or girls, the UBP-lessons induce significantly 
better learning results than exercising problems. Students appreciate the 
UBP-task, the group-work in particular. It was therefore concluded that 
the UBP-task - if adequately implemented - may produce high cognitive 
yields, particularly for students who normally perform poorly. Hence, the 
UBP-task is potentially useful for solving the transition problem. Further 
research on the UBP-model is currently being conducted on the basis of 
a grant by SVO (The Institute for Educational Research in the Nether
lands; Taconis, 1994). 

Conclusion and Recommendations 

Concerning the practical aim of the dissertation it is concluded that 
problem-solving skills - and the knowledge base these draw on - play an 
'important role in 'transition problem' with respect to the domains re
searched. The instructional model developed is promising with respect to 
solving this 'transition problem'. Concerning the theoretical aim, it is 
concluded that both 'depth' and canonicity (absence of non-canonical 
knowledge) are two aspects of the knowledge base that influence 
problem-solving performance. 
Besides this, problem solving and misconceptions appear to be closely 
related fields of research. Misconceptional utterances are not direct 
images of the knowledge base. Their appearance also depends on 
metacognition and on the availability of canonical knowledge and strate
gies as an alternative. Problem solving - by poor performers in particular 

can only be understood if non-canonical knowledge is taken into 
account. Further research on the relation of problem solving and 
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non-canonical knowledge appears to be necessary, especially on the role 
of misconceptions in problem solving. On the other hand, research on 
fighting misconceptions could benefit from the models presented. 

Recommendations for tackling the 'transition problem' are: (a) Coordi
nated emphasis on skills, knowledge, understanding and metacognition in 
secondary and tertiary education, for instance by using the UBP-model, 
(b) continuous evaluation of the transition situation going beyond teacher 
opinions. Concerning science education in general, problem solving is 
recommended as an environment for learning in order to fight miscon
ceptions. Besides, the UBP-model provides a concrete basis for con
structing educational material that simultaneously aims at understanding 
and problem-solving skill and the ability to learn from problem solving. 
Other educational models could be developed on the basis of this disser
tation. 
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Samenvatting 

Probleemoplossen op Basis van Begrip: 

Naar kwalificatiegerkht natuurkundeonderwijs in HA VO en VWO 

De overgang van bet HA VO en VWO naar de technische en exacte 
sectoren van bet HBO respectievelijk WO, is voor veel studenten proble
matisch. Het vak natuurkunde en probleemoplossingsvaardigheden 
spelen daarbij een cruciale rol. Daarnaast zijn studievaardigheden, 
kennis en begrip van belang. Ook lijkt de instroom van studenten in de 
genoemde sectoren te dalen. Vetschillende universiteiten hebben derhal
ve initiatieven ontplooid om de aanslutinging te verbeteren en deze 
dating te stoppen. In de tweede fase (bovenbouw) van bet HA VO en 
VWO zullen doorstroomprofielen worden ingevoerd. Het profiel 'natuur 
en techniek' beoogt aankomende studenten beter te kwalificeren voor 
studies in de technische en exacte sectoren. 
Dit onderzoek beoogt bij te dragen aan de verbetering van de aansluiting 
en een vergroting van kwaliteit en omvang van de instroom in bovenge
noemde sectoren. De wetenschappelijke relevantie van bet onderzoek 
betreft bet verbinden van actuele onderzoeksthema's: probleemoplossen, 
begrip, kennis en studievaardigheden. 
De promotie omvat drie deelonderzoeken: Diagnose, Verdieping, en 
Remedie. In deelonderzoek 1 (diagnose) zijn eerstejaarstentamens van 
verschillende studierichtingen geanalyseerd. Dit heeft een gedetailleerde 
beschrijving opgeleverd van voor de aansluitingsproblematiek relevante 
probleemoplossingsvaardigheden. De belangrijkste daarvan zijn: 'Het 
analyseren van een probleem', 'bet plannen van de oplossing', mathemati~ 
sche vaardigheden, en bepaalde probleem-type gebonden vaardigheden 
(b.v. strategisch een deelsysteem kiezen). Deze vaardigheden zijn ver
werkt in toetsen die zijn afgenomen bij beginnende eerstejaarsstudenten 
( n = 200). De aanwezigheid van bovengenoemde vaardigheden bij aan
vang van de studie correleert positief met studiesucces (r=.45, p<.01). 
Deze samenhang blijft bestaan (p< .05) binnen subgroepen van leerlingen 
met een onderling gelijk eindexamencijfer voor natuurkunde. Dit wijst 
op een causate samenhang. 
Deelonderzoek 2 (verdieping) betreft de rol van de kennisbasis als voor
waarde voor de beheersing van deze vaardigheden (kennisbasis = bet 
gestructureerde geheel van voor een bepaalde taak relevante kennis). 
Dit onderzoek is uitgevoerd bij eindexamenkandidaten voor natuurkunde 
van HA VO en VWO (n=400). Bij hen zijn gemeten: (a) de kennisbasis, 
(b) de kwalificerende probleemoplossingsvaardigheden, en (c) bun onder-
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linge samenhang. Om hun kennisbasis in kaart te brengen is de respon
denten gevraagd om problemen volgens oplossingsmethode te ordenen. 
Ter bepaling van de kwalificerende probleemoplossingsvaardigheden is 
hen de toets van deelonderzoek 1 voorgelegd. Ter ondersteuning bij de 
interpretatie van de statistische analyses zijn interviews afgenomen. 
Het onderzoek heeft een beschrijving van de kennisbasis van eind
examenkandidaten opgeleverd. De mate van oplossingsgerichtheid in het 
ordeningsexperiment enerzijds, en de kwalificerende vaardigheden 
'analyseren' en 'plannen' anderzijds, correleren positief (r= .25 respectie
velijk r=.37 met p<.001). 
De kennis die niet oplossingsgericht is georganiseerd, is toch vaak cohe
rent. Deze kennis is op een alternatieve wijze georganiseerd, die veelal 
correspondeert met uit de literatuur bekende misconcepties of leefwe
relddenkbeelden. Dit resultaat is van wetenschappelijk belang omdat 
hierdoor twee onderzoeksgebieden: 'probleemoplossen' en 'begripsont
wikkeling' met elkaar in verband worden gebracht. 
Deelonderzoek 3 (remedie) betreft de ontwikkeling van een instructiemo
del voor het verwerven van de voor exacte en technische studies vereiste 
kwalificaties. Het richt zich op het verwerven van: (a) een adequate 
kennisorganisatie, (b) begrip, (c) probleemoplossingsvaardigheden (m.n. 
'analyseren' en 'plannen'), studievaardigheden (m.n. in relatie tot ·proble
men), en metacognitieve vaardigheden. De theoretische basis wordt ge
vormd door 'cooperative learning' enerzijds, en constructivisme en cognitieve 
psychologie anderzijds. Voor het vakgebied mechanica is het instructie
model uitgewerkt in 4 sets concreet onderwijsmateriaal en bijbehorende 
toetsen (voor HA VO, VWO, HBO en WO). Dit materiaal is voorgelegd 
aan leerlingen in de bovenbouw van het VWO en eerstejaarsstudenten 
(n=61). Er zijn observaties uitgevoerd, er zijn voortoetsen en natoetsen 
afgenomen, en er is een vragenlijst over het materiaal ingevuld. Het 
leerresultaat is waar mogelijk vergeleken met dat in een controlegroep. 
Het UBP-model blijkt met name effectief voor zwakkere leerlingen en 
meisJeS. Juist dit zijn belangrijke doelgroepen m.b.t. aansluiting en 
vergroting van de kwaliteit en omvang van de instroom. 
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1. Eerstejaars studenten in bet Wetenschappelijk Onderwijs beschikken over 
studievaardigheden waarop helaas door bet propaedeuseonderwijs te weinig 
een beroep wordt gedaan. 

2. Onderwijs in probleemoplossen dat geen aandacht schenkt aan bet verwerven 
van een adequate kennisbasis, leert leerlingen om optimaal te functioneren 
vanuit een gebrekkige kennisbasis; het leert de leerlingen niet om problemen 
op te lossen vanuit begrip. 

3. Wanneer bij proefwerken formules in een tabellenboekje mogen worden 
opgezocht, belemmert dit bet opbouwen van probleemschemata rond de met 
deze formules corresponderende wetten. 

4. Leerlingen van HA VO en VWO letten bij bet maken van opgaven vooral op 
de probleemsituatie en nauwelijks op de gestelde vraag. 

( dit proefschrift, §5.5) 

5. De conclusie van Chi, Feltovich en Glaser (1981), dat leken (engels: novices) 
problemen ordenen volgens oppervlakkige kenmerken, impliceert niet dat bun 
kennisbasis geen schemata omvat. 

(Chi, M.T.H., Feltovich, P.J., & Glaser, R. (1981). Categorization and representation of physics 
problems by experts and novices. Cognitive Science, S, 121-152) 

6. Het door Chi, Feltovich en Glaser (1981) gevonden effect, dat experts bij bet 
sorteren van problemen naar oplossingsmethode geheel andere categorieen 
vormen dan leken (engels: novices), is een artefact dat voortkomt uit de wijze 
waarop deze onderzoekers oppervlakkige en diepe kenmerken in bun 
probleemkaartenset hebben 'gekruist'. 

(Chi, M.T.H., Feltovich, P J., & Glaser, R. (1981). Categorization and representation of physics 
problems by experts and novices. Cognitive Sdence, 5, 121-152) 

7. Natuurkundeonderwijs zou ook de natuurkundige inhoud van de zogenaamde 
'wetten van de kinematica' (b.v. s(t) = So + v0t + 'hat2) moeten onderwijzen: 
d.w.z. dat verplaatsen en optrekken - zoals deze in het dagelijks leven worden 
waargenomen - tijd kosten, terwijl de versnelling momentaan kan veranderen. 

8. De werking van de gyroscoop kan het beste worden uitgelegd door toepassing 
van de tweede wet van Newton voor lineaire bewegingen op (infinitisimale) 
elementjes uit de gyroscoop. 

9. In bet onderzoek naar begripsontwikkeling wordt te weinig aandacht . besteed 
aan bet gebruiksaspect van kennis. 

(dit proefschrift, §4.4) 



10. De beweging van een rollend, soepel draaiend, niet vervormend wiel kan door 
de onderstaande - bij mijn weten niet eerder gepubliceerde formule worden 
beschreven: 

M - +Fj1=(1 +8.s).m.a 
r 

Hierin is: 
m de massa van het wiel, 
a de lineaire versnelling van het wiel, 
F11 de netto, extern op de as van het wiel uitgeoefende voorwaartse kracht, 
M het netto, extern op de as van het wiel uitgeoefende krachtmoment 

(waarbij het teken zo wordt gekozen dat een positief moment tot een 
beweging in de richting van een positieve F11 leidt}, 

8 een voorwerpsconstante met de waarde J/(mr2), waarbij J .het 
traagheidsmoment en r de straal van het wiel is, 

Sv een constante die de mate van slippen van het wiel aangeeft en is 
gedefieerd door: s. = nr/vZf" waarin n de hoeksnelheid van het wiel en 
vzp de lineaire snelheid van het wiel is. Bij rollen zonder te slippen 
neemt Sv de waarde 1 aan. 

11. Het begrip leerstijl in de definitie van Vermunt (1992, p. 21) - een 
samenhangend geheel dat de ontplooide leeractiviteiten, de leerorientatie en 
bet mentaal-leermodel omvat - is niet geschikt voor het bestuderen van 
studieproblemen bij beginnende eerstejaars studenten, omdat een stabiele 
samenbang tussen de genoemde drie componenten alleen mag worden 
verwacbt als de lerende zich in zijn/haar leeromgeving heeft aangepast. 

(Vermunt, J.D.H.M. (1992). Leerstijlen en sturen van leerprocessen in bet boger onderwijs: 
naar procesgerld!te lnstructle in r.elrstandlg denken. Proe£schrift, Katholieke Universiteit 
Brabant, Tilburg) 

12. Bij muzikale improvisatie kan de werking van gebeugenschemata worden 
berkend: 

bet situationele aspect heeft betrekking op bet herkennen van relaties 
tussen reeds gespeelde tonen en toongroepen, in tijd, in timbre en in 
toonboogte, 
bet declaratieve aspect beeft betrekking op de muziek-tbeoretische 
kennis van de muzikant, en 
bet procedurele aspect beeft betrekking op enerzijds de (beuristische) 
constructieprocedures voor melodisch/ritmiscbe wendingen waarover de 
muzikant bescbikt, en anderzijds diens technisch-motorische 
bekwaamheid als instrumentalist. 


